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Foreword 

The word “Chemistry” in the title of this book just radiates a host of 
associations, questions, and relations. What role is there for the science of 
molecules in the study of a phenomenon that is basically physical? Why were 
these remarkable compounds not made before? Do we need to understand a 
physical property to make advances with it? 

You cannot investigate the properties of a molecule before making it. Oh, 
some theoretical colleagues of mine would argue otherwise, and they do have 
a case for some small molecules in the interstellar medium, and a few other 
isolated successes as well. But for molecules of reasonable size one needs the 
beast in hand before one can tame it. And who are the experienced designers 
of molecules? Chemists, of course. Not all of them, mind you. Physical 
chemists have a lot of trouble making molecules, and physicists-well, they’re 
just not supposed to be good at this archetypical chemical enterprise, the 
transformation of recalcitrant matter from one bonding arrangement to 
another. 

So here is the first surprise of the new developments of the eighties in 
superconductivity. Complex materials, compounds of as many as seven 
elements, were (and are) made by people who weren’t supposed to be good 
at making them, physicists in particular. To some chemists this came as a 
shock. And to say that it was easy, that this solid state synthesis, the “shake- 
and-bake” methodology, is trivial, only allows the question to form in our 
minds, “If so, why did chemists not discover them earlier?” 

Perhaps they did, or could have, come close, except that they didn’t 
possess the capability to make the crucial measurements indicating 
superconductivity. You might think “never again,” that given what we have 
learned of the high T, materials, no chemist could possibly avoid searching for 
superconductivity in newly synthesized conducting materials. But that is not so. 
About 90% of the interesting materials that I, as a theoretician, have picked 
up from the literature of the last three years, remain untested. Only their 
synthesis and structure are reported, perhaps the briefest indication of electric 
and magnetic properties. Obviously the community has been sensitized, but 
lags behind in exploring the richness it itself wrought. Either the instruments 
are not available, or people do not have friends cooperative enough to do the 
measurements, compartmentalized as our specialized disciplines often are. Or 
they, the synthesizers, remain content in the paradigmatic exercise of their 
molecular trade, unwilling to be bothered by Brillouin zones or the art of 
attaching leads. And, just to set the balance right, many of their more 
progressive friends, the fortunate ones to whom those measurements come 
easy, intellectually and instrumentally, would rather spend their time making 
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x Foreword 

a tiny stoichiometric wrinkle of a perturbation than look at a phase that bears 
no resemblance to known successes. 

Did we really understand superconductivity before 1985? And, does one 
need to understand the physics and chemistry of the phenomenon today, 
before making new, better materials? I think the answer to both these 
questions is “no and yes.” And the questions and answers addressed in this 
new chemistry of superconductivity, in this book, are revealing, probing what 
we mean by “understanding.” 

The scientific community at large has bought into reductionism as the 
ideology of understanding. A phenomenon in chemistry is said to be 
understood when it is reduced to the underlying physics, when we know the 
physical mechanism(s) contributing to it, how they vary with macroscopic or 
microscopic perturbations. In that sense the BCS theory did provide a detailed 
understanding of the physics of superconductivity. But in another sense we 
should have known all along that we did not really understand the 
phenomenon. For we could never predict whether a given material would be 
superconducting or not, not to speak of its T,. “Oh,” we would say-“if only we 
could calculate the electron-phonon coupling exactly,” and some day, in that 
millennium of the clever theoretical chemist coupled to whatever will come 
beyond the supercomputer, we would indeed be able to do so. But until then, 
well, we had to make do with the intuition of people such as the late Bernd 
Mattias. 

I think we didn’t understand superconductivity, in the sense of being able 
to use the physics to build a molecule with predictable properties. Our 
understanding was deconstructive or analytical rather than constructive or 
synthetic. I think there is a difference between these modes of understanding. 

Do we need to understand superconductivity to make better 
superconductors ? Well, I think we do need to have (a) the systematic 
experimental experience requisite for intuition to develop; (b) a set of 
theoretical frameworks, none necessarily entirely logical or consistent, to 
provide us with the psychological incentive to do the next experiment; (c) a 
free exchange of results; (d) people wishing to prove others wrong as well as 
themselves right; (e) the material resources to investigate what needs 
investigating. Together these criteria make up the working system of science, 
not the catechism of how science should work. Note that understanding, in the 
reductionist sense, enters only in (b), and even there not in a controlling way. 
The frameworks of understanding that will move us forward can be simplistic 
chemical ones, just as much as fancy couplings in some weirdly truncated 
Hamiltonian. Let’s take a look, ten years from now, at what principles will 
have guided the discoverers, chemists and physicists, of the materials that may 
make this book obsolete. 

Cornell University 
Ithaca, New York 
August, 1990 

Roald Hoffmamr 



Preface 

The post-1986 explosion in research on complex cuprates found to be 
superconducting above the boiling point of liquid nitrogen has sharply 
focussed our growing need to attack scientific frontiers using multi- and 
interdisciplinary approaches. Nearly four years of intensive research have 
produced several new families of compounds with Tc values as high as 125 K, 
yet both physicists and chemists remain largely baffled by these amazing 
oxides. Our lack of theoretical understanding of high-temperature 
superconductivity is underscored by a continuing and profound inability to 
predict its appearance; our lack of chemical understanding, by the notorious 
difficulties encountered in the preparation of samples with reproducible 
chemical compositions, structures, and superconductive properties. This 
inherently difficult situation, compounded by a breakneck pace of research 
unleashed by the historical importance of Bednorz and Mueller’s 
breakthrough, quite predictably resulted in a veritable flood of detailed studies 
on the physical properties of impure, ill-characterized materials. Not since the 
semiconductor revolution has there existed such a well-defined need for 
chemists and physicists to collaborate in the chemical tailoring and 
fundamental understanding of electronically important solids-clearly, the 
tantalizing payoffs loom large for the advancement of technology as well as 
fundamental knowledge. 

Concomitant with a more reasonable pace of research has come a general 
acceptance that progress in our understanding and control of high-temperature 
superconductivity hinges on systematic and meaningful investigations of the 
intrinsic properties of high-quality, well-characterized samples. However, the 
chemical-structural nature of these unusual compounds; e.g., thermodynamic 
instability, nonstoichiometry, and, for the cuprates, two-dimensional structures 
notoriously prone to defects and intergrowths, has presented the synthesis with 
a formidable challenge to develop easily reproducible protocols that yield pure 
materials with optimal superconducting properties. It was quickly learned that 
subtle differences in reaction conditions and sample history could, and often 
did, drastically affect superconducting properties. Yet, the kinetic factors 
involved in solid state reactions are not well understood, measured, or 
controlled. Furthermore, the relationship of defects and other “micro-scale” 
variations in chemistry and structure to the superconducting properties is not 
yet clear. A striking example is the peculiar chemistry of the “n-type” 
superconductor Nd 1.&e,-,15Cu04: neither polycrystalline samples nor single 
crystals (usually) superconduct after initial formation of the structure in air. 
Upon a high-temperature anneal in an inert gas, however, superconductivity 
above 20 K can (frequently) be observed. The chemical and structural changes 
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xii Preface 

induced by the inert-gas anneal are so subtle that, despite intense research 
since the discovery of the compound almost two years ago, a clear picture of 
the changes that we can associate with the “turning on” of superconductivity 
still eludes us. 

The purpose of this book is to address this difficult starting point for 
every experimentalist-the sample. In this regard, we have endeavored to 
produce a useful reference text for those interested in the preparation, crystal 
chemistry, structural and chemical characterization, and chemistry-structure- 
property relations of these fascinating materials. This book has in large part 
been written by members of that subspecies of inorganic chemistry called solid 
state chemistry, a specialization that evolved during the heyday of the 
semiconductor device, and which now seems uniquely suited for the 
challenging chemistry of high-T, compounds. Hence, the approach taken to 
the material is predominantly that of the solid state chemist. We are grateful, 
however, that two of our physicist colleagues consented to keep company with 
us and contribute chapters in their own specialties concerning the proper 
measurement and interpretation of transport and magnetic properties. 

The book is extensively referenced and will hopefully serve the 
experimentalist as a day-to-day source of information (e.g., synthetic 
procedures, crystal structures, and tables of X-ray diffraction data) as well as 
a review of the literature into 1990. The introductory chapter describes the 
detailed chemical history of superconductivity, beginning with the first 
observation of the phenomenon in the element Hg in 1911. Thereafter, the 
chapters are partitioned into three sections emphasizing synthesis and crystal 
chemistry, sample characterization, and chemistry-structure-property relations. 
The section on Structural and Preparative Chemistry contains ten chapters, 
three of which, using different approaches, describe the detailed crystal 
chemistry of the various cuprate systems. Three chapters discuss synthesis 
exclusively and include a basic review of solid state synthetic methods as well 
as detailed procedures for the preparation of single-crystal and polycrystalline 
samples of the various superconducting systems. Four other chapters in this 
section include both synthetic and structural discussions of YBa2Cu307related 
compounds, the non-cuprate Ba-K-Bi-0 and Ba-Pb-Bi-0 systems, and the “n- 
type” superconductors derived from Nd&u04. The section entitled Sample 
Characterization contains six chapters. A basic review of phase identification 
by X-ray diffraction is followed by a compilation of single-crystal structural 
data and calculated powder patterns for nearly all of the superconducting 
cuprates. Two chapters cover structural and chemical characterization by 
electron microscopy, a technique particularly important for these typically 
defective, nonstoichiometric compounds. The remaining three chapters cover 
wet chemical methods and the measurement of transport and magnetic 
properties. In the last section of the book, two chapters discuss chemistry- 
structure-property relationships from the point of view of the chemist. Finally, 
we have included two appendices that will hopefully aid the reader in finding 
synthetic procedures for desired phases as well as review articles and texts in 
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superconductivity and solid state chemistry. 
I am most grateful to the contributors of this book, every one of whom 

took the time to write a fine chapter in a timely, enthusiastic fashion. As 
editor, it has been my privilege to work with internationally recognized leaders 
in the field of solid state chemistry and superconductivity. Above all, I thank 
the chapter-writers for all that I have learned from them during the detailed 
reading of each manuscript. The tireless efforts of George Narita were 
responsible for both the genesis and realization of this project, and I will 
always cherish the unwavering support and encouragement given to me by 
Charlotte Lowe-Ma and David Vanderah. 

China Lake, California 
October 9, 1990 

Terrell A. Vanderah 
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Historical Introduction and Crystal 
Chemistry of Oxide Superconductors 

Bertrand L. Chamberland 

1 .O INTRODUCTION 

The objectives of this chapter are to introduce the reader to 
the interesting and important phenomenon of superconductivity in 
various materials. We begin with the original discovery of supercon- 
ductivity and proceed to the investigation of the chemical elements, 
then metallic alloys, and finally to ceramic and other inorganic 
materials which also exhibit this unusual phenomenon. After the brief 
overview of discovery and the observation of superconductivity in a 
number of substances, we will focus on research studies conducted on 
oxide materials. Several oxide systems were investigated during the 
early years, but due to experimental temperature limitations, very few 
of these materials were found to superconduct above 2 K. This led to 
frustration and disappointment for those scientists seeking supercon- 

ductivity in the most promising candidates. 
The research effort on oxides began in 1933 and our focus will 

be on the published results up to 1985, just prior to the major 
breakthrough in superconductivity which occurred in the fall of 1986 

with the discovery of the Cu-0 superconductors. The critical 
parameters for a superconductor are: its critical transition temperature 
(here, given on the Kelvin scale), its critical magnetic field (given in 
Tesla or Gauss units), and its critical current (given in units of 
Amperes). Our presentation is aimed principally on the single 
property of critical transition temperature (T,), since it is controlled 

2 
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primarily by the chemical composition and the structural arrangement 

of atoms. These two factors are of primary concern to the chemist and 

material scientist. The transition temperature can be determined in a 
number of ways; by magnetic, electrical, or calorimetric experiments; 

and the temperature can be given as the onset of transition, the 
mid-point of the transition, or at the terminus of transformation (for 
example, when the resistance in the material can no longer be 
measured). The T, data presented in this chapter were obtained by any 
of those methods mentioned above, and are often those temperatures 
reported in the literature. More recently, the T, values are those 
obtained at the onset region since these represent the highest tempera- 
tures which can readily be reproduced in both the magnetic and 
electrical experiments. The original term, high T, superconductivity, 
was used to designate a material with a superconducting transition 
temperature greater than 18 K, the highest value obtained for the 
intermetallic compound NbsSn (T, = 18.07 K) in the late 1950’s. This 

temperature approaches the boiling point of liquid hydrogen (20 K), 
which could be used as the cryogen instead of liquid helium. Today 
the term high T, has taken on a new meaning, where the onset 
temperature for superconductivity is greater than 30 K. The overall 
chronological development of oxide superconductors will be presented 
in a summary fashion. The research on non-oxide systems is present- 
ed in a highly abbreviated form, and only a sampling of different 
materials will be given to acquaint the reader with some specific 
examples of these materials and their transition temperatures, for 
comparison with the oxide compounds. 

The chemistry of copper, especially in oxide compounds, is 
presented from a crysto-chemical viewpoint. The known binary and 

ternary compounds are reviewed and the important features of 
geometry, covalency, ionic radii, and bond length are discussed in 

great depth. This section concludes with a brief description of the 
Bednorz and Miller discovery, followed by Chu and co-workers’ 

important discovery of superconductivity at 95 K in the so-called 
“l-2-3” copper-oxide system. 

This chapter will exclude all detailed descriptions of physical 
properties and experimental results presented in several of the Physics 

journals. The theoretical aspects of superconductivity will also be 
omitted, as well as the practical application and engineering aspects of 

these new materials. 



4 Chemistry of Superconductor Materials 

1 .l Discovery of Superconductivity 

At very low temperatures, the movement of atoms, ions, and 
molecules is greatly reduced. As the temperature of a substance is 
decreased, the states of matter can change from gas to liquid, and then 
to a solid or the condensed state. A technical challenge in the early 
1900’s was the liquefaction of all known room-temperature gases to 
their liquid state. Research at achieving very low temperatures led the 
Danish physicist Heike Kamerlingh Onnes in 1908 to first obtain 
liquid helium at 2.18 K. Liquid helium displays many remarkable 
properties, one of which was given the name “super-fluidity” by 
Kamerlingh Onnes. Superfluidity is a phenomenon by which the liquid 
exhibits a completely frictionless flow, which allows it to pass easily 
through small holes (less than 10V6 cm in diameter), and to flow up the 
walls of any container! The superfluid can rise up the inside walls, 
pass over the top edge, and escape by flowing down the outside walls 
of the container. The phenomenon of superconductivity was discov- 
ered (1) by Kamerlingh Onnes at the University of Leiden in 19 11, 
three years after he had achieved the first liquefaction of helium. In 
the critical experiment, his students were measuring the (relative) 
resistance of solid mercury which was 125 pn at 4.5 K and, on cooling 
to lower temperatures, a sharp discontinuity in resistance occurred at 
-4.3 K; below this temperature, the resistance in mercury was less 
than 3 ~0 (see Figure 1). 

Superconductivity is the sudden and complete disappearance 
of electrical resistance in a substance when it is cooled below a certain 
temperature, called the critical transition temperature, T,. 

1.2 Superconductivity- A Brief Survey 

The phenomenon of superconductivity, a new state of matter, 
has intrigued physicists, metallurgists, electrical engineers, and 
material scientists ever since its discovery. In addition to the total loss 
of electrical resistance to the passage of a direct current in these 
materials, there also occurs an unusual magnetic behavior: that 
tendency to expel a magnetic field from its interior below the T,, this 
results in the formation of a perfect diamagnetic material. This effect 
allows superconductors to repel magnets and act as magnetic shields 
with high efficiency. 
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Figure 1: The resistive ratio of solid mercury verw~ absolute 
temperature(uncorrected scale) as actually reported by H. Kamerlingh 
Onnes (1). This observation marked the discovery of superconductivi- 
ty. 
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This perfect diamagnetic behavior is called the Meissner 
effect, after the physicist who first observed (2) it in superconductors. 
The Meissner effect is responsible for the levitation phenomenon in 
superconductors (see Figure 2). Because certain superconductors can 
carry high electrical currents, coils with several turns of supercon- 
ducting wire can generate very strong magnetic fields- some strong 
enough to levitate an entire train for high-speed travel on a smooth 
magnetic cushion. 

These two properties, zero resistance and perfect diamaz- 
netism, are critical parameters for superconductivity and these two 
effects are used as the criteria for establishing superconductivity in 

materia1s.l The superconductive state can be removed, not only by 
heating above T,, but also by applying a strong magnetic field (above 
a certain threshold value), or by applying too high an electrical 

current, H, or J,, respectively. 
The superconducting transition temperatures for selected 

chemical elements and certain metallic alloys are presented in Table 
1. These data and those presented throughout this Chapter have been 
taken, for the most part, from the excellent compilation by B. W. 
Roberts (3). 

In Table 2, a brief chronology of certain important discoveries 
and breakthroughs in the field of superconductivity is outlined. 

Superconductivity has not only been beneficial to science and 
technology but also has been highly rewarding to its scientists. Thus 
far, Nobel Prizes in Physics have been awarded on four occasions to 
scientists working in this area. The first of these was for the discov- 

ery of superconductivity by Kamerlingh Onnes, awarded in 1913. In 
1972 the prize went to John Bardeen, Leon Cooper, and Robert 

Schrieffer for the BCS theory. The following year (1973), the Prize 
was awarded to Brian Josephson, L. Esaki and I. Giaever for the 

’ Because of the recent claims of room-temperature supercon- 
ductivity in materials by several research groups, two 
additional criteria are further required to certify that a 
material is superconducting. These are: long-term stability, 
and reproducibility in the preparation and physical property 
determination. 
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TABLE 1: Superconducting Transition Temperatures for Selected 
Elements and Alloys. 

Element 

Tc 11.2 

Nb 9.46 

Pb 7.18 

Ta 4.48 

Hk? 4.15 

In 3.41 

Al 1.19 

Cd 0.56 

T, (K) Alloy 

Nb3ce 

Nb3Sn 

Nb3Al 

Mo31r 

NiBi 

AuBe 

PdSb2 

TiCo 

Tc (K) 

23.2 

18.05 

17.5 

8.8 

4.25 

2.64 

1.25 

0.71 
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TABLE 2: Chronology of Important Discoveries in Superconduc- 
tivity. 

Year Discovery Discoverer(s) 

1911 

1933 

1934 

1935 

1950 

1950 

1953 

1953 

1957 

1959 

1960 

1961 

1962 

‘964 

1973-Q 

‘986 

‘987 

Superconductivity in Hg 

Magnetic flux exclusion effects 

w’Bw-Pluid modelll. a thermodynamic 

relationship 

Phencxnenological (London) equations 

Isotope effect, T, - M-1’2 

Phenomenological theory of supercon- 

ductivity. 

Coherence length 

Experimental evidence for energy gap 

BCS theory 

Foreign magnetic impurity destroying 

electron pairing 

Tunnel effect 

%ardl* or “High-field” superconductors 

Josephson effect, supercurrent Plow 

through a tunnel barrier 

Rediction of high-Tc in organic compds. 

Critical temperature of 23 K is reached 

in Nb3G?, surpassing the liq. H2 barrier 

Evidence of high-Tc in La-Ba-Cu-oxides. 

Observation of 95 K T, in Y-E!a-Cu-0. 

H. Kamarlingh Onnes 

W. Meissner/R. Dchsenfeld 

Carter and Casimir 

Fritz and Heinz London 

Maxwell/Reynolds, et al. 

V. Ginzburg and L. Landau 

A. B. Pippard 

Goodman, et al. 

Bardeen/Cooper/Schrieffer 

H. Suhl and B. Matthias 

Giaever and Esaki 

Kunzler 

B. Josephson, et al. 

W. A. Little 

J. Gavaler/Westinghouse, 

and also Bell Labs. 

MDller and Bednorz 

Chu and Wu 



10 Chemistry of Superconductor Materials 

tunnelling effect. Quite recently (in 1987) it was presented to K. Alex 
Muller and J. Georg Bednorz for their discovery of superconductivity 
in copper oxides. 

In terms of the electronic age, which includes the invention of 

the radio, television, calculator, and computer, it has been claimed 
that the discovery of high T, superconductors has resulted in a “third 

electronics revolution”; preceded by the transistor (1947), and the 
vacuum tube (1904). It now appears that we have shifted from “silicon 
valley” to a “copper-oxide valley” with the new discoveries in the field 
of high T, superconductivity. 

1.3 Search within the Chemical Elements- Pure Metals and the 

Elements 

Following the discovery of superconductivity in mercury in 
1911, the low-temperature physics community immediately began a 
systematic search for this unusual phenomenon in all the other metallic 
elements of the Periodic Table. A thorough study, first at ambient 
pressure and then at higher applied pressures, yielded only a handful 
of superconducting chemical elements. Additional research on the 
discovery of superconductivity in the metallic elements continued and 
now there are presently 26 superconducting elements at ambient 

pressure, and an additional 4 formed under high-pressure conditions. 
The ferromagnetic metals and our best metallic conductors (Cu, Ag, 
Pt, and Au) were not found to be superconducting to the lowest 
temperatures measured. Worthy of note are Pb and Nb, both readily 
available metals, with superconducting transition temperatures of 7.18 
and 9.46 K, respectively, at ambient pressure (see Table 1). For the 
transition metals, a plot of transition temperature versus the total 

number of valence electrons shows two maxima. A large number of 
transition metals exhibit a maximum at about 5 electrons per atom and 
a secondary peak appears at about 7 electrons per atom. 

Non-metals, such as silicon, can also become superconducting 
when pressure is applied. At 120-130 kbar pressure, silicon exhibits 
a T, of 6.7 to 7.1 K. Sulfur has also recently been converted into the 
superconducting state at 200 kbar with a transition temperature of 5.7 
K. In 1989, hydrogen was obtained in the condensed state and under 
2.5 megabars pressure, it becomes opaque. This observation indicates 
that the element is possibly transforming into a metal. Several 
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scientists have predicted that metallic hydrogen could become a 
superconductor under sufficiently high pressures. The transition 
temperature for superconductivity in metallic hydrogen has been 
theoretically predicted to be very high, possibly near room tempera- 
ture. 

1.4 An Overview of the Superconducting Binary Alloy Systems 

Realizing that metallic behavior at room temperature was 
possibly necessary for a superconductor candidate, the search for 
superconductors shifted to the metallic-conducting alloys, especially 
those containing metals having the highest T,‘s; i.e., Pb and Nb acting 
as one component of the solid solution. Metallurgists joined the 

searching party in this endeavor. During the period 1940-1970 many 
such alloys (intermetallics) were found to be superconductors, but by 
1970 the critical temperature had reached a peak value of only 20 K. 
Figure 3 shows the progress in increasing the transition temperature 
with new materials as plotted against the year of discovery. The slope 
of the line corresponds to a 3 degree increase in transition temperature 
per decade of research. In this chapter we will present only an 

overview of the results obtained on alloy systems through 30 years of 
research by several groups and many scientists. 

The results of this research also indicated a relationship 
between transition temperature and the average number of electrons 
for the intermetallics. Peaks in the graphs of these two parameters 
showed maxima at 4.7 and -6.5 electrons per atom for many binary 
and ternary alloy systems (Figure 4). A structural relationship was 
also observed in these superconductors. Some good alloy candidates 
were found to possess certain crystalline structures, whereas other 
crystal types produced few, if any, interesting or important supercon- 
ductors. The primary crystal structures which yielded the most 
promising superconductors were: CrsSi (or /3-W), cr-Mn, and MgZns- 
type (Laves) phases. The importance of structure and number of 
available conducting electrons became key factors in the search for 
superconducting alloys. 

In Table 3, some data for a family of the most promising 

A- 15 type materials are presented with their critical magnetic fields, 
and the derivative of critical field with respect to transition tempera- 

ture (all about 2.5 in value). These data were reported by Hulm and 
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Figure 3: The increase in superconducting transition temperature 
(T, / K) as a function of year, from the discovery of superconduc- 
tivity in 1911 to 1973. 

Figure 4: A plot of critical temperature (TJK) W~SUS the number 
of valence electrons per atom in the intermetallic A-15 materials. 
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TABLE 3: High T, Systems based on the A-15 (P-W) Structure. 

Composition T, Rc2 -( dHc2/dTc) Remarks 

(K) (Tesla) (K-l I 

Nb3Ge 23.2 

Nb3Ge 21.7 

Nb3Ceo_gSio. 1 20.3 

Nb3Ga 20.3 

Nb3Sn 18.3 

Nb3Al 18.7 

V3Si 17.0 

V3Ga 14.8 

37.1 

34.1 

29.6 

32.7 

34.0 

34.9 

2.4 

2.4 

2.4 

2.5 

2.9 

3.4 

Sputtered film 

Chemical vapor deposition 

Fi Ln 

Quenched sample 

: -. . . 
: . . 

. 
. 

Figure 5: The /3-W or A-15 (Cr$i) structure, as re-drawn from 
Reference 5. Dark circles = W (or Cr) atoms; white circles = 0 (or Si) 
atoms. 
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Matthias (4) for the series of practical materials with technological 
importance at the time. 

An interesting sidelight to the A-15 story is the fact that one 

of its structural prototypes is the B-tungsten structure. This structural 

form of tungsten appears to be stabilized by small amounts of oxygen, 
and some have suggested that its chemical composition is actually 

WsO, or possibly W,O,_,. Therefore, it is a structural prototype for 
this large and important family of intermetallic superconductors, some 
having the highest T, values known. The A- 15 binary alloys were 
developed during the sixties and seventies, and can be considered as 
derived from this “oxide structure” (Figure 5). 

The structural relationship between the A-15 structure, or 
CrsSi, and that of WsO will now be given. In the W,O structure, the 
metal atoms (as a dumbbell of metal atoms on each cubic face) occupy 
the 6c sites of Space Group Pm3n (# 223), and the oxygen atoms are 
at the origin (the corners) and also at the center of the cubic unit cell. 
In this structure the metal atoms are tetrahedrally coordinated to the 
oxygen atoms with two additional near-metal neighbors. The oxygen 
atoms are XII-coordinated to the metals having a triangulated 

dodecahedral geometry. The metal atoms in this structure are 
compressed in chains parallel to the three cubic axes. The adoption of 

this structure may be caused by strong metal-metal interactions, 
leading to intermetallic distances which are not reconcilable with the 

packing of spherical metal atoms (5). See Section 1.6 for further 
insight into the oxides with the beta-tungsten structure investigated 
during this interval. 

Several myths were introduced in the search for new supercon- 
ductors. It was believed that the intermetallic candidates could only 
contain metallic elements which were themselves superconducting, and 

this would exclude those elements such as Cu, Ag, and Pt. Research, 
however, showed this to be false and now there are several alloy 

systems which contain the non-superconducting metals. Another 

misconception was that the new alloy systems could not contain any of 
the ferromagnetic elements. Once again, alloys such as: CoZrs (T, = 
5 to 7 K), T&Co (T, = 3.44 K), and Fe,~,Mn,~,U, (T, = 2.8 K) were 

prepared and found to be superconducting. Also it was believed that 
ferromagnetism and superconductivity were mutually exclusive 
properties in a material. However, gadolinium-doped InLa,.,,_,., 
alloys show a superconducting transition temperature of -9.0 K, and 
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at lower temperatures they become ferromagnetic with a Curie 
temperature (T,) of 3 K. Gadolinium is a ferromagnetic element with 
an ordering temperature of 292 K. In later studies on ternary ceramic 
phases, most of these myths were completely abandoned when 
exceptions were found to all the “guidelines” generated during these 
intervening years. Other misconceptions, however, were about to 
surface as the search for new superconducting materials continued. 

1.5 Ventures into Ceramic Materials- Binary Borides, Carbides, 

and Nitrides 

The quest for higher transition temperatures in supercon- 
ductors took a strange turn when ceramic materials, possessing good, 
room-temperature metallic conductivity, were investigated. A study 
of simple binary compounds such as: ZrN (T, = 10.7 K), NbC (T, = 
11.1 K), MoC (T, = 14.3 K), NbN (T, = 16.0 K), LaC,.,_,., (T, = 11.1 
K), and the mixed phases: NbC,,,N,.,, (T, = 17.8 K), and Y0.7Th0.s 

Cl.56 (T = 17.0 K), generated much interest. Some selected binary 
carbides, nitrides, and borides are presented in Table 4 with their 
superconducting transition temperatures. 

Here again certain trends were observed, and the most 
influential factor was the crystal structure which the superconducting 

material adopted. The most fruitful system was the NaCI-type 
structure (also referred to as the Bl structure by metallurgists). Many 

of the important superconductors in this ceramic class are based on 
this common structure, or one derived from it. Other crystal struc- 

tures of importance for these ceramic materials include the Pu,Cs and 

MOB, (or ThSi,) prototypes. A plot of transition temperature versus 
the number of valence electrons for binary and ternary carbides shows 
a broad maximum at w5 electrons per atom, with a T, maximum at _ 13 
K. 

The superconductivity in transition metal sulfides, selenides, 

and phosphides possessing the NaCl structure is presented in the 
excellent review (7). 

As the cubic system was often found to be an important 
structural class for good superconductors, another myth was generated 

that suggested one should focus on compounds having a cubic-type 
crystalline structure, or a structure possessing high symmetry. This 

myth was also abandoned when lower symmetry systems were found 
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TABLE 4: Selected Binary Carbides, Nitrides, and Borides with 
Transition Temperature. 

Carbide T, (K) Nitride T, (IO Boride Tc (K) 

MOC 14.3 MoN 12.0 rn2B 5.85 

NbC 11.1 NbN 16.0 NbB 8.25 

La2C3 11.0 VN 0.5 TaB 4.0 

Nb2C 9.1 Nb2N 8.6 NbB2.5 6.4 

TaC 10.35 ZrN 10.7 ZrB1 2 6.02 

ThC,.45 8.2 ThN 3.3 WB 3.1 

YC1.45 11.5 TiN 5.49 Re2B 4.6 

0.08 

ti 

0.04 

3.68 3.72 3.76 3.79 3.83 3.M 

TomperatureIK 

Figure 6: The original plot of relative resistance W~SUS temperature 
(T / K) for “SnO”, as published in Reference 6. 
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to generate interesting superconductors in much the same way as 

materials adopting a cubic crystal structure. 

1.6 Ventures into Ceramic Oxides- Simple Binary and Ternary 
Systems 

If carbides, nitrides, and borides could generate such intrigu- 

ing T, values, what promise did the ceramic, metallic-conducting 
oxides hold? 

Since this chapter is aimed at presenting much of the informa- 
tion leading to the discovery of the new high T, oxide superconduc- 

tors, we shall present here an overview of the oxide systems which 
have been studied for superconducting properties prior to 1985. In the 

next section of this chapter, we will give a more detailed and 
descriptive narration of the work performed on oxide systems, 

presented in terms of the crystal classes which have yielded the most 
important oxide superconductors. 

Meissner, Franz, and Westerhoff (6) were probably the first 
group of physicists to study oxides as superconductor candidates. In 

their 1933 publication, they presented results of resistivity measure- 
ments on NbO, SnO, Pb,O, PbO,, T&O,, MOO,, a mixture of SnO + 

SnOs, and several “tungsten bronzes”. Their experiments were 
conducted from room temperature to 1.3 K, the lowest temperature 

they could then achieve by pulling a vacuum on liquid helium. They 
determined that, of these oxides, only NbO and possibly SnO were 
superconducting. 

The ratio of the measured resistance normalized to the 

room-temperature resistance, (r = R/R,), was found to decrease 
steadily for NbO until it reached an exceedingly low value at 1.54 K. 

From these data, they concluded that NbO became superconducting 
near that temperature. Later authors disagreed, but the most recent 

results on NbO are in support of that conclusion. 
In their “SnO sample” they observed an abrupt change in the 

resistive ratio as a function of temperature (see Figure 6). 

Their data suggested a superconducting onset near 3.83 K, and 
zero resistance at 3.7 K. By increasing the applied current at the 

lowest temperature, however, they noticed that the resistance 
increased and that superconductivity in the sample could not be 

maintained. They concluded that bulk superconductivity was not 



18 Chemistry of Superconductor Materials 

achieved in “SnO”, but they were at a loss at explaining their results. 

It should be noted that they prepared their “SnO” sample by the 
decomposition of Sn(OH), in vacuum at 400°C. Most probably their 

“SnsOQII sample, or a mixture of “St0 and SnO,, was also similarly 

contaminated with superconducting Sn metal. In our research studies 
on pure SnO, we have found that this compound spontaneously 

disproportionates at relatively low temperatures (near 400°C) to yield 
Sn (a known superconductor, with a T, of 3.72 K) and inert SnO, 
according to the following chemical equation: 

2 SnO .> Sn + SnO, 

heat > 400°C 

It is highly probable that the resistive data in Figure 6 simply 
represents the presence of superconducting Sn admixed with SnO,. 
X-Ray data on residues of our SnO samples that were heated to 450°C 
in gettered argon indicate that Sn is a definite by-product of this 
thermal treatment. It is interesting to note that a highly useful 
Josephson device has been realized (8) by coupling the superconduc- 
tivity behavior of Sn with the non-conducting oxide barrier of SnO. 
This Sn-SnO-Sn “sandwich”, a Josephson device, shows a maximum 
current at zero magnetic field and an oscillating signal with applied 

(positive or negative) magnetic field. Meissner and co-workers did 
not observe superconductivity in any of the other oxide compounds 
they investigated. Their oxide list also included certain “tungsten 
bronzes”, namely, L&WO,, K,WO,, and Rb,WO,, which exhibited low 
resistive ratios but showed no superconductivity to 1.32 K. 

Research studies on other binary and ternary oxide systems 
were quite limited during the next 20 years. In a 1952 comprehensive 
review, entitled “A Search for New Superconducting Compounds”, B. 

T, Matthias and J, IL Hulm (9) stated: 

“Oxides and hydrides will be omitted from the present 
(review) since hardly any progress has been made (to 
date) in studying superconductivity in these com- 
pounds.” 

This bold statement by two leading research authorities 

possibly set back oxide superconducting research for several decades. 
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In another research summary (lo), this same point was driven home 

when the authors further indicated that NbO, TiO, and VO, the three 
most promising superconducting oxide candidates, were not observed 

to superconduct down to 1.20 K. By 1965, after much research, 
scientists were greatly astonished when the following results were 

finally obtained: NbO, T, = 1.38 K; and TiO, T, = 1.28 K. 
Such low transition temperatures! What future would there be 

for oxide superconductors? 

Oxides Investigated But Not Found to Be Superconducting: As 
previously mentioned, several binary oxides were investigated at low 

temperatures (to appoximately 1.28 K), but never transformed into the 
superconducting state. These oxides can be listed into two broad 
categories; the metallic-conducting oxides, and the insulating class 
(which shall include the semiconductors). The first grouping of good 

metallic conductors that never became superconducting includes: 
MOO,, PbO,, VO, V,O,, Tl,O,, AgsO, T&O,, ReO,, ReO,, and WO,. 
The insulating (narrow-band and broad-band semiconductors) oxide 
compositions that were not observed to superconduct are: Ag,O, CdO, 

COO, CuO, CusO, Mn,O,, Mo,O,, NiO, Rh,O,, SnO t SnO,, UO,, 
WO,, LaNiO,, PbsO,, and V,O,. 

Gloom for Oxide Superconductors: Dismayed at the progress 
through the years, even with the most promising room-temperature 

metallic, binary oxides, many scientists abandoned the search for new 
high temperature oxide superconductors. Also, it should be mentioned 
that a deep-rooted prejudice had developed which claimed that the 
BCS theory had imposed a maximum transition temperature limit of 
25 K for all superconducting materials, and that this temperature had 

already been achieved in certain alloys of niobium. Some scientists, 
however, were steadfast in their determination to break this barrier, 
optimistic in their outlook, and they continued their search for this 
unusual phenomenon in other metallic oxide systems. 

Of the good anion-formers from Group VI of the Periodic 
Table, (the chalcogens), it has been claimed (11) that oxygen has 
yielded the least number of superconducting compounds. Large 
families of superconductors had been reported for the other Group VI 
congeners, namely, S, Se, and Te, in contrast to oxygen which, by the 
end of 1973, had generated only a handful. 
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In Roberts’ report (3), a compilation of data to 1975 for over 
3000 substances investigated as superconductors to different low 
temperatures, only 42 different oxide compositions are listed. These 
oxides can be classified into separate groups: binary oxides = 12; 
ternary oxides = 22; and multinary or complex oxides = 8. Of these, 
only 25 were found to superconduct and the highest superconducting 
transition temperature achieved in oxides was 2.3 K for nearly 
stoichiometric TiO. In 1978, Roberts presented (11) an addendum to 
his 1975 data set with the addition (or revision) of 8 new (mostly 

superconducting) oxides. 
Metal-rich binary systems (also referred to as metallic 

sub-oxides), however, exhibited slightly higher transition tempera- 
tures than the stoichiometric oxide compounds, but for these interstit- 
ials the T, was never any higher than that of the superconducting 

metal. For example, Nb,-,s4 0 .-,e was observed to have a T, of only 9.02 
K. Other interstitial niobium oxides had transition temperatures to 

9.23 K, and similar tantalum oxides showed a maximum T, value of 

4.18 K. 
As mentioned above in the intermetallic Section, beta-tung- 

sten, which is chemically WsO, is the prototype of the A- 15 structure. 

The interest in WsO, or W,O,_,, is not only structural but is also based 
on the fact that this material is superconducting! Further surprising is 

that, for the first time, this oxide superconductor has a higher 
transition temperature than that of the metal itself. Pure tungsten 

metal has a T, of 15.4 mK, whereas the oxide WsO has a reported T, 
of 3.35 K. Other oxide compounds such as CrsO and “MO@“, which 

are isostructural with WsO, do not superconduct above 1.02 K. 
Thin films of an amorphous-composite In/InO, which contain 

a metal-dielectric interface, have been studied (12)(13) and found to 
superconduct when the electron carrier density reaches a value of 

approximately 1020cm-3. This system, having a T, of 2.5 to 3.2 K, has 
beendescribedasexhibiting”interface-dominatedsuperconductivity”. 

By going to mixed-metal systems and incorporating small 
amounts of oxygen, certain high transition temperatures could be 
maintained. These metal-rich phases, once again were found to have 
“interesting” T,‘s. These stoichiometric, ternary-metal oxide systems 
include: ReTiO (T, = 5.74 K); Zr3V30 and ZraRh,O (both cubic 
phases, with T,‘s of 7.5 and 11.8 K, respectively). Certain supercon- 
ducting films also showed enhanced transition temperatures when 
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small amounts of oxygen were introduced. In a study by Kirschen- 
baum (14), thin films of niobium, which had been briefly exposed to 
an oxygen atmosphere, were observed to superconduct in the region 
9.22 to 9.34 K. These films were found to contain only slight traces 

of oxygen, 0.001 to 0.015 mol%. 

High T, “Oxide” Films Possessing the A-15 Structure 

Composition L(K) Remarks 

Nb,Ge,_,G, 21.5 Film (resistivity ratio = 1.1 to 2.6) 

NbsGeO, 19.5-20.5 Film deposited at 950- 1050°C. 

The causes for the enhancement of the Tc’s in these “oxide” films have 

never been specified. 
What can be concluded from these studies is the fact that 

oxygen was not responsible for the destruction of the superconducting 
state in “oxygen-containing materials”. 

There are only three broad structural categories into which 
most of the reported oxide superconductors can be classified; i.e., 
sodium chloride, perovskite, and spinel. It is interesting to note that 
these three structures possess cubic symmetry in their most idealized 
state. A detailed discussion of the research performed on oxide 
compounds derived from these three structures will be presented in 
Section 2.0 below. But before we continue with the general study of 
superconductivity in other materials, an overview of the oxide work 
is given in chronological fashion (to 1975) in the following Section. 

1.7 Major Milestones in Oxide Superconductivity Research 

At this point, it may be informative to present a chronological 
listing of the different discoveries in oxide superconductors reported 
prior to 1975. In this listing, Table 5, we present the year that the 
oxide compound was first reported, then the year in which supercon- 
ductivity was first observed in the system and the group credited for 

the discovery. Of particular interest is the compound Ba(Pbl_,BiJO, 
discovered by Sleight at du Pont in 1975. This oxide material adopts 

the perovskite-type structure and contains no transition metals. 
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TABLE 5: Milestones in Binary and Multinary Superconducting 
Oxides to 1975. 

Compound/System 

NbO 

SrTi O3_x 

v03 

TiO 

*I?*3 

Ag70$N03- 

A,Re03 

Lil+xTi2_xOq 

Ba( Pb, _,Bi,)03 

Synthesis 
Year Group 

1932 Noddack/Ger. 

1927 Coldschmidt 

1823 F. Wshler 

1939 P.Ehrlich/Ger. 

1966 du Pont Co. 

1935 Braekken/Swe. 

1966 du Pont Co. 

1953 Grenoble,Fr. 

1975 du Pont Co. 

Superconductivity Reference to 
Year T&0 Supercon. report 

1933 -1.5 6. bkissner, 

1964 -0.3 15. Schooley, 

1964 3.0 16. Raub, 

1965 -1 .o 17. Hulm, 

1966 4.0 18. Sleight, 

1966 1.04 19. Bell Labs. 

1969 4.0 18. Sleight, 

1973 13.7 20. Johnston, 

1975 13.2 21. Sleight, 
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1.8 Ternary Chemical Compounds - Complex Borides and 
Sulfides 

After the initial attempt to prepare alloy and interstitial 
superconductors, several ceramists, chemists, and materials scientists 

joined the group of physicists and metallurgists in search of other 
superconducting materials. These scientists turned to ternary com- 

pounds and to more complex systems. From the mid-60’s to the 
mid-70’s, several new “inorganic materials” were found to exhibit the 

superconducting phenomenon. 
B. T. Matthias (22) predicted in 1977 that ternary compounds 

held the promise of a fresh approach to new, improved supercon- 
ducting materials with higher Tc’s. The search took these scientists to 

complex borides where the unusual phenomena of superconductivity 
and magnetism co-existed. This re-entrant magnetism (below the 

superconducting transition temperature) generated much interest in 
1977. This particular co-existence was first observed (23) in ErRhlBl 
by B.T. Matthias and co-workers. The structural, electronic, and 
crystallographic properties of many new ternary borides and sulfides 
have been the subject of two books, edited (24)(25) by Fischer and 
Maple, and these editions were dedicated to Matthias who passed away 
in 1980. In addition to the vast number of ternary borides and silicides 
described in these two volumes, several ternary and multinary sulfides 
are also reported. These sulfides, known as the Chevrel phases after 
their discoverer, Roger Chevrel (in collaboration with M. Sergent and 

J. Prigent), have the general chemical formula: M,Mo,S,. These 
unusual sulfides have an octahedral metal cluster within a cubical cage 
of sulfur atoms. Their structures are slightly distorted from perfect 

cubic symmetry, but can be considered “cubic” in their idealized state. 

More recent studies on these metal cluster compounds have revealed 
that condensation by face-sharing of metal clusters can lead to many 
more complex systems having superconducting properties. A selection 
of the superconducting “Chevrel phases” would include: PbMoeS, (T, 
= 15.2 K), SnMoeS, (T, = 14 K), Cu,Mo,S, (T, = 10.8 K), and 
LaMoeS, (T, = 11.4 K). As can be expected, sulfur can be replaced by 
other non-metallic elements, namely Se, Te, I, Br, and Cl. Another 
unusual property of these “Chevrel phases” is their very high critical 

fields (Hc2). These compounds generate magnetic fields of 500 to 600 
kGauss at very low temperatures in their superconducting state. They 
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exhibit the highest critical (magnetic) fields known for supercon- 
ducting materials. 

Some Superconducting Borides and Sulfides 

LnRh,B, (Ln = lanthanide element). Tetragonal. 
Discrete Rh tetrahedra and B, atomic pairs. 
Superconducting and ferromagnetic. 
T, = 8.7 K and T, = 0.9 K for Ln = Er. 

T, = 11.7KforLn=Lu 

LnRhB, (Ln = lanthanide element). Orthorhombic. 
T, = 10.0 K, for Ln = Lu. 

T%.6-2.0 Superconducting at 22°C (295 K) claimed by 
Fred W. Vahldiek, but not yet verified or 
published in literature. 

MxMo6S8 (M=PborLn;x=l) 
Chevrel phases, distorted cubic structure. 
Isolated MoeS, clusters. (T, = 15 K for M = 

Pb) 

Pd,Ag,S Contains no superconducting elements. 
T, = 1.13 K. 

M,MoS, (M = Sr; x = 0.2) 
Intercalation-type compound, layer structure. 

T, = 5.6 K for the composition above. 

CdS “Irreproducible Superconductor” as a thin film. 
Anomalously large diamagnetic signal with a 

“TC” above liquid nitrogen temperature. 

CuRh,S, Spine1 structure. T, = 4.8 K. 

CuRh,Se, Spine1 structure. T, = 3.50 K. 
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1.9 Non-Transition Metal Systems- (SN), and Others 

In the course of the broad research effort on preparing 
radically new superconducting materials, other inorganic systems were 
found to exhibit this phenomenon; a sampling of these are presented 

below. The unusual feature of these materials is the fact that few 
contain “the best” superconducting elements in their chemical 
formulations. 

Hg,WF,), Linear chains of Hg atoms arranged 
in a criss-cross fashion. (T, = 4.2 K) 

&,F Anti-CdI, structure. III coordinated Ag 

(Silver atoms in contact. (T, = 66 mK) 

subfluoride) 

(SN), (with Helical inorganic chain polymer which 

doping) contains no metallic atoms. (T, = 0.2 to 6.3 K) 

K,Pt(CN),X,.,(H,O), (X = Cl, Br) 
Highly conducting 1-D system. 

Undergoes a Peierls transition at low tempera- 
ture. Nearly superconducting. Stack of super- 

positioned, square-planar Pt(CN), groups. 

NbPS Orthorhombic, high-pressure phase. 
T, = 12.5 K. 

ZrRuP Hexagonal phase. T, = 13.0 K. 

The strange case of CuCl: During 1978 a Russian group (26) 
reported the observation of a strong diamagnetic signal from CuCl that 

had been subjected to high pressure. This finding caused great 
excitement because the transition was reported to occur at approxi- 

mately 150 K. The strong Meissner signal strongly suggested 
superconductivity, but difficulties were encountered when further 

measurements were carried out on the sample. Attempts to reproduce 
the magnetic results on this metastable, high-pressure product were 
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unsuccessful. The Moscow researchers could not obtain complete 
diamagnetism, and they were unable to observe low electrical 
resistivity in the sample. 

The report of such a diamagnetic anomaly in CuCl created a 

stir of activity in the USA. Two groups immediately attempted to 
confirm these results, but only observed a fleeting glimpse of some 
unusual behavior. Chu and co-workers (27), working at the University 
of Houston, found only a 7% Meissner effect in CuCl. Joint research- 
ers at Stanford University also observed (27) anomalies in the CuCl 

system but could not confirm the existence of bulk superconductivity. 
The magnetic data observed by the Russian group was most exciting, 
and today the published magnetic data for this CuCl sample appears 

strikingly similar to that observed and reported for the l-2-3 copper 
oxide phases. The magnetic data published by the Moscow group is 
reproduced as Figure 7 below. 

The magnetic anomaly in CuCl can be explained by postulating 
a probable disproportionation reaction occurring at high pressure with 
the formation of Cu and CuCI,. The metal-semiconductor interface 
behaves as a diamagnetic superconductor through the generation of 
eddy-current shielding effects. The experimental data were not 

reproducible and the resistivity versus pressure plots could not be 
recycled. This high-pressure CuCl phase and other similar com- 

pounds, such as CdS and NbSi, which show anomalous diamagnetic 
behavior, have been classified (28) as “irreproducible superconduc- 

tors”. 

Graphite-Intercalation Compoynds: The high conductivity of 
graphite within the planes attracted some researchers to this material 

as a prototype for other new superconductors. Prior research studies 
had been conducted on the intercalation of alkali metals and other 

inorganic compounds in graphite. These studies yielded interesting 

metallic conducting compounds possessing a variety of colors. This 

graphitic system appeared to be quite similar in physical properties to 

the “tungsten bronzes”, but their chemical properties and structures are 
rather different. Some of the graphite/alkali-metal intercalation 
compounds that have been investigated (29)(30) are listed below with 
their superconducting transition temperatures. 

Both CuCI, and Cu(NO,), have been introduced (31) between 
the layers of graphite (stage-five intercalation) by E. Strumpp in W. 
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Figure 7: The original plot of magnetic susceptibility ver.sw log 
absolute temperature (T / K) for CuCl under -5 kbar pressure. 
Reference 26. 
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Germany, but the physical properties of these intercalates have not 
been reported. Japanese workers have focussed their research on other 
alkali-metal derivatives, and have incorporated some heavy metals 
between the layers. Compositions such as C,KHg, CsKHg, C,KTI,*,, 

and CsKH_u.,, have been isolated. 

Graphite Intercalation Compounds with Their T, Values (29.) 

Intercalation Comnound L-0 

CsC, (golden) 
CsC,, (blue) 

KC, (golden) 
KC,, (blue) 

RbC, (golden) 
RbC,, (blue) 

20 to 135 
< 11 

550, 390 
< 11 

23 to 151 
< 11 

1.10 Organic Sup&conductors 

In 1964, W.A. Little (32)(33) predicted that higher supercon- 
ducting transition temperatures would be theoretically possible if the 
mode for electron coupling occurred through electron polarization. He 

suggested that a conjugated polyene, a long-chained organic molecule, 
might become superconducting (with a T, > 300 K) if it contained 

some appropriately polarizable side-groups. This announcement set 
off an army of organic chemists in search of “room-temperature” 

organic superconductors. The success rate was very poor, yielding at 
best only a few metallic organic conductors possessing low resistivity 
at 1 K. The first such organic metal was TTF.TCNQ, or chemically 
the tetrathiafulvalene.tetracyanoquinodimethane salt. It was then 
realized that an electron donor (generating a cation) could be coupled 
with an electron acceptor (forming an anion) to yield a metallic 

conducting salt or compound. In most cases the donor, and sometimes 
the acceptor molecule, was a large planar organic molecule. These 
charge-transfer products were tested for superconductivity but little 
success was achieved in obtaining high transition temperatures. A 
listing of good electron donors and acceptors is presented in Table 6. 

However, when pressure was applied to these metallic organic 
systems, the phenomenon of superconductivity was detected. The 
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TABLE 6 

OONORS ACCEPTORS 

TCNO 

TNAP 

Hoxrfluorophoophrtr 
(PF;) 

Porchlorrto &IO;) 

BEDT-TTF (ET) 
0 w l 

Trllodldo (1;) 

CM 

CM 
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transition temperature for superconductivity was always very low, for 
example, (TMTSF),PF, showed a T, of 1.3 K at 6 kbar pressure. We 
shall not comment on this class of superconducting materials any 
further, except to mention that the present record holder for highest 
T, in this category of organic superconductors is n-(ET),Cu(SCN),, 
having an onset of superconductivity of 10 K at ambient pressure. 

The transition temperature in certain organic superconductors rapidly 
decreases as pressure is applied. 

Metallic conduction has recently been observed in special- 

ly-prepared organic compounds, such as polyacetylene, polypyrrole, 

and polyaniline, having conductivities of the order lo-’ (ohm-cm)-I; 

but by proper doping these conductivities can be increased to lo2 

(ohm-cm)-‘. Some of the organic metallic systems have also been 

converted into the superconducting state by proper doping, but in all 

cases the T, remains at very low temperature. 
Several chapters, reviews, and a recent book have been 

published on these materials, and the area is rapidly growing, 
becoming known as the “Organic Solid State”. This supplementary 

reading is presented as references 34-42. 

2.0 STUDIES ON SUPERCONDUCTING OXIDES PRIOR TO 
1985 

Few oxide superconductors were known prior to 1985 and we 
shall now return to these so that we can discuss these materials in 
reference to their crystal structure classes. There are only three broad 
structural categories in which most of the oxide superconductors 

occur. The important structural types include: sodium chloride 
(rocksalt, or Bl-type), perovskite (E21), and spine1 (Hl,). 

2.1 Studies of Superconducting Oxides with the Sodium Chloride 
Structure 

The sodium chloride structure, AX systems. Cubic Fm3m 
(Space Group #225): The sodium chloride or rock salt, NaCl, 

structure has a simple face-centered cubic unit cell (Figure 8) with 
alternating cations-anions along the three cubic axes. 
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0 No OCl 
Figure 8: The NaCl (rock salt) structure, as re-drawn from 
Reference 5. Dark circles = Na, or metal atoms; white circles = Cl, or 
non-metal atoms. 
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Figure 9: The critical transition temperature (TJK) plotted against 
oxygen content in TiO,_,, as published in Reference 17. 
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This atomic arrangement leads to octahedral coordination 
about each cation and anion. In oxide systems, metallic-conducting 
materials occur when the cations are low valent transition metals. This 
is the case for TiO, VO, and NbO, all are room temperature metallic 
conductors crystallizing with the NaCl structure, or one closely 
derived from it, as in the case of NbO which has ordered metal and 
oxygen vacancies. We have already mentioned (6) the report of 
“near-zero” resistivity in NbO by Meissner in 1933. Further studies on 
this system in recent years have shown that superconductivity does 
exist in this compound, but that the transition is sluggish. The highest 
reported superconducting transition temperature for NbO is 1.55 K. 
The vanadium analog, VO, has been studied to 63 mK and has not 
been found to exhibit superconducting behavior. Similar negative 
results have been reported for non-stoichiometric VO samples. 

The case for TiO is very different. Superconductivity in TiO 
was sought during the early sixties but was not observed due to 
cryogenic temperature limitations. At that time, the low temperature 
of 1.2 K could only be attained by pulling a vacuum on liquid helium. 
In 1965, a temperature of 0.02 K could be achieved by using the 
demagnetization method. This equipment was necessary for the study 
of most of the binary and ternary oxide compounds. It was during 
this time that superconductivity was finally observed (17) in TiO by 
Hulm and co-workers. In their mutual inductance experiments they 
noted that the transition temperature was dependent on the exact 
composition of the TiO samples. The dependence of T, on the oxygen 
content of TiO, is reproduced in Figure 9. 

It was further noted that a complete loss of superconductivity 
occurred in oxygen-rich compositions, as in the TiO,.,, sample, even 
though it also crystallized in the same structure and had similar unit 
cell dimensions to those of the superconducting phases. Several other 
studies on TiO, compositions were carried out and these results are 

presented in Table 7. In 1968 Doyle et al. reported (43) further on 
the strong dependence of T, on the composition (oxygen-content). 
High-pressure experiments on TiO, samples were carried out in an 
attempt to remove the defects which are generated in materials 
prepared at high temperatures. In certain experiments, a monoclinic 
form of TiO, was obtained (44). A maximum T, of 2.0 K was 
observed (45) on a sample with nominal composition Ti01.s4, annealed 
at 60 kbar and 1300°C. This treatment resulted in a 15% decrease in 
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TABLE 7: Table of Superconducting NaCl-type Oxides. 

Composition 

TiO 

TiO 

TiO 

TiO 

Ti00.96 - 1.17 

Ti00.85 - 1.25 

TiOO.86 - 0.91 

TiO0.95 

Tiol .06 

Til_xOl_x 

Tiol. 24 

NbO 

NbO 

NbO 

NbO 

NbOl .02 

NbO 

Nb00.96-1.02 

NbO1.OO 

vo 

vo 

vo 

T, (K) Reference 

a.20 46 

<1.20 10 

0.58 17 

0.60 47 

co.5 48 

<1.3 to 2.0 45 

<1.3 45 

0.65 48 

0.94 48 

0.6 to 2.3 43 

2.0 45 

<1.20 46 

<1.20 10 

1.20 50 

1.25 br. 49 

1.38 48 

- 1.4 6 

1.37,1.55 48 

1.61 48 

a .20 46 

<1.20 10 

<0.063 49 
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the number of vacancies within the sample. The maximum value of T, 
for the TiO, system is 2.3 K for a stoichiometric composition with 
unit cell parameter, a = 4.207 A. 

It should be mentioned that, of the other first-row transition 

metal oxides crystallizing with the NaCl structure, none has been 
found to superconduct down to 2.5 K. Some of these oxides undergo 
magnetic ordering at low temperature and most behave as semicon- 
ductors at all temperatures. These would include MnO, FeO, COO, 
and NiO. Studies performed on CuO, which has a different crystalline 
structure, showed only semiconducting behavior to very low tempera- 
tures (1.9 K). 

2.2 Studies of Superconducting Oxides with the Perovskite-type 
Structure 

The Perovskite Structure, ABXsSystems. Cubic Pm3m (Space 
Group #221): A cubic structure was assigned to the mineral perovs- 
kite, CaTiO,, but this particular compound was later found to actually 
possess orthorhombic symmetry. Today, however, we refer to the 
perovskite structure in its idealized form as having cubic symmetry 
and it is normally represented by a simple unit cell (Figure 10). 

The ideal cubic perovskite structure contains a large A cation 
in a cuboctahedral XII-coordination site, a smaller transition metal ion 
with octahedral coordination, and anions that are VI-coordinated to 
the metal atoms. The transition metal octahedral groups are vertex-- 
connected along the three crystallographic axes to generate the 
structure (see Figure 10, above). The general formula ABX, is 
capable of representing several hundred different chemical composi- 
tions. With slight distortion of the structure, or the lowering of 
symmetry, this structure type comprises a myriad of inorganic 
compounds. Vacancies can also be accommodated in all the different 
sites; viz. A,_,BO,, AB,_,O,, and ABO,_,. The well-known “tungsten 
bronze” family is an example of the A,_,BO, class of defect com- 
pounds. This family will be discussed later. Another important class 
of defect perovskites is the anion-deficient oxide series, from which 
several superconductors have been isolated. The perovskite structure 
is relatively simple, and can accommodate a number of large mono-, 
di-, or tri-valent cations in the cuboctahedral sites of the unit cell. 
Similarly, a multitude of low or high valent transition metal ions can 
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Figure 10: The Perovskite (CaTiO,) structure. A polyhedral 
representation for an unit cell having different origins. From 
Reference 169. 
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adopt the octahedral site. We shall limit our presentation once again 
to oxide compositions since this is the primary focus of this chapter. 

The search for superconductivity in the perovskite structure 
evolved from Q~Q different research groups, simultaneously. Cohen 

was investigating the possible existence of superconductivity in certain 
semiconductors, such as Si, Ge, and in the solid solution of Si in Ge. 

During 1964, he theoretically predicted(51)(52) that superconductivity 

could exist in certain semiconductive materials if the current density 

could be increased to relatively high values. Cohen also believed (53) 

that the T, would be in the 0.1 K range, strongly dependent on the 
carrier concentration, and the systems would be Type II, bulk 
superconductors. Only one such semiconducting oxide, SrTiOs_x, has 
thus far been observed to superconduct from Cohen’s effort. The 
second approach, by Matthias and Raub (16), evolved from a study of 
ferroelectric conductors. Raub suggested an investigation of the 
“tungsten bronzes”, unaware of the previous studies by Meissner and 
co-workers (6). In 1964, with the use of the new 3He refrigerators, 
Matthias and Raub observed a low-temperature transformation in this 

class of materials. The experimental results on SrTi03_x and the 
“tungsten bronze” were published (15)( 16) in the same journal, within 
months of each other, in 1964. 

Oxygen-deficient perovskites, ABOa_; Since the semicon- 
ductive-superconductive transformation is limited to only one oxide 
example, we shall present this case first. Strontium titanate, SrTi03, 
is a colorless, wide-band semiconductor (insulator) that also exhibits 

pseudo-ferroelectric properties when properly doped. It crystallizes 
with the cubic perovskite-type structure, a = 3.905 A. This compound 

can be reduced under thermal treatment in a high vacuum system or 
under a reducing gas, such as hydrogen. The resulting product is a red 
crystalline solid, maintaining the same structure but possessing a 
slightly smaller unit cell. A superconducting transition temperature at 

-0.30 K was observed in SrTi03_X (see Figure 11). 

Further studies (54) suggested that the T, was dependent on the carrier 

concentration. A plot of the transition temperature versus ne, the 
charge carrier concentration, is presented in Figure 12. 

The maximum transition temperature of -0.45 K was 

observed on a Nb-doped phase containing approximately 1020cm-3 
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Reference 54. 
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carriers. Both resistive and magnetic experiments were performed on 

these SrTiOs_,r phases and the results indicated similar onset transition 
temperatures for superconducting behavior. 

The mechanism for superconductivity (Type II) in these 
degenerate (nonstoichiometric, in this case) semiconductors is believed 

to occur through a strong coupling between electrons and the optical 
phonons. Chemically, electrons are produced in the reduction step 

that gives rise to TiS+ ions, which have a 3d1 electronic configuration. 
These electrons are probably in a metallic conducting band that is 

strongly affected by the oxygen vacancies. 
Many semiconducting oxides were investigated but few of 

these systems became superconducting to the lowest temperatures 
achievable (50 mK). Slight doping into the Sr or Ti sites yielded 

superconducting phases, but in all cases the Tc’s for these analogs were 
near that of the maximum value obtained in the less complex, 

oxygen-deficient, SrTiOs_x precursor. 

Cation-deficient Perovskites, A,_,$O, Systems: Space 
Group: Tetragonal Pl/mbm (#127) and Hexagonal P6/mcm (#193): 
Earlier work on “tungsten bronzes” by Meissner and co-workers(6). 
indicated that superconductivity was not observed in L&WO,, K,WO,, 

or Rb,WO, to 1.32 K, the lowest temperature that they could attain in 
1933. The family of “tungsten bronzes” comprises several ternary 

transition metal oxides that possess room-temperature, metallic-con- 
ducting properties, and they normally exist as non-stoichiometric 

phases with vacancies in the large (XII coordinated) cationic sites. As 
the number of vacancies increases, the crystal symmetry decreases, 

and the new structures formed contain large tunnels instead of empty 
cuboctahedral sites. For the chemical formulation A,_,BO,, as x 
increases the symmetry changes from cubic to two different tetragonal 
phases, to hexagonal, and then finally to much lower symmetry at 
small values of x. The metallic-conducting properties are also lost in 
the orthorhombic, monoclinic, and triclinic phases. Superconductivity 
is normally observed only in tetragonal and hexagonal “tungsten 

bronze” phases. Tunnels also appear to be necessary for the existence 
of superconductivity in these compounds (Figure 13). 

In Raub and Matthias’ experiment (16)(55), a bluish-black 
needle of N%WO,, produced by the electrolysis of a sodium tungstate 
melt in an iron crucible, exhibited a transition at 0.57 K. It was first 
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Figure 13: Projections of (a) tetragonal(II), and (b) hexagonal 
“tungsten bronze” structure. A polyhedral representation showing the 
large pentagonal and hexagonal tunnels, respectively. From Reference 
55. 

Temperalure I K + 

Figure 14: The original plot of bridge unbalance versus temperature 
(T/K) for Na,WO,, as published in Reference 16. 



40 Chemistry of Superconductor Materials 

believed (56) that ferromagnetism (Fe from the crucible) had produced 
the strong signal, but on further examination, it was concluded that 
the abrupt change originated from the superconducting oxide (see 
Figure 14). 

A broad search for superconductivity in the “tungsten bronze” family 

was initiated. In many such systems, asuperconducting transition near 
1 K was found. The most fruitful members of the “tungsten bronze” 
family were those possessing a symmetry lower than that of the cubic, 
and highly non-stoichiometric materials. Additional defect sites were 
later introduced in these oxide compounds by replacing some of the 
oxygen atoms with fluorine.The following Table 8 lists the various 

“tungsten bronze” compounds that have been studied as superconductor 
candidates, with their respective onset T,‘s. 

The highest transition temperature for the “tungsten bronze” 
family was 7.7 K for an acid-etched (71) sample of composition 

Rb-o.s,WOs. Certain researchers (62), after completing studies on 
cubic and tetragonal-II (semiconducting) bronzes, made the statement: 
“It appears as though the (cubic) perovskite lattice is not favorable for 
superconductivity.” This statement was made in 1965, prior to the 
major advances in copper oxides that are considered to have a 
related-perovskite structure. 

Ordered Perovskite-t_vpe Compounds, A,(BB’)O, Systems: 

Cubic Fm3m: A feature of the perovskite structure is that, with the 
proper substitutions, many types of ordered structures can readily be 
formed. This can be accomplished by the substitution of two suitable 
metal ions (with different oxidation states) in the octahedral sites of 

the structure. In this case the unit cell is doubled along the three cubic 
axes to generate an - 0.8 A unit cell (Figure 15). Partial substitution 
of different transition metal ions in the octahedral sites is also 
possible; the general formulation for these compounds would be 

A,(B,_,B’,JO,. The parentheses in this formulation enclose atoms 
occupying the octahedral sites in the structure. 

The syntheses of several simple ABO, compounds by Art 

Sleight led him to the first example of oxide superconductors 
possessing the ordered perovskite structure. It was already known that 

BaPbO,, a distorted perovskite with pseudo-orthorhombic symmetry, 
exhibited metallic conducting properties to very low temperatures, but 
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TABLE 8: Table of “Tungsten Bronze” Superconductors with T, 
data. 

Vungsten Bronze” Systems. 

Composition T, (K) Reference 

Lithium compounds 

LixWO3 

Lio .3oWO3 hexag. 

LixW03 

Sodium compounds 

NaxW03 cubic (x=.3, .4,.8) 

Na0.10W03 tetrag. II 

Na0.20W03 tetrag. 

Na0.2&0.35W03 tetrag. 

Nao.2_0.4W03 tetrag. I 

Na0.23W03 

NaxW03 cubic, a = 3.8 A 

NaxW03 cubic + dist. cubic 

Nao.96W03 cubic 

NaxW03 hexag. 

Potassium compounds 

KxW03 

KxW03 

KO. 27-O. 31w03 hexag. 

Ko. 40-o. 57WO3 tetrw. 

KxW03 powder, hexag. 

KxWO3 etched, hexag. 

<1.3 6 

2.2 57 

-2.9 58 

<0.3 62 

<o .040 59 

0.55 59, 60 

0.57 16, 60 

0.7-3.05 61 

-2.2 58 

<O.Oll 59, 62 

<0.04 59 

<1.3 57 

5.4 57 

Cl.3 

-2.45 

0.5 

1.5 

1.0 - 2.52 

3.31 - 5.70 

6 

58 

59 

59 

60 

60 

(continued) 
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(continued) 

Rubidium compounds 

RbxW03 

Rb0.20-0.33w03 hexag- 

Rbo.20_o.33W03 hexag. 

Rbo.27_0.29W03 hexag. 

RbO. 27”3 

Rbos32W03 hexag. 

Rho 33W03 acid etched . 

Hbo 33WO3 . 

RbxW03 hexag. 

RbxW03 

RbxW03 

RbxW03 

RbxW03 

RbxW03 

RbxW03 

RbxW03 

RbxW03 

RbxW03 

RbxW03 

Rbo. 33WO3 

Rho. 33W03 

Cesium compounds 

cs,wo3 

cs,wo3 

<1.3 6 

2.15 - 2.9 68 

1.2 - 4.35 68 

1.98 59 

-1.9 58 

1.9 - 6.6 57 

2.36 - 2.84 60 

-1.75 58 

1.88 - 1.97 60 

6.14 - 6.40 60 

3.31 - 4.80 60 

5.35 - 6.25 60 

5.51 - 6.15 60 

5.45 - 6.55 60 

3.90 - 5.15 60 

4.41 - 5.70 60 

6.55 - 5.45 60 

2.74 - 2.36 60 

3.26 - 3.73 60 

4.75 60 

7.7 71 

1.39 - 1.77 

2.26 - 4.76 

60 

60 

(continued) 
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(continued) 

CSO. 3oW03 hexag. 

CsO. 32WO3 hexag. 

CsO. 2oW03 hexag. 

Cso. 3oW03 hexag. 

Ammonium compound 

(NH4J0. 33W03 hexag. 

Alkaline-earth compounds 

Ca0.10W03 hexag. 

SrO.O8W03 hexag. 

Ba-0.13W03 tetrag. I 

bl. 1 F3 hexag. 

Mi SC. compounds 

Cue. 32W03 hexag. 

In0.11W03 hexag. 

In0.11W03 etched 

In0.11W03 hexag. 

TIO. 3oW03 hexag. 

TIo. 3oW03 hexag. 

sno. 19W03 tetrag. 

sno .21 W03 hexag . 

snO. 24w03 hexag . 

“EPonzel’ oxyf luorides. 

KxW03-xFx 

1.1 - 4.8 57 

1.12 59, 60 

6.7 69 

2.0 69 

1.4 - 3.2 57 

3.4 63 

4.0 63 

1.9 62 

2.2 63 

1.12 70 

cl.25 - 2.8 60 

-3.8 64 

-2.8 63 

1.58 65 

2.14 63 

<1.3 

<1.3 

<1.3 

57 

57 

57 

1.9 - 2.1 - 0.8 66 

(continued) 
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(continued) 

K0.1Li.02W02 88F0.12 1.1 . 

Ko.08-.3W02.7-2.92Fo.08-.30 lsg - 2.1 

Ko.08-.3W02.7-2.92F0.08-.30 0.8 

Rbo.lLi.02- . 10w02.8-2 gFO 12- 20 2*1- 4*o . . . 

Rb0.08w02.7-2.92F0.08-.30 0.9 - 3.7 

Cs,Wo3,,F, 1.4 - 4.5 

Cs,WO374 (filament & plate) 5.2 

C~xLiyWO3,xFx+y 2.0 - 3.4 

"Molybdenum Ekonze'l Systems. 

Sodium compound 

NaxMo03 cubic 

Potassium compounds 

K_o.5Mo03 tetrag. 

K-o.gMo+ 

%cM~3 cubic 

Whenium Bronze11 Systems. 

Sodium compound 

NaxRe03 cubic 

Potassium compounds 

K_0.3Re03 hexag. 

K_0.9Re03 tetrag. 

KxRe03 cubic 

a.3 18 

4.2 18 

<1.3 18 

<1.3 18 

<1.3 18 

3.6 18 

a.3 18 

a.3 18 

66 

66 

66 

66 

66 

66 

69 

66 



Historical Introduction and Crystal Chemistry of Oxide Superconductors 45 

Figure 15: The ordered perovskite structure showing the positions of 
the B cation positions (white and dark circles). The oxygen positions 
are represented by the crosses. The eight A cations are omitted from 
the diagram for purposes of clarity. 
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Figure 16: The electrical resistance wsus absolute temperature 
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was not a superconductor down to 4.2 K. BaBiOg had also been
previously reported, but its structure and properties were unknown.
The bismuth system was further complicated by the fact that at
different temperatures of preparation, various oxygen-deficient
phases were produced, ,yg. BaBiOg-x' having different crystalline
structures (72)(73), all related in some way to the cubic perovskite-
type structure.

Controversy arose as to the assignment of the oxidation state
for bismuth in BaBiOg. The simple formulation could represent a 4+
oxidation state for bismuth, but an ordered perovskite would indicate
a mixture of the more common 3+ and 5+ states. Sleight prepared (21)
a BaBiOg phase at low temperature using the hydrothermal method
and isolated a golden, near-stoichiometric product that exhibited
insulating properties. Powder neutron diffraction data (74- 77) on this
compound indicated monoclinic symmetry and a perovskite-related
structure with two different octahedral sites, most probably containing
ordered arrangements of Big+ and Bi5+ .Other studies on the order-
disorder of bismuth ions in BaBiOg have been carried out by several
groups (78-80). In all these studies it has been concluded that, for
samples prepared at low temperature, the idealized composition can be
written as: Ba2(Big+Bi5+)O6' rather than BaBi4+Og. The oxygen
content, however, can vary depending upon the synthesis temperature
and oxygen-annealing conditions. The structure also changes on
heating from monoclinic to rhombohedral (R3) at about 405 K. Three
compositional regions are observed between 850 to 1225 K under
different oxygen partial pressures. The three BaBiOg-x phases possess
different perovskite-related structures.

Sleight then went on to study the solid solution between
BaPbOg and "BaBiOg". These results (21) appeared in 1975 and docu-
mented the discovery of a perovskite-type superconducting oxide
having an interesting Tc (Figure 16). The publication was entitled:
"High- Temperature Superconductivity in the BaPb1-xBixOg ."

A transition temperature of 13 K had been observed for the
composition Ba(Pbo.7Bio.g)Og, an inorganic oxide compound that
contained no transition metal ions.

The compositional range for superconductivity in BaPb1-x
BixOg is 0.05 < x < 0.3 with Tc's varying between 9 and 13 K. Outside
this compositional range no superconductivity was observed. Further
work has been carried out on this system in the USA, the USSR (81 ),
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and in Japan; the highest transition temperature observed thus far is 

13.4 K for the composition BaPb,,,Bi,,,O,. A summary report (82) 
on the various studies of this solid solution was published in 1986. 

This report contains over 200 references to the published literature on 
the BaPb,_,Bi,O, system. 

High-pressure experiments on this oxide superconductor 
suggested (83) that a re-entrant superconducting transition occurred 

between the grains of the superconducting particles. The authors 
further concluded that the mechanism of superconductivity in this 

oxide system remained unknown. Other resistance measurements were 
also carried out (84) using pressures of -125 kbar indicating a possible 

onset of metallic behavior in this material at room temperature. 
With the incorporation of other ions in the oxide supercon- 

ductor, the transition temperature can be sharpened. The substitution 
of K+ for some Ba2+ yielded (85) a superconductor with a sharper T,. 

The pressure studies on the potassium-doped Ba(Pb,_,Bi,)O, com- 
pounds showed a decrease in T, as the hydrostatic pressure was 

increased to 15 kbar. 

Post-1985 Developments in this Structural Class of Com- 
pounds: In a recent discovery by Cava (86), the composition BaPb, 7s 
Sb,+,,O,, was found to undergo a superconducting transition at only 
3.5 K. The substitution of Sb for Bi appears to drive out supercon- 
ductivity in a manner which was not expected, nor as yet been 

explained. 
In 1988, Cava and co-workers also prepared (88a) a quater- 

nary oxide, Ba/K/Bi/O, and observed superconductivity at -28 K. 
This compound was the first “non-transition metal” oxide with a T, 
above the legendary “alloy record” of 23 K. Further studies indicated 
(88a) that the optimum composition for “high temperature” supercon- 
ductivity in this system was Ba,,K,,,BiO,_,, having a T, of 30.5 K 
(Figure 17). The samples were multiphase, and the superconducting 

fraction varied from 3 to 25%. Superconductivity for the rubidium- 
substituted compound was observed at -28.6 K. 

Several other research groups (89-91) picked up on this 
discovery and obtained Ba/K/Bi/O materials with an onset transition 
temperature of 34 K. The structure of this oxide superconductor is 
cubic, perovskite-type, having unit cell dimensions, 4.288-4.293 ‘A. 
This system appears to be a three-dimensional superconductor and has 
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Figure 17: The magnetization versus absolute temperature (T/K) for 
crystals of Baa so . K . a 4a BiO,, as reported in Reference 88b. (T, = 30.5 

K-1 

Figure 18: The spine1 (MgAlsO,) structure. Tetrahedral and 
octahedral polyhedra are depicted by the dotted lines. Not all the 
atoms are shown for reasons of clarity. Note the oxygen planes along 
the 111 direction of the unit cell. 



Historical Introduction and Crystal Chemistry of Oxide Superconductors 49 

recently generated much interest, since the absence of transition-metal 
ions suggests that the magnetic mechanism for superconductivity may 
not be an essential requirement for high temperature superconductivi- 
ty. A controversy also exists over the existence of an isotope effect in 
this material when 180 is substituted for “0. Some scientists claim a 
large isotope effect, while others observe only a slight effect on the T, 
of the material by the isotopic oxygen substitution. The effect of 
pressure on potassium-doped BaBiO, indicated (92) a slight increase 
in T,, of the order 0.05 to 0.10 (dT,/dP) K/kbar with applied 

pressure. These investigations were limited to 9 kbar pressure of 

oxygen. 

2.3 Studies of Superconducting Oxides with the Spine1 Structure 

The Spine1 Structure, AB,O,. Cubic Fd3m (Space Group 
#227): The mineral spine1 has the chemical composition MgAlsO, and 
is rather scarce in nature. The more common mineral magnetite, 
FesO,, also adopts the spine1 structure and has been known through 
the centuries because of its important room-temperature ferrimagnetic 
properties (as lodestone for use in a compass). The spine1 structure 
contains magnesium ions in tetrahedral sites and aluminum ions in 
octahedral sites. The coordinations for the different ions can be 

expressed by the formula: lvMsvlAl,‘vO,, which has overall 
face-centered cubic symmetry in the space group, Fd3m. The 
structural details are slightly complex and a portion of the unit cell 
will be presented to better describe the arrangements of cations in the 

close-packed structure (Figure 18). 
Further adding to the complexity of the spine1 structure are 

three possible arrangements of the metal ions in the cubic close-pack- 

ed anions. The ordering of divalent metal ions (such as Mg2+) on the 
proper tetrahedral sites and all the trivalent ions (as Als+) in the 
correct octahedral sites, will give rise to the normal spine1 structure. 
If the divalent ions occupy some of the octahedral sites and half of the 

trivalent ions move to the tetrahedral sites, the structure is then 
referred to as the inverse spine1 structure. The last case exists when 

the tetrahedral sites and the octahedral sites are occupied by a mixture 
of di- and tri-valent ions. This type is known to generate the random 
spine1 structure, and the exact composition and populations in the 
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respective sites are determined by factors such as final heating 

temperatures, cooling rates, and the site-preference energies of the 
different ions for the two polyhedral sites. 

Superconductivity has been observed in only one spinel-type 
oxide thus far, namely LiTisO,. The problem of site occupancy and 
defect concentration has generated many uncertainties as to the exact 
structural type and chemical composition of this particular compound. 
D. C. Johnston, while investigating the superconducting properties in 
the sulfide phase Li,TiS,, observed that air-exposed samples showed 

signs of superconductivity at -13 K. Johnston believed that the 
superconductivity was arising from an oxide rather than the interca- 
lated sulfide compound. He immediately initiated a study on the 
Li/Ti/O system by preparing several ternary oxide phases. In his 
attempts to isolate a pure spinel-type compound, he noted (20) a large 
increase in the Meissner fraction for a compound with a nearly-stoi- 

chiometric LiTisO, composition (Figure 19). Further studies (93) led 
him to more detailed structural and compositional information. 

His studies indicated that the spinel-type phase could display 
the variable composition, Li,+,Ti,_,O,_,, a random spine1 structure; 
i.e., a mixed distribution of cations on the tetrahedral and octahedral 
sites. The superconducting oxide with the maximum onset T, of 13.7 
K had a cubic unit cell parameter of 8.40, A. This product, however, 
also contained 20% of the starting reactant, Li,Ti,O,, as an impurity 
phase. High-pressure studies have been carried out (94) on LiTisO, 

to 16.5 kbars; the onset temperature for superconductivity increases as 
a function of increasing pressure, according to the expression (dT,/dP) 
= +(12&l) x lOa K bar-l. 

The L’l+x 2-x 4 y * Ti 0 s stem has recently been re-investigated 

(95) to answer several questions concerning the superconducting 
behavior in this oxide material. The results are summarized as follows: 

(1) the Li l+xTi2_,04 system transforms from semiconducting to 
metallic behavior near x # 0.1 and superconductivity is found in the 
region x = 0 to 0.10, (2) the T, remains constant at -12 K and is 
independent of the value of x in the superconducting region, (3) the 

Meissner fraction decreases linearly with increasing x, or the random 
nature, (4) the optimum composition for superconductivity occurs at 
x = -0.15, and, (5) the transport properties do not result from the 
co-existence of stoichiometric LiTi,O, and a second phase formed by 
spinodal decomposition. The system is chemically homogeneous and 
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the additional Li ions are distributed on the empty octahedral sites to 

generate a random spinel-type product. 
The data for several Li/Ti/O spine1 compositions are 

presented in Table 9 with their reported transition temperatures. 
Unfortunately many of these samples were not homogeneous. 

2.4 Post-1985 Entry of Copper Oxide Superconductors 

Thus far we have dealt primarily with superconducting oxide 

systems having relatively common structures and those studied prior 
to 1985. This was soon to change, for late in 1986 the discovery of 

superconductivity in copper oxides with perovskite-related structures 
revolutionized all the work to be carried out in the future on new 

superconductors. The importance of crystal chemistry in the cuprate 
systems, superconducting and non-superconducting, has become of 

prime interest to all scientists in the field. In the following Section, 
we will present a thorough crysto-chemical description of the element 

copper and its oxide compounds in an effort to prepare the reader for 
this startling and exciting discovery. 

3.0 STRUCTURAL FEATURES AND CHEMICAL PRINCIPLES 
IN COPPER OXIDES 

General: Of the first-row transition metals, the element 
copper (Symbol = Cu from the Latin, cuprum) offers an unique and 
interesting chemistry based on its oxidation states and preferred 
geometries. Copper can be considered as the “chameleon” of the 3d 
transition metals in that it can behave as a normal transition-metal 
species in its formal oxidation state of 2+, and as a post-transition, 
highly-covalent species when displaying its other common oxidation 
state of l+. In its higher valence states of 2+ (common) and 3+ (rare), 
copper contains partly-filled d orbitals. In contrast, the Cu+ ion, a 
3d1’ system, can not be considered a transition metal ion; it shows 
little complexing power and displays no magnetic or colored species. 

3.1 The Fascinating Chemistry of Binary and Ternary Copper 
Oxides. 
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TABLE 9: Reported Superconducting Transition Temperatures in 
the LiTi,O, System. 

Composition T, (K) Reference 

Li2.6Til .5-2.7’4 

Li2.6Ti1 .9O4 

Li2.6Til .7O4 

Li2.6Til .3’4 

Li2 6Ti4 004 . . 

LiTi2.003.95 

Li”2.003.95 

Lil . lTil .903.95 

Lil.05Til.9504 

LiTi203,g 

Li2Ti4 -008 

Li0.8Ti2.204 

LiTic2)04 

LiTi 

LiTi 

Li Ti 204 

Lil .05Til .9504 

Li 1. 33Til .67’4 

10.9 - 11.4 

11.2 

11.4 

<4.2 

<4.2 

11.2 

11.7 

9.6 

12.0 

11.26 

= 11.4 

11.20 

12.5 

12.40 

12.6 

12.4 

a.5 

a.5 

Lil -33-O 8Til 67-2.204 1.5F13.7 . . 

96 

96 

96 

96 

96 

97 

97 

97 

97 

98 

99 

98 

93 

100 

100 

100 

93 

93 

20 



54 Chemistry of Superconductor Materials 

The Cuprous, Cu* or Cu(1) State, 3df0: The chemistry and 
geometry of the cuprous ion is simple and straightforward. It forms 

diamagnetic and colorless complexes. In aqueous solution the cuprous 
ion disproportionates into elemental copper and the more stable cupric 

ion. As a 3d1’ ion, it utilizes only its low-energy and available s and 
Q orbitals to form “essentially covalent” compounds and complex ions. 

The most common of these contain a linear two-fold bonding 
arrangement about the copper atom. In this geometry, “sp” hybrids are 
presumably formed which generate the required 180” bond angle in 
the solid state. The binary oxide Cu,O, known as the mineral cuprite, 
contains two-coordinate Cu atoms having linear bonding. Cu,O and 
Ag,O are isostructural, and the relationship between Cu+l and Ag+‘, 
is best exemplified by the structures of their oxides and sulfides. In 

many of the ternary oxides such as NaCuO, KCuO, RbCuO, CuFeOs, 
CuCrO,, and LaCuO,, Cu+ maintains its two co-linear oxygen 
neighbors. Other hybrids, “sp2” (trigonal planar) and “sps” (tetrahe- 
dral) geometries, can be formed, especially with the larger, more 
covalent sulfur ligands. 

The Cupric, Cuf+ or Cu(I1) State, 3dg: The most important 
and stable oxidation state for copper is divalent. There is a well-de- 
fined aqueous chemistry of the Cu2+ ion, which generates the familiar 

blue solution when complexed with water. A large number of copper 
coordination compounds exist and these have been studied extensively. 
A strong Jahn-Teller distortion is associated with the 3dg electronic 
configuration of this ion. This implies that a regular tetrahedron or 

octahedron about the Cu2+ ion is never observed, except in the rare 
occurrence of a dynamic Jahn-Teller effect. The tetragonal distortion 
about an octahedron can lead to a square-planar coordination which 
is often observed in Cu(I1) oxides. 

CuO, the mineral tenorite, and AgO are well known but their 
structures are quite different. More importantly the valence states in 

these two compounds are quite different. In CuO, the copper is 
formally in the divalent state, whereas in AgO, there exist two types 
of silver atoms, one in formal oxidation state l+, the other in 3+. 
These two silver ions also possess strong covalent character. PdO and 

CuO, however, have similar crystal structures based on chains of 
opposite edged-shared, square-planar MO, groups. 
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The best indicator of covalent-ionic character in the Cu-0 
bond is the observed Cu-0 bond length (see 3.2 below). 

The Cu2+ ion, when surrounded by oxygen ligands, tends to 
adopt an octahedral environment, but because of the Jahn-Teller 
distortion this octahedron is always distorted (as in La2CuOd). 

Square-planar coordinations about Cu2+ are also found (lOl), for 
example the ternary oxides SrCu02, BaCuO,, Ca,CuO,, CaCu,O,, 
Sr,CuO,, and the family of Ln2Cu0, (Ln = large lanthanide element). 
Another family of compounds has been prepared with composition 

A,BaCuO,, where A = Y, Sm, Eu, Gd, Dy, Ho, Er, and Yb. 

The Cu3+ or Cu(II1) state, 3d8: Copper(II1) is isoelectronic 
with Ni(I1) but can not be isolated from aqueous solution. However, 

several ternary oxides of Cu(II1) have been prepared using strongly 
oxidizing conditions and this oxidation state has been stabilized using 

a highly basic cation. 
SrLaCuO, has been prepared (102) under high-pressure 

oxygen and the product has been found to contain the Cu3+ ion in a 
distorted octahedral environment, the Cu-0 bond distances in the 
compound are: 4 @ 1.88 and 2 @ 2.23 A. 

A Cu-0 bond distance of 1.943 A has been reported (103,104) 
for the rhombohedral perovskite LaCuO, which was prepared under 
very high oxygen pressure. This black metallic conductor is believed 
to contain Cu3+ ions, in a distorted octahedral environment. Other 
known examples of ternary oxides containing Cu3+ ions include 
NaCuO,, KCu02, RbCuO,, Li3Cu03, and Na,CuO,. These com- 
pounds are generally stable as dry solids in the absence of air, but 
decompose rapidly in moist air. The coordination about Cu3+ is 
normally square planar with two additional oxygen neighbors at a 
longer distance. This same coordination is also found for several Ni2+ 
analogs. Very little is known concerning the physical properties of 
these ternary Cu(II1) oxides. 

3.2 Copper to Oxygen Bond Distances- Ionic Radii 

The copper to oxygen distance will vary according to the 
oxidation state of copper, the degree of covalency in the bond, and the 
geometry about the copper atom. The data given below are the 
averages of reported (and theoretical “ionic”) radii obtained from 
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several different Cu2+ oxides and minerals. 

Cu-0 Bond Distances in Copper(I1) Oxide Compounds 

Geometry* 
IV V IV 

Sq. planar Sq. pyram. “Octahedral” 

average, obs. 1.95 2.05 2.12A 
range, obs. 1 X-2.05 2.00-2.15 2.0%2.16A 
ionic, talc. 2.02 --- 2.13A 

* all geometries are distorted from the ideal 

According to A. W. Sleight, the Cu-0 bond length is of the order 1.98 
A for an essentially ionic case, whereas, for covalent species the Cu-0 
bond length is closer to 1.89 A. The shorter the Cu-0 bond length in 
“divalent Cu oxide compounds”, the greater the degree of covalency in 
the bond. The presence of CL?+ in the compound will also give rise 
to a shorter Cu-0 bond. From the Cu-0 bond distances observed in 
the Copper(II1) compounds listed above, the calculated ionic radius for 
Cus+ in “VI-coordination” is 0.50 -+ .02 A, while that for Cu2+ is much 
larger, 0.73 A. 

A statistical report of the oxygen coordination environments 
about divalent metal ions in minerals and other inorganic (oxidic) 
compounds was published (105) in 1984. The coordinations about the 

Cu2+ ion (% = 0.73 A) shows a pronounced square planar tendency 
(IV sq. ~1.). &te often, however, one or two additional oxygen atoms 
are located perpendicular to the square plane, yielding a distorted 
‘Y-coordination (IV + I square pyramid) or a highly distorted 
octahedron, “VI”-coordination (IV + II), see Figure 20. 

This latter distortion is associated with the strong Jahn-Teller 
effect of the Cu2+ ion. The Jahn-Teller distortion can result in the 

formation of an elongated octahedron (4 short t 2 long); a square 
pyramid (4 short t 1 long); or quite commonly a square plane (4 short). 

The tetrahedral CuO, group is rarely observed and no strong 
evidence has ever been presented for this highly symmetrical environ- 
ment about the divalent copper ion. Coordinations higher than VI (or 

IV t II) are also very rare. Statistical data for Cu2+ coordination 
environments in 234 oxysalts and 75 minerals will be summarized. 
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Stereochemistry of Cu(Il). 
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Figure 20: The stereochemistry of copper(I1). Different geometric 
arrangements. The lower region shows the angles involved in convert- 
ing a regular tetrahedron into a flattened tetrahedron, and then into 
square-planar geometry. From Reference 5. 
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These data and more recent results on several multinary copper oxides 
are presented below. 

Statistical Data on Copper Oxide Polyhedra 
in Minerals and Compounds 

Coordination Summary of Coord. 

Number Polvhedron- tvpe Percentage Freauencv 

IV flattened tetrahedron 

IV square plane 

V trigonal bipyramid 

V square pyramid 

VI distorted octahedron 

>VI other 

1% 
19% 

18% 

60% 60% 

1% 1% 

A thorough discussion of the square-planar copper oxide 
compounds has been presented by Miiller-Buschbaum (101). This 
excellent review presents structural data for some 25 ternary copper 
oxides. 

In CuO, the geometry of the 4 oxygen atoms is essentially 
square planar (4 @ 1.96 A, with the next two nearest neighbors at 2.78 
A) (106). In the YsBaCuO, structure (107), the central Cu2+ ion has 
a square-pyramidal geometry. The Cu-0 bond distances for this 
pyramid are: 2 @ 2.01, 2 @ 2.18, and 1 @ 2.29 A. In La,CuO,, the 
Cu2+ ions are in an elongated octahedral environment( 108). with four 
short and two long Cu-0 bond distances, (4 @ 1.907 and 2 @ 2.459 A). 
The octahedra are also tilted within the & plane of the orthorhombic 
cell. 

The structures of some multinary copper oxides and copper 
minerals are further complicated by the fact that several different 
coordination polyhedra might co-exist within the same structure. In 
crystallographic terms, Cu can be found in several non-equivalent 

sites, often with different coordination polyhedra, within the same 
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structure. This complication is exemplified with the compound 

Cr+(CrO,),(OH),, which contains six non-equivalent copper atoms 

(109). The mineral fingerite, Cull(V04)s02, is also known (110) to 
contain copper in six different crystallographic sites, the majority of 

these having a highly distorted octahedral environment. In CusV201,,, 
all five copper ions are in different crystallographic sites, once again 
the majority in distorted octahedral environments, but two Cu ions 

occupy trigonal bipyramidal sites (111). 
One interesting perovskite-type compound that has recently 

been described (112) is La,_,Sr,Cu,O,,_, which contains distorted 
octahedral, square-pyramidal, and square-planar Cu-0 polyhedra. 
This mixed-valent copper oxide forms when &, the strontium 
concentration, reaches a value of 1.28 to 1.92. Epsilon can vary 
depending upon the preparative conditions, but takes on a rather small 
value, on the order of 0.08 to 0.32. This tetragonal compound 

crystallizes with the probable space group P4/mbm. The octahedral 
(CuOs) group has the following Cu-0 distances: 4 @ 2.038 and 2 @ 

1.932 A. The square-planar polygon has two Cu-0 @ 1.906 and 
another pair @ 1.932 A. Finally, the square pyramid (CuOs) has Cu-0 

bond distances of 2 @ 1.860, 2 @ 1.932 and one long apical bond at 
2.395 A. The structure of the compound is related to an oxygen-de- 
ficient perovskite. In terms of the number of distinct types of 
polyhedra in various divalent copper oxides and copper minerals, the 
following statistics have been presented (105): 

Unique type of coordination in the structure 63 % 
Two different types of coordination groups in structure 27 % 

Three (or more) different types of polyhedra 10 % 

The copper ion is not unique in the first-row transition metal 
series for exhibiting this diversity of polyhedral environments within 
a single structure, since Mn2+ (not a Jahn-Teller ion, but one which 
has no strong crystal-field stabilization energy for highly symmetrical 
sites) shows a 20 % preference for occupying multiple crystallographic 
sites. 

It should also be mentioned that unusually large distortions 
may occur in the octahedral site. In certain CuO, octahedra, the 
longest Cu-0 distance can sometimes be 1 .O A longer than the shortest 
bond distance, namely 2.85 & 1.90 A for Cu(1) in Cu,V,O,,, and 
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2.96 s. 1.90 A for the Cu(4) atom in Cu,,(VO,),O, or fingerite. The 
octahedral distortions are observed in a large number of Cu(I1) 
compounds; 6 % having a difference in bond length (longest - 
shortest) of ~1 .OO A. This high percentage is the highest value for any 
element in the first-row transition metal series. The total percentage 
of known examples increases to 23 % in different Cu2+ compounds if 
the limits of bond length differences are increased to 0.80 < A > 1.00 
A. 

The cubic compound CaCu,Mn,012 may be considered related 
to the perovskite structure; the copper environments (in XII coordina- 
tion) are given (113) as three sets of four coplanar Cu-0 distances, 
namely 1.942(3), 2.707(3), and 3.181(3) A. These three rectangular 
polygons all have mirror symmetry and generate a polyhedron 
composed of three sets of intersecting rectangles at 90” angles (the 
oxygen atoms occupying the the corner positions of the rectangles), 
giving rise to the XII coordination (see diagram below). 

0 b C d 

Diagram of XII-coordinated site for Cu. 

In the diagram above; g represents the regular cuboctahedral poly- 
hedron found about the large A cation in the perovskite structure, b 
represents the ideal arrangement of three intersecting squares denoting 
the positions of the vertices (oxygen atoms) for the cuboctahedral 
polyhedron, E represents the present situation, three sets of rectangles, 
and finally d represents the high symmetry polyhedron (icosahedron) 
which also describes XII coordination. The XII coordination site for 
copper in CaCusMn,O,, as described in the literature is deceptive for 
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the next-nearest neighbors (Cu-0 distances) are 39% further apart, 
and the second nearest-neighbor bond distances are 64% longer than 

the first. It should also be mentioned that there are 8 nearer Cu-Mn 
neighbors at 3.135 A. A similar polyhedral arrangement exists (114) in 
the manganese analog which contains three Mns+ ions, another 
Jahn-Teller ion, in this central XII-coordinated site. This particular 

analog, Na(Mns)Mn,O1,, was the precursor to the copper compound. 
For certain Cu2+ compounds, ideal or near-ideal octahedral 

environments can be observed about the copper ion. This is particu- 
larly true of salts such as K2Pb(Cu(N02)e), in which Cu2+ has six 
equally distant N neighbors at 2.12 A. This symmetrical environment 
has been explained on the basis of a dynamic Jahn-Teller distortion 
which comes about by a rapid interchange of long and short Cu-N 
bonds with a result that all bonds, on the average, become equal. This 
dynamic Jahn-Teller effect has not yet been observed in oxide systems 
but one example is known (5) where six equidistant Cu-0 bonds exist. 
In Cu(Lig.),(ClO,),, where Lig.= 0P202((N(CH,)2)}4- a tridentate 
ligand, there are six equidistant Cu-0 bonds at 2.07 A. The bulky 

ligand in this case may be responsible for the formation of a highly- 
symmetrical environment about the copper atom through steric 

factors. In a few hydrated salts of Cu2+, a small orthorhombic 
distortion has been observed. In two cases (5) the Cu-OH2 bonds have 
only a 10 % difference in bond distances; one of these is the common 
compound, Tutton’s salt. The Cu-0 bond distances for two examples 

are presented below: 

Cu-0 bonds: 2@ 2@ 2@ 

Cu salts: 
(NH,),Cu(SO,),*6H,O 

Cu(ClO,)s*6 HsO 

1.96 2.10 2.22 A 
2.09 2.16 2.28 A 

4.0 PHYSICAL PROPERTY DETERMINATION ON TERNARY 

COPPER OXIDES- STUDIES ON COPPER OXIDE SYSTEMS 
PRIOR TO 1985 

4.1 Studies on La2CuOl and Its Derivatives 
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Preparation of La&uO; In 1960 Foex, Mancheron, and Line 
studied (115) the high-temperature reaction of La,O, with NiO using 
a solar furnace and reported the formation of single crystals of 
LasNiO,, which they believed possessed the tetragonal KsNiF, struc- 
ture. LasCoO, and LasCuO, were also prepared in the same manner. 
They noted that these two systems crystallized in a similar, but more 
complex, structure. La,CuO, was found to decompose above 1200°C 
to release oxygen and produce La,O, and Cu,O. A structural study of 
La,CuO, was performed by Longo and Raccah (116) using a polycry- 
stalline sample prepared at 1000 to 1200°C in air. These high-temper- 
ature conditions possibly generated an oxygen-deficient product of 
general composition La,CuO,_,, which would contain some Cu(1) ions. 
These authors concluded that the “unusual” structure for LasCuO, 
(orthorhombic, space group Fmmm versus the tetragonal 14/mmm 

space group observed for KsNiF,) resulted from the Jahn-Teller 
distortion about the Cu2+ ion. This localized distortion generated an 

elongated octahedron which led to the unusually long c-axis and the 
high c/a ratio of 3.45 (normalized to the tetragonal K,NiF, structure, 

which has a c/a of 3.27). The compound underwent a crystallographic 
transition near 260°C (orthorhombic to tetragonal structural change), 

with only a minor change in unit cell volume. The magnetic suscepti- 
bility could not be determined on the material because the signal was 
too weak to be measured on their vibrating sample magnetometer at 

17 kGauss in the temperature range 4.2 to 300 K. From their studies, 

however, they concluded that the La,CuO, system was antiferromag- 
netic, not exhibiting an anomaly at its Neel temperature.2 

A second-order structural transformation in LasCuO, at 233 
f 5°C was reported (118) in a thermal expansion study. The LasCuO, 
product was prepared at high temperature (1 100°C) by the solid-state 
reaction of the corresponding binary oxides. The material was found 

to decompose above 1200°C with the loss of oxygen. Samples of 
La,CuO,, prepared at 12OO”C, then maintained at 750°C in vacuum, 

yielded products having the general composition La,CuO,_,, or 

2 Goodenough (117) stated in a seminar at GTE Labs. in 
August 1987, “at the time we did not ask the right ques- 
tions.” 
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La~+(Cuf,Cu:fsX)04_X. Thecrystallographic transition temperature for 
this oxygen-deficient material now occurred at a higher temperature, 

263°C. 
In companion papers (119)( 120), M. Arjomand and D.J. 

Machin presented a comprehensive study on ternary Ni and Cu oxide 
compounds. In this survey they outlined the preparation and charac- 
terization of several ternary oxides containing Cu and Ni ions in their 
normal, and higher oxidation states. In particular, their data on 
orthorhombic LasCuO, suggested antiferromagnetic interactions (they 
also observed only a low, temperature-independent, magnetic moment 
in the 80-300 K region). 

Structure of La$uO& A complete three dimensional 
structural determination was carried out by Grande, Miller-Busch- 
baum, and Schweizer (108) in 1977 on single crystals of LasCuO,. The 
structural results indicated an orthorhombic distortion (see Figure 21 a) 
of the K,NiF, structure, but was quite different, if not unique, from 
the structures of all the other lanthanide compounds with the chemical 
composition LnsCuO,. The structural details on La,CuO, indicated 

puckered layers of the square planar Cu(I1) ions with two additional 

oxygen neighbors, above and below the plane. This LasCuO, stucture 
contained Cu(I1) in distorted octahedral sites which Longo and Raccah 
(116) had previously indicated, but the puckering of the layers 
required a lowering of symmetry and a different space group. 

Some of the reported space groups and unit cell parameters 
(pre-1985) for La,CuO, are presented below. 

Space Unit Cell Parameters (A) 
Group a b C 

Abma 
Fmmm 

Fmmm 

Abma 
Abma 
Abma 
(14/mmm) 
“14/mmm” 

5.406 5.370 13.15 3.452 108 

5.363(5) 5.409(5) 13.17(l) 3.458 116 
5.35, 5.40, 13.16 3.462 118 

5.36 5.41 13.25 3.479 120 

5.354(2) 5.400(6) 13.130(6) 3.453 121 

5.357 5.405 13.15 3.456 122 

5.366(2) 5.402(2) 13.149(4) 3.454 123 

5.342 5.434 13.16 3.454 124 

5.363(3) 5.409(3) 13.17(l) 3.458 125 

3.808 3.808 13.20 3.466 126 

3.807 3.807 13.17 3.459 127 

Normalized Ref. 

“c/a” 
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A value of 3.414 has been calculated as the ideal "cia" ratio for
the K2NiF 4 structure, if the coordination polyhedra were ideal. From
the data presented above, it is evident that the unit cell of La2CuO4
has expanded along the £ axis, caused by the Jahn- Teller distortion
about the CU2+ ion and the tilting of the elongated octahedral groups
on the @ plane (see Figure 21b). The orthorhombic crystal class can
be represented in a number of ways. By convention, the long axis is
normally assigned the 12 axis, however, the close structural relationship
between the orthorhombic r:a2CuO4 structure and the tetragonal
K2NiF 4 structure (possessing the long £ axis), has resulted in labeling
the long axis in the La2CuO4 cell as the non-conventional £ axis. For
this reason various authors have assigned different space groups, but
structurally equivalent structures, to the orthorhombic cell. The space
group representation Bmab is based on the unit cell with parameters
~ < 11 < £.

Electrical Properties on La2CuO4 and Substituted Derivatives:
Several Ln2CuO4 and Ln2NiO4 compounds were prepared and studied
(128) in India with an interest in determining their electrical transport
properties. Most of the Ln2CuO4 compounds were found to be small
band-gap semiconductors. but La2CuO4 and several Ln2NiO4
compounds were observed to show near-metallic behavior. The
electrical resistivity and Seebeck coefficients of these systems are
reported in the temperature range 125 to 1000 K. and 400 to 850 K.
respectively. The physical property data were interpreted by
Goodenough (129). utilizing an energy-band model. to suggest a
strongly correlated d-type electron within narrow metal bands.

In 1974. the electrical conductivity of La2CuO4 was re-de-
termined (130) on a powdered sample prepared at 900-950°C. A
4-probe d.c. cell was used and the electrical data obtained between 100
and 900°C indicated this material to be a metallic conductor. A slight
anomaly in the conductivity was noted at -310°C.

The electrical conducting properties of Ln2CuO4 and alka-
line-earth subsituted La2-xAxCuO4 were studied (126)(131) by a
Japanese group in 1973 and in 1977. Figure 22 illustrates some of
their results. These authors also report the electrical resistivity data for
several related comp:ounds in the temperature range 300 to 1000°C.

Most of the alkaline-earth substituted compounds are small
band-gap semiconductors. However. ametal-semiconductor transition
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LapCuO4 
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C 

b 

Figure 21: The La,CuO, structure. a) .Structure showing distorted 
octahedron and puckered CuO, planes. b) Illustration of the tilted 
octahedra (8 = -4.59, and rotation about the b axis (4 = -1”). From 
Reference 108. 
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Figure 22: Log resistivity data versus the reciprocal of absolute 
temperature (T/K) for the families La,_,Ca.$uO, and Laz_,Ba$u04. 
From Reference 13 1. 
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was observed in those compounds having a shortened g crystallograph- 
ic axis. The authors attributed this shortened axis to the additional 
a-bonding in the Cu-0 linkages. Divalent Ca- and Ba-substitution for 
the Las+ ions in LasCuO, was noted to decrease the electrical 

resistance to much lower values. 
The resistivity behavior of LasCuO,, and several other 

substituted LasCuO, derivatives, were studied (121) in the USSR. In 
many samples, the alkaline-earth ions were substituted for the Las+ 

ion. Their results indicated metallic behavior for LaaCuOa and all the 
measured alkaline-earth derivatives, but semiconductive behavior for 

the other LnsCuO, parent compounds and their alkaline-earth 
derivatives. Selected resistivity data for alkaline-earth doped 

LasCuO, derivatives are presented in Figure 23. 

In addition, the resistivity data for the mixed phases (La,Pr)s 

CuO,, and (La,Tb),CuO, were also investigated (122). The compounds 
LnsCu04, where Ln = La, Pr, Nd, Sm, Eu, and Gd, were also prepared 
and their electrical properties were determined. LaaCuOa was observed 

to be a near-metal, whereas all the other rare-earth compounds were 
found to be n-type semiconductors in the temperature region 78 to 

670 K. Mixed compositions Lns_,A,CuO,, where A = Ca, Sr, and Ba, 
were also prepared and their electrical properties are reported in this 
same temperature region. Metallic-type behavior was once again 
noted only when the lanthanide ion was lanthanum. In one of their 
original drawings (see Figure 24 below), a transition region is shown 

in plot of the resistivity vs. c/a axial ratio. This region outlines the 
compositional range where a semiconductor to metal transition is 
expected. 

On the theoretical side, these authors ‘suggested that the 

unpaired Cu2+ electron occupies a lower energy 4~. metal orbital 
which then forms a n-bond with the 2~. orbital of oxygen, thus 
mediating the formation of Cu-0 conduction bands with covalent 
character. 

Other Ternary Copper Oxides: Two other ternary oxides of 
copper(H) are worthy of mention. These are BaCuO, and the 
Ln,CuO, series in which Ln = Nd, Sm, Eu, and Gd. The former 

compound, BaCuO,, was first reported in 1975 by Arjomand and 
Machin (120), and they briefly reported on its powder pattern and 

magnetic properties. Further studies on BaCu02 were carried out the 
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Figure 23: Log resistivity data versus the reciprocal of absolute 
temperature (T/K) for members of the solid solutions Lnz_,M,CuO, 

1 = La,&~.&uO, 
2 = Lal$ro_&uO, 
3 = Lal+os,CuO, 
4 = LalsBao.,CuO, From Reference 12 1. 
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Figure 24: Plot of the specific resistance from a series of Ln,_,M, 
CuO, compounds as plotted against the “c/a“ axial ratio. The broken 
trapezoid (dotted lines) outlines the hypothetical region for materials 
having a semiconductor to metal transition. From Reference 121. 

Figure 25: The Nd,CuO, structure. Note the square-planar CuO, 
planes and the cubical arrangement of oxygen atoms about the Nd 
atoms. From Reference 135. 
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next year by a French group (132), who prepared the compound by 
the direct reaction of BaO, and CuO in air. A vacuum-treated sample 
was found to have a cubic structure. The magnetic properties 

indicated a ferromagnetic component below 45 K, and a magnetic 
moment of 1.87 pn. The crystal structure of BaCuO, was reported 

(133) in 1977. The compound has a most unusual structure composed 
of square-planar CuO, groups arranged in polyhedral clusters around 

the Ba2+ cations. The space group for this unusual structure is Im3m 
and the unit cell parameter is quite large, 18.27 A. This cell contains 

some 360 atoms. The unique structure for BaCuO, has recently been 
confirmed (134) using powder neutron-diffraction techniques. 

The physical properties of the series Ln2Cu0,, where Ln = Nd, 
Sm, Eu, and Gd, were extensively studied during the early to 
mid- 1970’s. The structure of Nd,CuO, (and Gd2CuOa) was found to 
be quite different from that of La,CuO,. Single crystal data for 
Nd,CuO, were published (135) in 1975. The structure is shown in 
Figure 25. 

Previous authors had noted the shortened “c/a” axis in these 
compounds, but they had concluded that the Jahn-Teller effect was 
either not operative, or that the distortion generated a compressed 

rather than elongated octahedron about the Cu2+ ion, i.e., four long 
and two short Cu-0 bonds. Single crystal sudies showed a different 

structure in which the Cu atoms were surrounded by only four oxygen 
atoms in a square-planar arrangement. The symmetry was tetragonal, 
space group 14/mmm, with a = 3.945 and c = 12.171 A. This structure 
is also quite different from that of K,NiF,, which has the same space 
group and crystal symmetry. The “c/a” ratio for this Ln,CuO, series 
was anomalously lower than that for the La,CuO,-type compounds or 

the ideal octahedral K,NiF, structure. The structure of Gd2CuOd was 
also determined (108) and found to be isostructural with the neodymi- 

um prototype. Proper doping of the Nd,CuO,-type compounds with 
cerium or fluorine ions has since produced n-type superconductors 
having T:s in the vicinity of 25 K. (See Section 4.4 below.) 

4.2 Startling Discovery by M&er and Bednorz 

As pointed out above in Section 4.1, the parent compound 
La,CuO, was studied (115)( 117)( 126)( 136) extensively between 1965 

and 1980. Most of these investigations, however, were directed 
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toward the synthesis and property determination of this unique 
K,NiF,-type compound. LasCuO, is an example of a stable, 
high-temperature, semi-metal and much of the research was per- 
formed to examine its unique metallic conducting properties from 
room temperature to higher temperatures. 

Alkaline-earth substitution in La,CuOl was also investigated 
(121)(128)(131) during the early 1970’s in the U.S.S.R., India, and 

Japan, but unfortunately, these materials were never investigated at 
sufficiently low temperatures for detection of their superconducting 
properties. This oversight resulted in a 16 year delay in the discovery 
of high temperature superconductivity in copper-oxide compounds. 

Prior to the events of 1986-87, a substantial effort in the solid 
state chemistry of simple and complex copper oxides had been 
established in France. As early as 1980, structural chemists at Caen, 
under the direction of Michel and Raveau, studied the synthesis and 
structure of several ternary, quaternary, and multinary Cu-0 
compounds. 

Raveau, et al. reported (137) a series of compounds with 
general composition: La,_,A,+,Cu,O,_(,,,), where x varied between 
0 and 0.14, and A = Sr or Ca. In 1981, the Caen group published (138) 
the synthesis, X-ray, and electron diffraction data for a series of 
orthorhombic and tetragonal phases in which Sr2+ was substituted for 
Las+ in perovskite-related structures. The values of x in the composi- 

tion La2_-$r,CuO~_,j2+~ varied between the limits 0 < x < 1.34. The 
low strontium substitution generated an orthorhombic phase, similar 

in structure to the La,CuO,-type phases, whereas at higher Sr-con- 
centrations, i.e., 0.25 < x < 1.34, they isolated compounds with the 

tetragonal K,NiF, structure. Oxygen vacancies were generated at 
higher values of 6 and the copper atoms adopted a square-planar 
coordination. 

A comprehensive report which focussed on the La2_,Sr,Cu, 

O,_,,,+s series was published (139) in 1983 by this research group. In 
this broad review they reported the magnetic and electrical transport 
properties of these mixed-valent copper oxides in the temperature 
range 120-650 K. They concluded that the original semiconducting 

behavior in La2CuOa transformed to semi-metallic behavior as the 
Cus+ content increased with Sr-substitution. No experiments were 
conducted below 50 K, and therefore superconductivity was not 
observed. Three series of compounds, with 0.00 < x < 1.20 were 
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studied: 1) quenched, 2) annealed in oxygen, and 3) annealed in 
vacuum. Each series gave quite different experimental results 
indicating the critical importance of oxygen vacancies on the physical 
properties of the various copper-oxide products. Both orthorhombic 
(0 < x < 0.16) and tetragonal phases (x > 0.16) were prepared and 
investigated. The following year, another comprehensive review of 

mixed-valent copper oxides possessing perovskite-related structures 
was co-authored by Michel and Raveau (140). In this review they 

clearly state that these compounds can be considered as oxygen 
intercalation phases. Oxygen vacancies can easily be introduced and 
these vacancies can be re-populated by an oxygen anneal. These 

authorss also proposed three different classes of compounds (where, 

A = Ca, Sr, or Ba): 

Ba3La3Cu6014+~ oxygen-defect perovskite structure 

La2-xA1+xCU206-x/2+6 oxygen-defect intergrowths, Ruddles- 
den-Popper phases 

La2-xAxCu04-x/2+~ oxygen-defect K2NiF4-type 

During this same period of time, Michel and Raveau reported 
(141) the synthesis of La,Ba,Cu,0,,+,, a new compound having some 
close relationship to the perovskite structure. This compound was the 

precursor to a variety of different copper-oxide derivatives; a more 
complete paper on its structure was published (142) in 1987, and the 
recent physical property measurements indicated (143) no supercon- 
ductivity in either the quenched or oxygen-annealed phases. 

’ In passing, it should be noted that Michel and Raveau had 
carried out electrical measurements on several alkaline-earth 
substituted La,CuO, compounds and presented (140) their 
experimental results in a comprehensive review during 1984. 
Their work, however, was primarily structural with a focus 
on electrical and magnetic properties above 50 K; for this 
reason they missed observing the superconducting transition 
at 30 K. It is this author’s belief that these Cu-0 phases 
should be called the “Raveau-Michel” phases in much the 
same way as the molybdenum sulfide superconductors are 
called the “Chevrel” phases. 
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The Discovery: Bernd T. Matthias, in 197 1, made the statement 

(144): 

“Although superconductivity at room temperature will 
always remain a pipedream, temperatures (T,) as high 
as 25-30 K are a realistic possibility and will trigger a 
technological revolution.” 

A determined search for superconductivity in metallic oxides 

was initiated in mid-summer of 1983 at the IBM, Zurich Research 
Laboratories in Ruschliken, Switzerland. This research effort was an 

extension of previous work (145) on oxides, namely, Sr,_,Ca,TiOs, 
which exhibited some unusual structural and ferro-electric transitions 

(see Section 2.2a). During the summer of 1985, the superconductivity 
research was focussed on copper-oxide compounds. Muller had 

projected the need for mixed Cu2+/Cus+ valence states, Jahn-Teller 
interactions (associated with Cu2+ ions), and the presence of room 

temperature metallic conductivity to generate good superconductor 
candidates. These researchers then became aware of the publication 

by Michel, Er-Rakho, and Raveau (146) entitled: 

The Oxygen Defect Perovskite BaLa,Cu,Ol,.,: 
A METALLIC CONDUCTOR 

The original 1985 paper on BaLa,Cu,O,,, discussed the preparation 
and presented limited electrical properties for the perovskite-type 
compound that contained a mixture of Cu2+/Cu3+ ions. This 
compound exhibited metallic conductivity from 200 to 600 K; its 
thermoelectric power was reported for the same temperature region. 
Pauli paramagnetism was indicated, but no temperature range was 
given. This compound met all of Muller’s criteria for superconductivi- 
ty in a copper oxide material. Bednorz and Miiller set out to prepare 
this particular compound, and also by varying the Ba-ion concentra- 
tion, attempted the preparation of several members of a series of 
copper compounds having the generalized formula: BaXLas_,Cus 

Os(s_,). A thorough study of the electrical properties of the metallic 
products as a function of temperature was planned. The co-precipita- 
tion method was chosen in the synthesis approach, with the formation 
of a Ba-La-Cu-Oxalate precursor. Thermal decomposition of this 
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mixed oxalate at 900°C for 5 hrs led to a product which contained 

three distinct phases. Undaunted by this experimental result, the 
researchers prepared a disk which was sintered in air at 900°C. On 27 
January 1986, they found what they were seeking (147). Electrical 
resistivity data obtained on this disk by the conventional four-probe 

method indicated bulk superconductivity at 35 K (see Figure 26). 

These data were interpreted as the existence of some superconducting 
phase with an unusually high T,. The results of these studies were 
published (148) in the seminal paper entitled: 

POSSIBLE HIGH T, SUPERCONDUCTORS 
IN THE Ba-La-Cu-0 SYSTEM 

X-Ray analysis of the product prepared by Bednorz and Miller 
suggested a mixture of the following three substances: CuO, a 

BaxCu5-xo6(3-y) phase, and, a K,NiF,-type compound. This last phase 

was believed responsible for the superconductivity since the first two 
compounds were known to be semiconductors. The KsNiF, system 

was also known, from previous studies, to generate highly interesting 
two-dimensional magnetic materials. Miller and Bednorz also realized 
that this two-dimensional KsNiF, structure was an ideal system for 
superconductivity. The method used in the synthesis of mixed phases 
differed from that used by Michel et al. (141) in that the precursor 
route had been used, and that the thermal treatment of this oxalate 

precursor occurred at a much lower temperature. The authors 
believed that the lower reaction temperature was necessary for the 

formation of the layer-type superconducting phase. Superconductivity 
is lost if the annealing or sintering is carried out above 1000°C. 
Further studies in this system indicated that the layer-like oxide was 
definitely responsible for the observed superconducting properties. To 
establish the true existence of superconductivity in their Ba-La-Cu-0 
samples, magnetic susceptibility experiments were planned during the 
summer and fall of 1986. The results (149) of these magnetic 
measurements are shown in Figure 27. 

In one sample, the crossover from the metallic (Pauli paramag- 
netic) region to the diamagnetic state occurred at 32 K. The diamag- 
netism measured was rather weak, on the order of 1% Meissner 
fraction, as compared to a pure superconductor (-1/47r, the full 
Meissner effect). 
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Figure 26: The resistivity of Ba,.75La,.,,Cu,01,_6, versus absolute 
temperature (T/K), as published by Bednorz and Muller in Reference 
148. 

Figure 27: The low temperature resistivity and susceptibility of a 
(La,Ba)-Cu-0 sample where a high-T, was first observed. Re-drawn 
from Reference 147. 
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4.3 Corroboration of the Discovery and Further Developments 

The first group to reproduce and confirm the startling 
discovery in the Ba-La-Cu-0 system was that of Tanaka (150- 154) 
at the University of Tokyo in October 1986. This group had studied 
oxide semiconductors for many years and in the 1970’s they shifted 
their research interests to compound superconductors. Several binary 
chalcogenides were prepared and screened for superconductivity, and 

with the report of superconductivity in oxides by Sleight in 1975, they 
began an extensive study on the BaPb,_,BQOs phase. This oxide 
system was prepared in bulk powder form, as single crystals, and 
finally, as thin films. In November 1986, Tanaka (155) and co-work- 

ers became aware of Bednorz and Muller’s results on superconduc- 
tivity at 30 K in the mixed Ba-La-Cu-0 phase. They repeated the 
preparation during the week of 6 to 13 November 1986 and observed 
a large diamagnetic effect in their sample; their corroborative results 
were submitted for publication (150) on 22 November. In a second 
report, submitted on 8 December 1986, they disclosed (151) the 
chemical composition of the superconducting phase to be La2_XBaX 
cue +, possessing the K,NiF,-type structure. The onset temperature 
for superconductivity in their single-phase material exceeded 30 K, 
based on the magnetic measurements. The samples had been prepared 
using the ceramic method. 

A series of three solid solutions La,_,(Ba,Sr,Ca),CuOl_6 was 
then prepared (152); the superconducting transition temperatures of 
the resulting products were determined from a.c. susceptibility 
measurements. The three-component phase diagram for this chemical 
system was plotted as a function of T,. The maximum transition 

temperature of 37.0 K was observed for the composition, La,.,Sr,,- 
CuO,_h, an end-member in the phase diagram. 

With the Japanese confirmation, the world “exploded” into 
research activity on these high T, superconductors. 

Extension of the Discovery: Intensive research programs on 
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these high T, (now defined as > 30 K) “ceramic”,4 superconductors 
began in November 1986 on at least four separate fronts. The effort 

in Japan, primarily under the direction of Prof. Tanaka (U. of Tokyo), 
has been previously described in this Section. In the USA, several 

industrial laboratories immediately reacted to the news of the startling 
discovery of superconductivity at 30-40 K. These included I.B.M. 
(Yorktown and Almaden), the Du Pont Co., and A.T.& T. Co. (Bell 
Labs and Bellcore). Several academic centers also initiated large 
research efforts on the La-Ba-Cu-0 materials; including U. Houston, 

U. Alabama, Stanford U., UC-San Diego, and UC-Berkeley. Most of 
the U.S. Government Laboratories also joined the research effort by 
shifting existing resources to include research on the new ceramic 

superconductors. These included Argonne, NIST (formerly NBS), 
NRL, Los Alamos, Sandia, and Brookhaven Labs. 

“Paul” Chu, and others at University of Houston, also repro- 
duced Zurich’s I.B.M. research results (156). Bell Lab’s confirmation 
of Bednorz and Muller’s discovery of high T, superconductivity in 
copper oxide compounds was published (157) in the Jan. 1987 issue of 
Physical Review Letters. The electrical resistivity data from their 
work showing an onset of superconductivity at 36.5 K for the 
composition La,_,Sr,,CuO, is plotted as Figure 28. This product also 
showed a 60-7096 Meissner effect. 

The reported Meissner fraction was an important property to 
follow during the early days of superconductivity research. The 
magnitude of this diamagnetic effect, when properly measured, gives 
a good indication of the homogeneous nature of the materials being 
prepared in different laboratories. The first reported values were low, 

2 to 15%, but as the composition, structure, and synthetic conditions 
became better known, the values increased to 70-80%- indicative of 
bulk superconductivity in an essentially pure product. 

4 The word ceramic is a misnomer since these oxide com- 
pounds are all thermally unstable and tend to release 
oxygen or decompose on melting. Most ceramics are stable 
at high temperatures and normally do not melt. However, 
the so-called “ceramic method” is used in the preparation of 
these cuprate compounds. 
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Figure 28: The relative resistivity of La,,Sru,CuO, as a function of 
absolute temperature (T/K). The dotted line represents the data 
obtained from a sample annealed in air, whereas the solid line was 
obtained from an oxygen-annealed sample. From Reference 157. 
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Figure 29: The onset transition temperature (T,, wsus pressure 
(kbar) for a La-Ba-Cu-0 sample. The sample was damaged at 16.3 
kbar pressure. The dotted line is only a guide to the eye. The data 
were presented in Reference 156. 
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Other countries also focussed their research activities on these 

new oxide materials, including, but not limited to, China, the USSR, 
Germany, France, India, Israel, and Australia. 

Discovery of the 90+ K Superconductor: “Paul” Chu and 

coworkers at the University of Houston (during October 1986) carried 
out the synthesis of (Lal_,Ba,r)CuO,_,, (Type I) and (Lal_,Ba,), 
CUO~_~ (Type II) compounds and isolated superconducting phases 
exhibiting a sharp decrease in resistivity at -32 K. The best materials, 
however, showed only a 2% Meissner fraction. By applying pressure 
to one such product, their fort6 in superconductor research, they 
observed an increase in transition temperature of 8 degrees at - 14 
kbar pressure (see Figure 29). Chu, et al., submitted (156) these 
results to Physical Review Letters on 15 December 1986, and the 
publication appeared in the January 26, 1987 issue. 

The increase in T, with increasing pressure immediately suggested to 
them, and to many other researchers, that the chemical substitution of 
a smaller ion in the La-site might yield a higher T, superconductor 
(through an increase in internal “crystallographic” pressure). In 
February 1987, Chu and his colleagues discovered (158) a related class 

of superconducting compounds based on the Y-Ba-Cu-0 system 
which had a superconducting transition temperature of 94 K!- a 

critical transition temperature almost three times that of Bednorz and 
Muller’s original result. Figure 30 reproduces their exciting experi- 
mental results and their amazing discovery. 

Superconductivity was now a phenomenon that could be 

observed above the boiling point of liquid nitrogen, an inexpensive 
and readily available cryogen. Research in superconductivity, once 
the realm of low-temperature physics, now became every scientist’s 
domain. 

The crysto-chemical approach to this new copper oxide 
compound can be described quite simply using the following ionic 
radii considerations: 

La’+ 
Y3+ 

: 1.20 A in X coord. 
: 1.10 A in IX coord. 

and : 1 .O 15 A in VIII coord. 

From the ionic radii above, it is reasonable to expect that the 
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Figure 30: The original plot of resistance vusus temperature (T/K) 
(taken in a simple liquid-nitrogen Dewar) for a sample of Ba-Y-Cu- 
0. This observation marked the beginning of superconductivity above 
liquid nitrogen temperature. Data from Reference 172. 

Figure 31: A schematic representation of the l-2-3 structure, or the 
90 K superconducting compound, Ba,YCu,O,+,. Note the Cu(1) 
square-planar chains and the Cu(2) puckered planes in the structure. 
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substitution of Y3+ for La’+ would be quite favorable. However, the 
chemical composition and structure of the new superconducting phase 
was not immediately known. Chu’s product was also multiphase, 
appearing initially as a mostly-green product. This mixed product was 
immediately investigated in order to isolate the superconducting phase 
and determine its crystalline structure. The structure was determined 
(159- 168) on a small black micro-crystalline sliver found in the green 
mass. In fact, a new structure had been formed; one more closely 
related to the cubic perovskite (an ordered, tripled cell) than the 
two-dimensional KsNiF, structure. Once the structure and approxi- 
mate composition was known, several groups began to prepare the 90 
K superconductor in vast amounts. The composition was believed to 

be Ba,YCu,O,_,, but the exact oxygen content and positions of these 
oxygens in the unit cell were not known. The oxygen content was also 

quite critical to the superconducting properties in this new compound. 
The latest structural version of this new copper oxide superconductor 
is shown in Figure 3 1. 

A plot of the increasing superconducting transition tempera- 

ture (T,), W~SUS year is now revised and this new version appears as 

Figure 32. 

The “Explosion” in Research Activity on Cuprate Supercon- 

ductors: The research effort in the area of copper oxide superconduc- 

tors was gradual initially, the disclosure of high Tc’s in these materials 
slowly disseminating into the scientific community. The seminal 

publication by Bednorz and Miiller was slow to appear since it was 
submitted to a not-too-common journal - Zeitschrift fur Physik B, 

Condensed Matter. The article was received by the journal on April 
17, 1986 but was not published until September of that year. The 
arrival of the journal in the U.S. occurred in November 1986. 
Confirmation of these results began in Japan soon after the discovery 

because of the strong interaction between Japanese scientists and the 
Swiss I.B.M. group in Ruschlikon. M. Takashige of the University of 

Tokyo worked at the I.B.M. Zurich Laboratory during the summer and 
fall of 1986, and was a co-author (149) of the second article to be 

released by this Laboratory in late 1986. The magnetic confirmation 
of the Meissner effect on the La-Ba-Cu-0 sample was submitted to 

Europhysics Letters (a newly-established European journal of Physics) 
in late fall and was published in early 1987. Preprints of this article 

reached a number of American scientists in November of that year. 
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At the University of Tokyo, Profs. Tanaka and Fueki rapidly formed 

an interdisciplinary research group directed at the synthesis and 
structural characterization of these new oxide superconductors. The 

Japanese academic and industrial centers had never abandoned 
superconductivity and always maintained a strong research effort in 

this area over the previous twenty-five years. One reason for the 
explosion of research activity in this area was that many of those who 

had “given up” research on superconductors were still “in the wings” 
waiting for this signal. Many of the physicists, metallurgists, and 

ceramists were “out there” but inactive. As Bednorz and Miiller stated 
(147), “we expected that confirmation and acceptance of the Riischli- 

kon discovery could take as much as 2 to 3 years”, but the many 
research groups with expertise in oxide superconductivity were “still 

in place” and poised for action. 
The first oral announcement of Miller and Bednorz’s discovery 

in the U.S. was presented (in an unscheduled talk) by Prof. K. 
Kitazawa (Tokyo Univ.) at the Materials Research Society (Symposium 

S on Superconductivity) in Boston, MA on Dec. 4, 1986. Kitazawa, 
who was working with Prof. Tanaka, had corroborated the original 

findings on La-Ba-Cu-0 and he disclosed the exact composition and 
confirmed the high T,. Although the meeting room was sparsely 
attended, the word on the high T, materials, then only 30 to 35 K, 
soon spread quickly throughout the Physics community in the U.S. by 
telephone and “fax” machines. 

In early 1987, the composition and structure of the La-Ba-Cu 

-0 superconductor was still unknown to the general public in the 
United States. By March of that year certain facts became known 

from Japanese publications. But at this point in time, a newer, higher 
T, (> 90 K) material was announced. This new copper oxide super- 

conductor was quite easy to prepare and, in addition to interested 
physicists, these new materials could be synthesized by ceramists, 

chemists, metallurgists, material scientists, or anyone with a knowl- 
edge of a chemical approach to solid-state materials. Even high school 

students developed simple methods for the synthesis of these com- 
pounds. The “high” transition temperature and the possible use of 

liquid nitrogen made research in superconductivity accessible to most 
scientists and laboratories. The media also capitalized on this worthy 
news report and published it in newspapers and also presented it on 

television as a news item. 
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4.4 Major Copper Oxide Superconductors Presently Being 
Investigated 

With the discovery and disclosure of these events in the area 
of “High T, Superconductivity”, hundreds, if not thousands, of 
scientists actively became involved in research on these new materials. 
Newer materials and higher Tc’s soon followed. The competition was 
fierce and the progress through 1987 and 1988 was moving at a rapid 

pace with numerous important discoveries. To date, the highest T, is 
in the range of 1 lo-125 K, some five times that obtained in 1973 on 
the revolutionary (A- 15) intermetallic materials. These new copper - 
oxide systems, many of which will be described in detail by other 
contributors to this book, are presented in Table 10. 

5.0 CHEMICAL SUBSTITUTIONS- CRYSTAL CHEMISTRY 

5.1 Chemical Substitutions in the La&uO, Structure 

In a previous section, it was shown how the substitution of Ys+ 
for La’+ was an important step towards the formation of new 
compounds for superconductivity research. This substitution attempt 
led to the discovery of the l-2-3 (or 90 K) superconducting com- 
pound. Substitutions similar to that proposed by Miller and Bednorz 
are now outlined. The type of chemical substitutions, based on atomic 
radii, which were proposed for La,Cu04, are presented in the 
following Table 11. 

Many of these substitutions were carried out in Japan and in the U.S. 

immediately after the disclosure of high T, superconductivity in the 
barium-doped La,CuO, samples. 

5.2 Chemical Substitutions in the Perovskite Structure 
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TABLE 10: “High T:’ Copper Oxide Superconductors. 

Generation 

First 

Second 

Third 

Fourth 

Fifth 

Sixth 

Chemical Formula 

La*,xM$+cuo4_x (M = Ca, Sr, Ba) 

Ba2Ll13+Cu306+x (Ln = lanthanide) 

(T1,Bi)m(Ba,Sr)2Can_1Cun0m+2n+2 

m = 1.2 n - 1, 2, 3 

Pb2Sr2Ln%5Ca0.5Cu308 

Ln-TI-Ca-Sr-cu-0 

Ln$:xCe;+Cu04_y &II = Pr, Nd, Sm) 

(n-type superconductor) 

Tc (to Discovery 
range date 

25140 Apr. 1986 

go-95 Feb. 1987 

20-120 Feb. 1988 

II Mar. 1988 

- 70 Nov. 1988 

- 90 Dec. 1988 

15-25 Jan. 1989 

TABLE 11: Possible Substitution Studies in La&uO, According 
to the Ionic Sizes of Ions in Different Coordination 
Sites. 

Coordinations : IX VI VI 

~_~~_1__1_1_“___1__~_-11--~--~~~~~~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~-~~-- 

Radii: (in A units) La3+ 1.20 cu2+ 0.73 02- 1.40 

1~~1__________~___1~____1__1__1____1____~~~~~~~~~~~~~~~~~~~~"~~~~~~- 

Substitutions: Ca2+ 1.18 Ni2+ 0.69 

Sr2+ 1.28 Fe2+ 0.65 F- 1.33 

Ba2+ 1.47 

Other Ln3+ 
1.06 - 0.85 
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The arrangement of ions in the different sites of the perovskite 

structure (Figure 10) has been described above (Section 2.2). The 
number of different chemical species which crystallize with this 

structure (or in a distorted form) is legion. These compositions are 
listed in two major compilations (Refs. 169 and 170). The large A 

cation normally carries a low formal oxidation state, such as mono-, 
di-, or tri-valent. This would suggest that, for oxide systems, the B 
cation could be chosen from several of the transition metals, because 
they are of proper size and oxidation state to be accommodated in the 
octahedral sites. The various formal oxidation states for these metal 
ions would be 3+ to 5+, as demonstrated below: 

A+B’+O 3 A2+B4+0 3 A3+B3+0 3 

The simplest quaternary derivative with the perovskite structure 

would be one in which two different transition metals might occupy 
the B-site position. This can be formulated as A(B’,,,B1,,)03, or 

preferably A,(B B’)O,. These compounds can then crystallize with a 
doubled unit cell, if ordering occurs on the octahedral metal sites. 

Further compositional and structural adaptions could be obtained, as 
shown below, all possessing an overall 1:1:3 ratio of A:B:O atoms. In 

all the following examples and formulations, the proper stoichiometry 
will be maintained, and oxygen will be the principal anionic species. 

/ 

A,(BB’B”)O, 

/ 

A,(BB’)O, -A,(BB’,)O, 

ABO _ 3 -A2J32% * A3B3% -etc. 

\ 
A2(B2/3B’4/3)06- 

\ 

A303,/3B’4/3)% 

Additionally, the B metal ions can adopt different oxidation states, but 
maintaining the proper average oxidation state to effect charge 
balance. That could increase the total number of possibilities for new 
compositions to very large numbers, even when limited to the oxide 
anion. 
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The incorporation of Cu ions in the perovskite structure is 

known for only a few examples since this particular structure is 
normally stabilized by or requires a B atom in a high formal oxidation 
state such as Ti4+ in BaTiO,, or Rh3+ in LaRhO,. Further, since Cu 
can not be readily stabilized in its Cu(II1) state, and is unknown in the 
tetravalent state, the simple formation of ternary compounds such as 
LaCuO, or BaCuOs is not expected. Even in the KsNiF, structure, 
the stabilization of Cu4+ as in BasCuO, is not expected, but the 

formation of a stable Cu(I1) state is a distinct possibility, as in 

LasCuO,. Copper(B), however, has been introduced in the doubled- 
or tripled-perovskite structure. Examples of these, which include 
structural distortions from cubic symmetry, are listed: 

CasCuWO, not perovskite 
SrsCuWO, tetragonal 
BasCuWO, ’ 

SrsCuTeO, tetragonal 

BasCuUO, ’ 

SrLaCuSbOa tetragonal 

Sr,CuNbsO, tetragonal 
Ba,CuNb,O, ’ 
Sr,CuSb,Os ” 
Ba,CuSb,O, hexagonal 

Sr,CuTa,Os tetragonal 
Ba,CuTa,O, ” 

In addition to these perovskite-relatedcompounds, Raveau and 
Michel have prepared a series of Cu-containing phases which are 

structurally related to the perovskite structure. Certain of these 
derivatives have been discussed in a previous section. 

A Tripled-Perovskite - Relationship to the New High T, 
Oxide Superconductor: A tripled cell for the perovskite structure is 
shown in Figure 33. This structure is closely related to that of the new 
90 K superconductor in the following way. The structure of the 
superconductor can be derived from a highly anion-defect, perovs- 
kite-type structure. The composition can be obtained as follows. 

3 x ABO, = A,B,O, = A,A’B,O, 

Substituting the proper cations in the latter formula, the composition 
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Ba,YCu,O, can be formulated. Removing oxygen from CuOs 
octahedra to form square-planar groups around Cu, and incorporating 
the correct number of anion vacancies, the following composition 
Ba,YCus07 is generated. The composition of the original l-2-3 
superconductor was first believed to be Ba,YCusO,_,, where x was 
approximately 2 but this varied considerably according to the 
particular thermal and oxygen-anneal treatment. Figure 31 also shows’ 
the structure determined for this high T, superconductor. In this final 
structure we observe the formation of puckered CuO, sheets or layers 
and parallel CuO, chains which run perpendicular to these sheets. It 
is for these reasons that the superconductor has been referred to as a 
layered-perovskite type material. The structure, however, can have 
additional oxygen vacancies which leads to the variable composition 

Ba,YCus07+ or preferably BasYCusOs,,, since this latter formulaton 
is the thermally-stable, high-temperature phase. 
These vertex-shared, square-planar groups form puckered sheets or 
layers about the yttrium atom thus generating an unusual eight 
(cubical) coordination site. This geometry appears to be quite 
important in forming this unique structure. Another closely related 
structure and composition is also found in this system, Ba,YCu,O,. 
This stable compound, presumably formed at high temperature during 
the preliminary synthesis of the superconductor, is a semiconductor at 
room temperature and does not become superconducting above 3 K, 
its structure is shown in Figure 34. This compound, based on formal 
oxidation states for the copper atom, contains mixed Cu2+ and Cu+ 
ions. 

This oxygen variation and the Cu oxidation states play a very 
important role in the superconducting behavior of this compound. For 
example, the oxygen content (or x vacancy), the copper oxidation 
states, and the onset temperatures for superconductivity are listed 
below for different compositions. 

cus+/cu2+/cu+ 
Comnosition value x ratio 20 

Ba,YCu,O, 0 l/2/0 
Ba,YCusOs 75 .25 0.5/2.5/O 
Ba2YCu,0e:, .5 o/3/0 
Ba2YCu,0er, 1 .O o/2/1 

- 95 
- 60 
- 25 
not superconducting 
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Figure 33: The polyhedral representation of the tripled perov- 
skite-type structure as compared to the K,NiF, structure. 

(4 (b) 

- . 

Figure 34: A comparision of Ba,YCuO, and Ba,YCuO, structures. 
From Reference 168. 
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The amount and positions (atomic locations) of oxygen atoms 
in the superconductors are highly critical and determine the properties 
of the superconductor. The oxygen vacancies (or deficiency) can be 
ordered in these materials. Neutron-diffraction experiments were 
required to determine the population parameters and the atomic 

positions of oxygen in these structures. The superconducting 
transition temperature in these “ceramic” oxides is a critical balance 

between the oxygen content and a proper mix of Cu2+ and Cus+ ions 
generated in the anneal or post-heat treatment. 

An outline of possible ion substitutions in the new l-2-3 
superconductor (90 K material) based on ionic radii is presented in 
Table 12. 

Various substitution studies (17 1 - 173) were conducted in the 

early stages of research on these new oxide superconductors. One most 
dramatic result was the facile substitution of other (magnetic) 

lanthanide ions for yttrium in the VIII-coordinated site of the 
structure. The incorporation of these magnetic ions had no effect on 
the superconductivity nor the T, of the material- quite astounding, 
since the presence of magnetic ions in superconductors was previously 
believed to destroy the phenomenon entirely! Table 13 presents 
several examples of such substituted compounds. 

Substitution of other transition metal ions for Cu, however, was 

observed (174) to be highly deleterious to superconducting behavior. 
Table 14 shows the results of 10% metal-ion substitution in the Cu 
sites. 

TABLE 14: Transition Temperatures for Metal-Substituted 
Ba2YCua0e+X. 

Ba2ycud%.g%. l)O6+x -To (K) 

M - Cr 90 

Ti 75 

Ni 60 

Fe 45 

co 30 

Zn 10 

The exact location of these substituted metal ions in the structure has 

not yet been elucidated in most cases. 
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TABLE 12: Possible Substitution Studies in Ba,YCu,O,,. 
According to the Ionic Sizes of Ions in Different 
Coordination Sites. 

Coordination: X VIII IV sq. VI (or V) 

____________________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Radii of ions: Ra2+ 1.60 Y3+ 0.89 Cu2+ 0.62 02- 1.40 

_“_________~________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-- 

Substituted 
Ions (in A) Sr2+ 1.40 ti3+ 1.06 Ni2+ 0.60 F- 1.33 

Ca2+ 
to 0.85 

Cd2+ 1.31 1.34 (in VI) 
2+ 

;3+ 0.65 0.63 
S2- 
N3- 

1.84 
1.50 

Pb*+ 1.49 T13+ 1.00 Au3+ 0.70 

Bi3+ 1.11 Pd2+ 0.64 Vary 5 

In3+ 0.923 Pt2+ 0.60 

K+ 1.60 

Na+ 1.32 

Rb+ 1.73 
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TABLE 13: Transition Temperatures (in 
and Substituted Analogs. 

Compound Crystal class 

Ba2M series 

M=Y Orthorhcmbic 
Nd Orthorhombic 
sn Orthorhombic 
Eu Orthorhombic 
Cd Orthorhombic 
DY Orthorhombic 
Ho Orthorhombic 
Er Orthorhcmbic 
Yb Orthorhombic 
Lu Orthorhcmbic 
La Cubic 

BaMY series 
M=Ca ? 

sr? 
Ba Orthorhcxnbic 

BaMYb series 
M=Ca ? 

Sr Orthorhombic 

Other compositions 

Tonset 
C 

98 

;: 
98 

;: 
96 

;: 

;: 

$!id AT, 

2 
-20 

8 

8 
2 

5 
2 

-10 
29 

87 

z 
if 
94 

2 
2 

88: 
2 
2 

BaCaLa Cubic 83 80 6 

Ba2Y.75Sc.25 Ortho. 92 91 5 

Ba2Y.5Sc.5 Ortho. 94 90 4 

Ba2Eu.75Sc.25 Ortho. 96 93 5 

Ba2%gPr.1 Ortho. 85 82 5 

Ba2VgY. 1 Ortho. 96 94.5 2 

Ba2Eu.75Y.25 Ortho. 96 95 2 

Ba2La.5Y.5 Ortho. 92 87 10 

Ba2Lu.5Y.5 Ortho. 96 92 1 

K) of 
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The Complex Chemistry of Super- 
conductive Layered Cuprates 

Bernard Raveau, Claude Michel, 
Maryvonne Hervieu, Daniel Grow! t 

The high T, superconductive copper oxides form a very large 

family which is very attractive for many physicists owing to the 
apparent ease of synthesis of those materials. For this reason a 
tremendous number of compositions have been investigated since the 
beginning of the race to high critical temperature in 1987. Most of the 
results which were published correspond to mixtures of compounds 
due to the fact that the chemistry of these phases is more complex 
than expected by people who are not familiar with nonstoichiometry 
in oxides. The purity of those mixed valence copper oxides is closely 

related to their method of synthesis, which influences strongly the 
oxygen stoichiometry especially for YBa,CusO,_+ but also the 

existence of extended defects for instance in thallium cuprates. 
Moreover, the structure of a great number of these oxides is compli- 

cated by incommensurability effects. This chapter tries to give an 
overview of all these problems in connection with the superconducting 

properties of these materials. 

1 .O THE STRUCTURAL PRINCIPLES 

More than twenty different cuprates have been found to 
exhibit superconducting properties. All of them are characterized by 
a bidimensional character of the copper oxygen framework, i.e. their 
structure is formed of copper oxygen superconductive layers separated 
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by insulating layers. 
The synthesis of these compounds is based on two properties: 

The great ability of the perovskite struc- 
ture AMO, and of the rock salt type 

structure A0 to adapt to each other, 
forming intergrowths (AMO,),(AO),, as 

shown, for instance in titanates (Sr- 
TiO,),SrO (n=l) (1). 

The property of copper to take coordina- 

tions smaller than six, and especially 
pyramidal and square planar coordina- 

tions which favour again the bidimen- 
sional character within the perovskite 

layers. 

Moreover, the mixed valence of copper, Cu(I1) - Cu(III), is 
absolutely necessary for the delocalization of holes in the copper 
oxygen framework, leading to semi-metallic or metallic properties. 

The general formulation of these oxides, (ACuO,_,),(AO),, 

reflects for each of them the number m of copper layers which form 
each perovskite slab, and the number n of A0 layers which form each 

rock salt I type slab (the A0 layers which lie at the boundary of the 
perovskite slabs and rock salt type slabs can only be counted as for 

l/2). Thus all these oxides (2-34) can be represented by the symbol 
[m,n] in which m,n will be integral numbers. In most of these oxides 

one observes for one compound only one m and n value, correspond- 
ing to single intergrowths. 

The [ 1 ,n] oxides (Figure 1) which correspond to the formula- 
tion A n+lCuOs+n are all characterized by single [CUO~]~ perovskite 
layers involving only CuO, octahedra. These oxides which exhibit the 
lowest T,‘s- 7K to 50K- are obtained for n=l , i.e., La,CuO, type 
oxides (Figure la); n=2, i.e., Tll_,Pr,Srs_,Pr,CuOs (Figure lb); and 
n=3 i.e., for Tl,Ba,CuO, and BisSrsCuOe (Figure lc). 

The [2,n] oxides (Figure 2), which can be formulated A,+,Ca 

LnCU205+n exhibit generally higher T,‘s - 60K to 85K- and are all 

characterized by double [Cu,O,], layers of corner-sharing CuO, 
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Figure 1: Schematic drawings of [l, n] oxides: (a) LazCu04 

type oxides (n=l); (b) Tl,_,Pr,Sr,_,,Pr,CuO,-type oxides (n=2); (c) 
TlaBa,CuO,-type oxides (n=3). 
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Figure 2: Schematic drawings of [2, n] oxides: (a) Las_,A1+, 

Cu,O,-type oxides (n=l ) ( A=Ca, Sr); (b) T1Ba&aCu,07-type 
oxides (n=2); (c) Tl,Ba,CaCu,O,-type oxides (n=3). 
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pyramids. Curiously the member n=l which exhibits single rock 

salt type layers, La,_,A,+,Cu,O, (A=Ca,Sr) (Figure 2a) does not 
superconduct. The members n=2 (Figure 2b) can be either supercon- 
ductive as for TlBa,CaCu,O, (T,=60K), TlSr,CaCus07 (T,=50K) and 
T1,.,Pb,.,Sr,CaCu,07 (T,=85K) or not superconductive as for 

TlBa,LnCu,O, (Ln=Pr, Y, Nd). The n=3 members (Figure 2c) which 
exhibit thallium or bismuth bilayers, are superconductive for 

TlsBasCaCusO, (T,=l05K) and Bi,Sr,CaCu,Os (T,=85K), but tend to 
lose their superconducting properties by introduction of lead or of 
univalent thallium as shown for the oxides Bis_,Pb,Sr,Ca,_,Y,Cu,0,, 
and T1”‘,_,Bal+,T1’,LnCu,O, (Ln=Pr, Nd, Sm). 

The highest values of T, are observed for the [3,n] oxides 
whose structure consists of triple copper layers built up from two 
[CuO,.,], pyramidal layers and one [CUO~]~ layer of corner-sharing 
CuOd square planar groups (Figure 3). These oxides, A,+,(Ca, Ln), 

CU307+rP are represented for n=3 (Figure 3c) by Tl,Ba,Ca,Cu,O,, 
(T,= 125K) and Bi,_,PbXSr,Ca,Cu30,,, (T,= 11 OK) and for n=2 (Figure 

3b) by TlBa,Ca,Cu30s (T,= 120K) and Tlu.,Pbe.sSr,Ca,Cu30, 
(T,=l20K). The member n=l (Figure 3a) is represented by PbBaYSr 

Cu,O, which does not superconduct; nevertheless about 1% of the 
volume of this latter phase can become superconductive by replacing 
partially yttrium by calcium. 

The [4,n] oxides, which are represented by the formulation 

An+l(Ca,Ln)3Cu409+n are characterized by quadruple copper layers 
involving two pyramidal [CUO~.~]~ copper layers and two [CuO&, 

layers of corner-sharing CuO, square planar groups (Figure 4). Only 
two oxides have been isolated in this series, TlBa,Ca,Cu,O,, (T=:w- 
108K) and Tl,Ba,Ca,Cu,O,, (T,~115K) which correspond to n=2 
(Figure 4a) and to n=3 (Figure 4b) respectively. The [4,1] oxide has 

not yet been isolated. 
The 92K superconductors LnBa,Cu307 (35) belong also to this 

family (Figure 5). They are indeed characterized by the absence of 
rock salt type layers and an infinite number of copper layers 

involving [CuOs], rows of corner-sharing CuO, square planar groups 

and [CuO,.,l, pyramidal layers. They can be represented by the 
symbol [O,oo]. 

The superconductive oxides Pb,Sr,Ca,_,Y,Cu,O, (36) and 

Pbs_,Bi&sCaI_,,Y,Cu30s (37) which exhibit a zero resistance at 
temperatures ranging from 46K to 79K respectively do not seem to 
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have a place at first sight in the above classification. In fact they 
correspond to a non integral m value (m=l S) and to n-l as will be 
shown from the analysis of their structure. This framework (Figure 6a) 
can be described as a stacking of double pyramidal copper layers like 
[2,n] oxides, and of CuOs sticks like in YBasCusO,, and of single rock 
salt type layers [(Pb,Sr)O],. Another description consists in the 
consideration of the hypothetical compound “Pb2Sr2YCus01u” whose 
structure (Figure 6b) would be formed of identical rock salt layers and 
double copper layers and would differ by the existence of simple 
octahedral copper layers. Such a structure would correspond to an 
intergrowth of the [2, l] oxide and of the [ 1, l] oxide, and thus would 
be a double intergrowth. In fact the Pb,Sr,CaCusO,-type oxides 
belong to this family since they are derived from this latter hypotheti- 
cal structure by elimination of the oxygen atoms of the basal planes of 
the octahedra of the single perovskite layers. Thus, they can be 
described as a double intergrowth [ 1,l 12, l] in the above nomenclature 
leading to a non integral m value, i.e. [lS,l]. These latter results also 
confirm that multiple intergrowths corresponding to non integral m or 
n values in the nomenclature [m,n] can be predicted. 

YBa,Cu,O, (Figure 7a), the 80K superconductor which has 
been observed for the first time as a defect by high resolution electron 
microscopy in YBa,Cu,O,_g samples (38) and which has been 
synthesized as a pure phase by Bordet et al. (39), cannot be represent- 
ed by the symbol [m,n]. Nevertheless it is closely related to those 
structures. It corresponds indeed to a sharing phenomenon similar to 
that observed in tungsten suboxides (40), leading to the formation of 
double rows of edge-sharing CuO, square planar groups. Both 
structures YBa,Cu,O, and YBa,Cu,O, can coexist in the same crystal 
so that a series of superconductive phases can be predicted, with the 
formula (YBa,Cu,O,),(YBa&u,Os),, for which the first member 
Y,Ba,C$O,, (n=n’=l) (Figure 7b) has been recently isolated (41). 

The superconducting properties of Nd,_,Ce,CuO, (T,=24 K) 
are very different from the other layered cuprates, since they involve 
electrons instead of holes (42). The structure of this phase which 
belongs to the Nd,CuO,-type (43) is closely related to LasCuO,. Both 
structures (Figure 8) exhibit identical position of the metallic atoms 
and of two oxygen atoms out of four forming [CuO&, layers of 
corner- sharing CuO, square planar groups. The different positions of 
the two oxygen atoms in Nd,CuO, leads to a structure (Figure 8a), 
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Figure 7: Schematic drawings of the structures of YBa,Cu,O, 
(a) and of Y,Ba,Cu701, (b). 
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Idealized structure of the Nd,CuO,-type 
to that of the La,CuO,-type oxides (b). 

oxides (a) 
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that can be described as built up from double fluorite type layers 

[NdsO,], sharing the faces of their NdO, cubes. The analysis of this 
structure shows that the fluorite type structure can be adapted to the 

perovskite and rock salt type structures. The layered cuprates 
Tl,+,As_,,LnsCusOa (A=Sr, Ba) open a new route to the investigation 

of superconductors although they do not superconduct (44). The 
structure of these oxides (Figure 9) can be described as an intergrowth 

of three types of layers: pyramidal layers derived from the perovskite 
structure, double rocksalt-type layers and double fluorite type layers. 
The double fluorite-type layers which are occupied by lanthanides are 
similar to those observed in NdsCuO,. The rocksalt-type layers are 

similar to those observed in TlBa,CaCu,O,; they are built up from two 
sorts of A0 layers noted Al and A2. The Al -layers correspond to the 

thallium monolayers observed in TlBa,CaCu,Oz, and are mainly 
occupied by Tl(II1). The A2-layers are common to the perovskite 

pyramidal and to the rocksalt-type layers; i.e., they correspond to the 

P-Q, layers in TlBasCaCusO,. These latter ‘layers are mainly 

occupied by barium and strontium but they exhibit a significant 
partial occupancy by TI(1). 

2.0 OXYGEN NON-STOICHIOMETRY AND METHODS OF 

SYNTHESIS 

The ability of copper to take various coordinations as well as 

the great flexibility of the perovskite structure combine to allow 
significant deviations in oxygen stoichiometry that do not really 

change the structure but dramatically affect the superconducting 
properties. 

It is indeed now well established that the La,CuO,-type oxides 
and YBa,Cu,O,-type compounds must be prepared under an oxygen 

flow and especially annealed at 400°C in order to avoid the formation 

of oxygen vacancies. On the other hand, heating the bismuth cuprates 

in an oxygen flow destroys their superconducting properties likely 

owing to the partial oxidation of Bi(II1) into Bi(V), thus these oxides 

must be prepared in air. In the same way, superconductive lead 
cuprates can only be synthesized in a relatively reducing atmosphere, 
i.e., in a nitrogen flow containing less than 2% 0,. The thallium 
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Figure 9: Idealized structure of the cuprates T1,+,A,_,,Ln2 

Cu,Og (A=Ba, Sr). 
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Schematic drawing of the insulating oxide YBa, 



116 Chemistry of Superconductor Materials 

cuprates are also very sensitive to the oxygen pressure; the reduction 

of Tl(II1) into Tl(1) tends to kill the superconductivity (45) so that 
these compounds are better prepared in evacuated ampoules using 
thallium trioxide and barium or strontium peroxides. This latter 

method also has the advantage of avoiding the volatilization of 

thallium oxide. 

The YBa,Cu,07_6 oxide gives the most fascinating example of 

large deviation from oxygen stoichiometry - 05611 - which can affect 
the superconducting properties of this material (46)(47). The insulating 

limit compound YBasCusO,, which is obtained by heating the 
orthorhombic superconductive phase YBa,Cu,O, under argon, has a 

tetragonal symmetry. Its structure (Figure 10) is deduced from that of 
YBazCu,07 (Figure 5) by removing the oxygen atoms of the square 

planar groups located between the pyramidal layers. It results in 
pyramidal layers, in which the CuO, pyramids are only occupied by 

Cu(II), and layers of CuIO, sticks in which univalent copper exhibits 
the classical two-fold coordination. 

The intermediate compositions - 0<6<1 - raise the question of 
copper coordination. For instance the non-superconductive tetragonal 

phase YBa,Cu,O,.s, obtained by quenching “YBa,Cu,O,” in air, has its 
structure classically represented (Figure 11) as intermediate between 
YBasCusO, and YBasCusO,, i.e. built up from identical pyramidal 
layers, but between these layers the oxygen vacancies are distributed 
at random in the basal planes of the CuOe octahedra. These results 
obtained either from single-crystal x-ray study or from x-ray or 

neutron diffraction data, correspond in fact to an average structure 
which does not reflect the actual copper coordination. Such an aleatory 
distribution of the oxygen vacancies would lead to three-fold 
coordination of copper which is not likely. It has not been possible to 

isolate single crystals of orthorhombic superconducting intermediate 
phases for a structure determination. 

High resolution electron microscopy studies of several 
orthorhombic intermediate compositions reveal in fact an inhomoge- 

neous distribution of oxygen in the crystals. For the oxides YBasCu, 
0,-h, with S=O.45 and 0.37, which have a T, of 60K, the electron 
diffraction investigations give evidence of streaks in all the recorded 
patterns. These streaks mainly lie along [lOO]* and [OlO]*, as shown 
in Figure 12. In the corresponding high resolution images, local 
superstructures are observed. Their principal mean directions that are 
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Figure II: Structure of the tetragonal non-superconductive

oxide YBa2CuSO7-S (S~O.7).

Figure 12: YBa2CuSO7-6 (0.37~6~0.45): typical [001] ED patterns

showing streaks which lie mainly along [100]* and [010]*.
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Figure 13: YBa,Cu&.6 ( 0.371&0.45): 2 x a superstructure 
viewed along [OIO]. 

Figure 14: YBa,Cu&_6 ( 0.3756<0.45): 2a x 2c superstructure 
([OlO] image). 
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Figure 15: YBa,Cu,07_g ( 0.37G10.45): [OOl] image where 3 x 
a superstructures are observed. 

Figure 16: 

[llO]. 
YBa,Cu&$_6 ( 0.3756<0.45): new periodicities along 
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Figure 17: YBa,Cu,07_g (0.375610.45): area of an orthorhombic 

crystal where superstructures are set up along [l lo], [2TO] and 
[310]. 

Figure 18: YBa,Cu,07_g (0.3716~0.45): modulations of the contrast 
along a; they appear in orthorhombic crystals with directions which 
vary from one twinning domain to the other. 
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[loo], [l lo], [210] and [310]. The favorable zone to characterize such 
phenomena is [OOl] but [ 1001 and [OlO] were investigated too. Some 
typical examples are imaged in Figures 13 to 18. 

A local 2 x a superstructure is observed in Figure 13, where 

the new periodicity is black arrowed; in this example, it extends over 
some 10 nm2. A similar doubling of the a-parameter is observed in 
Figure 14, corresponding to a [OlO] image, but the phenomenon is 
complicated by a simultaneous doubling of the c-parameter. In such 
an area, the contrast consists in one bright dot out of two along the a- 
axis and this feature is translated (3.8 A) in the adjacent perovskite 
triple layer, leading to a centered cell with 2a x 2c parameters. The a- 
parameter can be trebled too, as shown in Figure 15, where the new 

periodicity is limited by black arrows; eight supercells are then 
running on the edge of the crystal. The a-axis is undoubtedlythe 
preferential direction for the establishment of such phenomena but 
others were observed too. A superstructure along [ 1 lo] is observed in 
Figure 16, with the following sequence: - 4a&- 3afi- 4afi- 3afi 
- 3afi-. 

In other crystals, superstructures are set up throughout a larger 
area of the crystals (Figure 17) with shifting and modulated features. 
The new periodicities are established along [I IO], [210] and [310]; in 
the right part of the image, the [310] direction is combined with local 

2a superstructure leading to a 2a x afi supercell. 
Besides all these localized phenomena, which take place in a 

more or less random way, a systematic contrast modulation appears in 
the crystals, the direction of which varies with the a-parameter, from 

one twinning domain to the other, as shown in Figure 18. In these 
images, a row of bright dots, parallel to the b-axis, alternates with a 

darker one, leading to a mean 2 x a periodicity. 

This feature exhibits a similar periodicity to that observed on 
the [OlO] image of Figure 13 but differs as it extends throughout the 
whole crystal. 

These phenomena suggest the existence of local variations of 
the oxygen content, giving rise to local ordering of the oxygens and 
oxygen vacancies in the central plane of copper atoms. 

Many models have been proposed to explain oxygen and 

vacancy orderings in YBa2Cu,07_g, but most of them do not take into 
account the copper coordination, for which three-fold coordination is 
not likely. The general model which is proposed here is based on the 
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two following points: 
(i) Copper exhibits a usual coordination in those intermediate 

oxides, i.e. two-fold coordination for Cu(1) and 4-, 5- and 6-fold 

coordination for Cu(II)-Cu(II1). 
(ii) YBa,Cu,Oz_6 is one of the very rare oxides which is 

characterized by a disproportionation of Cu(I1) into Cu(1) and Cu(III), 
explaining the fact that the compositions with 6~0.50 are still super- 

conducting (48). It results in the coexistence in the same crystal of 
superconductive YBa,Cu,Oz chains (or domains) involving the mixed 

valence Cu(II)-Cu(II1) and insulating YBasCusO, chains (or domains) 
involving Cu(1) and Cu(I1). Such a disproportionation of copper is 

supported by x-ray absorption studies which clearly show that the 
Cu(1) content increases with S and that Cu(II1) should not be consid- 
ered as a true state, but as a formal oxidation state, leading to holes in 
the oxygen band, often represented as Cu 3dgL, where L corresponds 

to the ligand hole (49)(50). 
With such assumptions, the multiplicity of the a-axis, n x a, 

. . 
implies that n x [CU”~O~]~ rows of CuO, groups, parallel to b, 
alternate with a [Cu’O], row of Cu’O, sticks, in a periodic way. A 
schematic model is drawn in Figure 19; in order to simplify the 
drawing, only copper and oxygen atoms of the central copper plane 
are represented. The 2a x b (Figure 19a) and 3a x b (Figure 19b) cells 
correspond to 0,-s and ‘6 66 formulations, respectively. These oxygen . 

contents are in agreement with the nominal compositions of the 
samples. In the same way, the supercell 2a x 2c can be explained 
through a translation of the ordering from one triple layer to the 
adjacent one (Figure 20). It appears that the [CuOs], rows alternate 
with the [CuO], rows both along a and c. The formulation is indeed 
O,.,, as in model 19a, triple perovskite layers being similar. 

The existence of new periodicities setting up along directions 
different from [OOI] implies a change of the copper coordination in 
one row, parallel to b. Such a change can be ensured, if we except 
three-fold coordination, either by a copper vacancy which can be 

occasionally encountered, but not in a systematic and periodic way, or 
by the interconnection of the rows. This interconnection can be 
ensured by an octahedron, a pyramid or a tetrahedron, all in agree- 
ment with the usual coordination of Cu(I1) (or Cu(II1)). A model is 
proposed for the supercell 2a x a,& in Figure 2 1 a; CuO, pyramids are 
lined up along the a-axis, with alternated positions of the vertex 
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Figure 19: Schematic drawings of 2a x b (a) and 3a x b (b) 

superstructures involved for YBasCusO,., and YBasCusOsee. 

2s 

Figure 20: Schematic drawing of 2a x 2c superstructure corre- 

sponding to a double alternation of [CuO&, and [CuO], chains. 
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Figure 21: Schematic drawing 

supercells. 
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which ensure the connection of segments, parallel to b, built up from 
two CuO, square groups. This model can be generalized to various 

lengths of the segments of n x CuO, groups; the first one corresponds 
to a supercell of 2a x afi (along [210]), with n=l (Figure 2 1 b). The n 

value can range from n=l (0,) to n=oo (0, s). The a- and b-parameters 
of the corresponding supercells are 2a x a,/- and the oxygen 

content, 06.5+l/(n+l). 
Most of the crystals are covered with modulations (Figure 18) 

which can indeed be described through these mechanisms; indeed, 
they do not appear as regularly as proposed in the models (Figure 19). 

The variations along the a direction can be easily regarded as a way to 
accommodate a particular oxygen content and, in that case, YBasCu, 

O,_g could correspond to [YBasCus07],_~[YBasCus06]g, i.e. to a ratio 

(l-&)/S of [CuO&, chains and [CuO], rows distributed all over the 
crystal. The contrast variations along one row are more difficult to 
interpret; they are observed in the thick areas of the crystals and can 
result from the superposition of differently ordered zones in the inner 
part, which would vary from one triple layer to the other along the c- 

axis. Moreover, the variations of the lattice parameters and of the 
Cu-0 distances, due to the change in oxidation state of copper from 
Cu(II)-Cu(II1) to Cu(1) are large enough to induce strong distortions 
in such mixed crystals and can explain that a uniform contrast is never 

observed throughout the matrix. 

3.0 EXTENDED DEFECTS 

The electron microscopy studies of the superconductive 

cuprates show that the different families differ from each other by the 
nature of their defect chemistry, in spite of their great structural 
similarities. For example, the LasCuO,-type oxides and the bismuth 
cuprates rarely exhibit extended defects, contrary to YBasCusOz and 
to the thallium cuprates. The latter compounds are characterized by 
quite different phenomena. 

3.1 Defects in YBa,Cu,O:, 

The well known microtwinning phenomena that are inherent 

to the structure transition of orthorhombic YBasCusO, to tetragonal 
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YBasCusO, can be considered as extended defects. Such defects can 
induce a variation of the oxygen stoichiometry at the twin boundaries, 
as shown from the different models which can be proposed (Figure 

22). 
Besides this systematic microtwinning which is very close to 

a chemical twinning, three other types of extended defects are mainly 
observed which lead to a local variation of composition (51). For the 

first family of defects (Figure 23a), the simulations of the images have 
shown two different orientations of thestructure at 90” to one another 
in the same crystal: area labelled 1 exhibits a contrast characteristic of 
a [loo] image, whereas the area labelled 2 is characteristic of a [OIO] 
image. Thus an idealized model of the oriented domains can be 
proposed (Figure 23b) which corresponds to different orientations of 

the CuO, groups belonging to the [CUO~]~ layers. It is worth pointing 
out that, contrary to the twinned domains, these domains are charac- 

terized by a junction involving a juxtaposition of two different 
parameters “a”and “b”, respectively, at the boundary. Consequently the 
domain interfaces are particularly disturbed as observed in the thickest 
part of the bulk. The other two families of defects result from two 
types of cationic disorders. For the first characteristic defect we 
observe clearly (Figure 24a) a variation of the spacing of the rows of 
spots: the rows of white spots move apart, implying a bending of the 
adjacent double-row and an extra row of small spots appears in the 

middle. Such a feature results from the formation of a double row of 
edge-sharing CuOd groups, forming a YBa,Cu,Os-type defect (Figure 
24b) described above. The second defect concerns the variations in the 
Y, Ba cation ordering (Figure 25a); the c/3 shifting of the fringes is 

observed in the top of the micrograph (arrowed). This defect is easily 
explained by a reversal of one barium and one yttrium layer from one 
part of the defect to the other while the second barium layer remains 
unchanged through the defect, as shown in the idealized model (Figure 
25b). In that example, the defect extends over twelve triple layers 
YBasCusO, with a clear contrast and the junction of the reverse layers 
is regularly translated in a direction perpendicular to the c-axis. A 

multiple shifting of the Y and Ba layers and the overlapping of the 
small domains lead to the formation of moire patterns. It should be 

noted that this type of defect does not affect the 0-Cu-0 chains but 
implies a breaking in the bidimensionality of the structure. 
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T.B. 
T. e. 

Figure 22: Idealized models of junction between twinning domains. 

a 

Figure 23: (a) HREM image of a crystal showing 90” oriented 

domains; enlargements are compared with the calculated images for 
[ 1001 and [OlO] orientations. (b) Idealized drawing of the domains. 
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Figure 24a: HREM image of a characteristic defect, an extra 
row of atoms appears in the perovskite layer: such a defect is 
interpreted by the existence of a double row of edge sharing CuO, 

groups. 

double row of edge- 

sharing QJO~ groups 

Figure 24b: Idealized model of the defect. 
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a 

Figure 25: (a) Image of a defect dealing with a variation of the 
Y-Ba cation ordering: a c/3 shifting of the fringes is clearly 
observed. (b) Idealized model of the defect. 
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3.2 Intergrowth Defects inThallium Cuprates. 

It is now clear that the critical temperature of the layered 
cuprates depends on the number of copper layers forming the oxygen 

deficient perovskite slabs, and also on the thickness of the rock salt 
type layers. For instance, in the two series of thallium cuprates 

TlBa,Ca,_,Cu,O,,+, and T1,Ba,Ca,_1Cu,0sm+4, T, increases as m 
increases in each series up to m=3 and then decreases for m=4, and the 
thallium bilayer cuprates exhibit higher TE’s than the thallium 
monolayer cuprates. Thus it is clear that the formation of intergrowth 
defects, corresponding to a variation of either the rock salt type layers 

or of the perovskite layers will influence dramatically the supercon- 
ductivity of these materials. 

Curiously, the thallium cuprates often exhibit intergrowth 
defects contrary to the bismuth cuprates, whose structures are very 
similar. 

Numerous extended defects affect the rock salt type layers. 
The thallium bilayer cuprates frequently exhibit defects involving 
thallium monolayers as shown in Figure 26a which shows a “TIBa, 
CaCu,O,” defect in a matrix of the TlsBasCaCusO, oxide. On the 
contrary, the formation of single rocksalt type layers in thallium 
monolayer cuprates, i.e. in a matrix involving double rocksalt type 

layers [(TlO)(BaO)],, as shown for TlBasCaCusO, (Figure 26b), is 
rarely observed. The formation of rock salt type layers larger than 
those of the matrix is sometimes observed. Figure 26c shows such a 
defect in a Tl,Ba,CaCu,O, matrix in which the light contrast of the 
additional rows of white spots suggest that they correspond to CaO 
layers. The presence of thallium on the calcium sites as observed by x- 
ray diffraction, corresponds to a variation of the ordering of the 
cations. An example is shown in Figure 27, where a calcium layer is 

replaced by a thallium layer between two pyramidal [CuOs.& layers 
of the perovskite slab. These various extended defects explain the 
thallium nonstoichiometry and also the possible calcium nonstoichio- 
metry in these structures, and thus could influence their supercon- 
ducting properties. These phases often present intergrowth defects 
corresponding to a variation of the perovskite layer thickness. For low 
m-values of the matrix, few intergrowth defects are generally 
observed and the m’ value corresponding to the defective layer 
thickness is close to the nominal composition: m’=f 1. Two images are 
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c
Figure 26: (a) Thallium monolayers (n' = 2) appear as defects

in a matrix Tl2Ba2CaCu208 (n=3); (b) rare defect corresponding to
the existence of a single rock salt type layer (n' = 1) in a TIBa2

CaCu207 matrix (n=2); (c) two additional CaO layers are intercalat-
ed between thallium layers (n' = 5) in a Tl2Ba2CaCu208 (n=3)

matrix.
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Figure 27: HREM image and calculated image of a defect 
corresponding to the replacement of a Ca layer by a Tl layer. 

2223 a b 

Figure 28: (a) Isolated defect corresponding to a double 
perovskite layer (m’=2) in a m=3 matrix (arrowed); (b) multiple 
intergrowth defects in a m=3 matrix: m’=2 and m’=4 members are 
observed. 
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Figure 29: m’=5 and m’=7 layers are observed in a m=4 matrix 

(Tl,Ba,Ca,Cu,O,,). 
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Figure 30: (a) Bi,Sr,CaCu,O,: E. D. patterns showing two systems 

of satellites due to the existence of two 90” oriented domains; (b) 
Bi,Sr,Fe,O,,: E. D. patterns exhibiting satellites along the [ lOO]* 

direction similar to those observed in the bismuth cuprates. 
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-shown in Figure 28 : the first one (Figure 28a) corresponds to a I’m’=2 
isolated defect” and the second to more numerous “m’=2” and “m’=4” 
defects in a m=3 matrix (T1sBa,CasCusOn-,) (Figure 28b). The 
defective layer can be significantly thicker than the perovskite layer 
of the nominal matrix, as m increases. Figure 29 shows an example of 
high m’ defects (m=7) which appear in addition to m’=S defects in a 
matrix m-4 (TlsBasCa,Cu,O,,). Thus it can be expected that the 
frequency of these defects and their deviation from the nominal m 
value will increase with m. 

4.0 INCOMMENSURATE STRUCTURES AND LONE PAIR 
CATIONS 

Lone pair cations exhibit external pairs of electrons which do 
not participate in the bonds but can influence dramatically the 
geometry of the structures (52). This is the case of cations like Bi(III), 
Pb(I1) or Tl(1) whose 6s2 lone pairs have been shown to present an 
important stereochemical activity. Such cations which can be found in 
the rock salt type layers are capable of influencing the oxygen 
framework and may consequently affect the superconducting 
properties of the layered cuprates. 

The first important point is that satellites in incommensurate 
positions are observed in all superconductive bismuth cuprates. They 
are directed along the [ 1 OO]* or [0 lo]* directions and can appear along 
two perpendicular directions due to the existence of domains at 90”, 
characterized by a perfect coherent interface (Figure 30a). 

The substitution of iron for copper clearly shows that the 
presence of copper is not at the origin of such satellites: the isostruct- 
ural oxides Bi2Sr,_,C~Fe20, (53) and Bi,Sr,FesO,, (54)(55) in which 
the FeO, octahedra replace the CuO, pyramids and CuO, square 
groups exhibit similar satellites on E.D. patterns (Figure 30b) and 
similar modulations on the [OlO] HREM images. The fact that these 
materials do not superconduct suggests that superconductivity is not 
really linked to the incommensurability of the structure. This 
particular behavior of the bismuth cuprates can be explained by the 
stereoactivity of the 6s2 lone pair of Bi(II1). Such a lone pair, which 
tends to take the place of an anion, induces a distortion of the rock 
salt type layers. It results in a nonperiodic displacement of the Bi(II1) 
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ions in the layers and consequently of the oxygen atoms. 
The latter hypothesis leads us to consider the lead cuprates in 

which Pb(I1) is also characterized by a 6s2 lone pair. The replacement 
of bismuth by lead has been performed for Bi2Sr2CaCu20s: the oxides 

Bi, ,PbXSr2Ca,_,YXCu20s (56), isolated for 0~x5 1, superconduct for 
~~0.5 (T,=80K), whereas a drastic decrease of T, is observed beyond 
this value, BiPbSr2YCu20, being an insulator. The classical modula- 
tions of bismuth have disappeared. Nevertheless they are replaced by 
new types of incommensurate satellites, as shown for instance in 
Figure 31, where several types of E.D. patterns are observed in 
different areas of the same crystal. Moreover this incommensurability 
is observed independently of the presence of superconductivity. In the 
same way,E.D. patterns of the layered oxide PbBaYSrCusOs are all 
characterized by incommensurate satellites as seen for instance in 
Figure 32, which shows the superposition of two sorts of satellites 
oriented at 90”, accompanied by double diffraction phenomena. These 

observations reinforce the hypothesis of the role of the 6s2 lone pair, 
here of Pb(II), in the generation of incommensurability. On the 

contrary, the oxides Pb,Sr,Ca,,sY,&u,O, and Pb,_,Bi,Sr,Ca,_,Y, 
CusOs (37) do not exhibit any incommensurability phenomena in spite 
of the presence of Bi(II1) and Pb(I1). The absence of satellites in these 
two oxides is easily explained by the lacunar character of the structure 

(Figure 6a): the 6s2 lone pairs extend towards the oxygen vacancies 
and consequently do not disturb the rock salt layers, so that no 

distortion, i.e., no modulation, is observed. 
The case of the thallium cuprates is complex. The two series 

of superconductive oxides TIA2Ca,_1Cu,02,+, (A=Sr, Ba) and 

T12Ba2Ca,_,Cu,02,+,, exhibit only the trivalent state for thallium 
(57). Thus, the lone pair 6s2 of Tl(1) should not be involved in these 
two series of superconductive oxides. The electron microscopy 

observations confirm this point of view. Most of the authors (16)(29) 
(30)(33)(34)(58) do not observe satellites characteristic of an incom- 

mensurate structure. Nevertheless the existence of satellites was 
pointed out in the oxides Tl,Ba,CaCu,O, and T1,Ba,Ca,Cu,O,, by 

Zandbergen et al. (59)(60). Further electron microscopy studies have 
resulted in a better understanding of the behavior of thallium 

cuprates. 
The oxide Tl,,,Pb,,,Sr2CaCu,07, prepared for the first time by 

Subramanian et al. (34) was investigated by electron microscopy (35). 
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Figure 31: BiPbSraYCt+Os: Several types of satellites are observed 
in different areas of the same crystals ([OOl]): (a) satellites set up 
along a direction roughly parallel to [120]* (q=6.25); (b) bidimens- 
ional system of satellites resulting from the existence of misori- 
ented areas and double diffraction phenomena, the angle between 
both systems is close to 100”; (c) satellites along [I 10]* with q=3.65; 
(d) previous satellites have disappeared but streaks remain along 
[llO]*; (e) multisplitting of the spots and first satellites; they are 
indications of distortions and microtwins. 
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Figure 32~ (a) Examples of satellites observed in [OOl] E. D. 
patterns of PbBaYSrCusOs, [3,1] phase; (b) the extra spots are 
clearly visible when the zone is slightly deviated from the exact 
orientation; (c) schematic representation of the pattern, two sets of 
satellites are visible; they are characteristic of 9V oriented domains: 
basic spots at level l/2 are represented as open circles, . * 
systems 1 and 2 (4 x d&, . & systems 3 and 4 (8 x d&. 
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Its electron diffraction patterns exhibit numerousextra spots, contrary 

to the thallium cuprates without lead. Besides the simple superstruc- 
tures, there exist complex arrangements of extra spots as shown for 
instance in Figure 33. Such satellites are very similar to those more 

recently observed for Pb,Sr,Y, &a, ,Cu,O, and do not correspond to . . 
an incommensurability of the structure in a single crystal. They can 
indeed be interpreted as the result of the misorientation of two single 
crystals, involving also double diffraction phenomena. Thus, in this 
oxide, the absence of incommensurability is quite in agreement with 

the absence of lone pair cations. The interatomic distances obtained 
from the single-crystal x-ray diffraction study confirm this point of 

view, since they imply short Tl-0 and Pb-0 distances only compatible 
with Tl(II1) and Pb(IV). 

The study of the thallium cuprates Tlz_,~sTll,_,Ba,+,LnCu,Os 
with Ln=Nd, Pr, Sm and x-O.25 (45) sheds light on the role of the 6s2 

lone pair of Tl(1) in the problem of incommensurability. This structure 
which belongs to the 2212-type (Figure 2b) can be formulated for the 

praseodymium phase (T1lll,_,)A, (Tl’,.,,Ba,.,,),, PrCusOs showing 
that the A 1 sites of the classical thallium bilayers are only occupied by 

Tl(II1) and slightly deficient, whereas the A2-sites corresponding to 
the barium layers are partly occupied by Tl(1). The important feature 
of those oxides, concerns the great similarity of their E.D. patterns 
with the bismuth cuprates. One indeed systematically observes 
satellites that are more clearly visible along zones which deviate from 
the ideal directions (Figure 34). The reconstruction of the reciprocal 
lattice (Figure 35) shows that the satellites run along a direction which 
is similar to that observed in bismuth cuprates, the wave vector being 
in the (1 lo)* plane; however, their symmetry is different (tetragonal 
instead of orthorhombic) and the wave length of the modulation, close 
to six times d 11u (2.78A) is also different. Although they do not 
superconduct, these oxides are of capital importance since they show 
that the existence of satellites is closely related to the presence of the 
lone pair cation Tl(I), and that the presence of this cation in the 2212 
structure may destroy the superconductivity. 

The ability of univalent thallium to occupy the barium sites 
suggests a possible nonstoichiometry in the superconductive thallium 
cuprates involving a mixed valence of thallium, Tl(I)/TI(III). Prelimi- 
nary investigations (61), considering the possible formulations 

Tllll,(Ba,_,Tll,)(Ca,_,Tllll,)CusOs and T11112_,(Ba,_,~2T11X,s) 



138 Chemistry of Superconductor Materials 

Figure 33: Tl,,,Pb,,,Sr,CaCu,O,: [OOl] E. D. pattern, numerous 
extra spots are observed which can be interpreted as the result of 
the misorientation of two lamellae and double diffraction phenome- 

na. 

a b 

Figure 34: Tl,,Ba,~,,PrCu,O,: satellites are observed in (a) [OOl] 

and (b) [loo] E. D. patterns 

o;o 0 020 a 00 0 0 00 0 
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Figure 35: Reconstruction of the reciprocal lattice;‘(a) [OOl]*, (b) 
[lOO]* and (c) [llO]*. 
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Figure 33: Tla,~Pba,~Sr~CaCu~O~: [OOl] E. D. pattern, n”mero”s 
extra spots are observed which can be interpreted as the result of 
the misorientation of two lamellae and double diffraction phenome- 
na. 

a b 
Figure 34: T12,7BaI,2SPrCu208: satellites arc observed in (a) [OOI] 
and (b) [lOO] E. D. patterns 

a b 

. 
. . 

. 
. . 
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Figure 35: Reconstruction of the reciprocal lattice; (a) [OOl]*, (b) 
[lOO]* and (c) [IlO]*. 
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Kal_,~2Tl”‘,~2 )Cu,O, show that a pure phase is obtained for O<x+ 
0.20, with T, decreasing from 105K for x=0 to 95K for x=0.20. More 
spectacular is the electron diffraction study which shows that the 
sample x=0 which contains only Tl(II1) (TlsBasCaCusO,) does not 
present any incommensurability phenomena whereas the sample x=0.1, 
which corresponds to the presence of Tl(1) exhibits incommensurate 

satellites (Figure 36) which do not exhibit the same orientation as 
those in the oxides T1l*l,_,~,Tl*,_,Ba,+,LnCu,O, (45), but are 
absolutely identical to those described by Zandbergen et al. (59)(60) 
for the oxide to which they attributed the composition “TI,Ba,CaCu, 
0,“. These results reinforce the hypothesis of the important role of the 
6s2 lone pair of TI(1) in incommensurability. 

In the same way the E.D. patterns of the layered cuprates 
Tl,+,A,_,Ln,Cu,O, (A=Sr, Ba) involving double fluorite layers exhibit 
incommensurate satellites lying along either <l lo>* (Figure 37a) or 

along <loo>* (Figure 37b), with periodicities close to 4 x d,,, (2.8A) 
and 3 x a respectively. These latter observations confirm the mixed 
valence Tl(II1) - Tl(1) and support again the role of TI(1) lone pair in 
incommensurability. 

5.0 CONCLUDING REMARKS 

A route is opened to the synthesis of new high T, supercon- 
ductors. Up to now, it appears that the mixed valence of copper and 
the low dimensionality of the structure remain the two important 
factors for the research of new materials. However, if the mixed 

valence Cu(I1) - Cu(II1) is very promising, the discovery of the 
NdsCuOd superconductors doped with cerium (62)suggests adifferent 
mechanism. The nonstoichiometry phenomena, in those materials are 

very complex and the problems of oxygen nonstoichiometry and 
extended defects, especially the intergrowth phenomena, have of 

course a great influence on the superconducting properties and should 
be controlled carefully. The lone pair cations Bi(III), Pb(I1) and TI(1) 

are of interest since they induce the layered character of the structure. 
It is now clear that such cations are at the origin of incommensur- 
ability in those structures. Moreover, it is also evident that supercon- 
ductivity is not really linked to this modulation of the structure. 
Particular attention should be paid to the thallium oxides, which 
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Figure 36: [OOl] E.D. pattern of Tl,,Ba,.gCa,,Cu,O,, satellites are 

clearly visible. 

Figure 37: Tl,+,A2_,Ln2Cu,09: [OOI] E.D. patterns, (a) satellites 

along xl lO>*with a new periodicity close to 4 x d,,,, (b) satellites 
along x100>* with periodicity 3 x a. 
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exhibit a very complex nonstoichiometry due to the mixed valence 
TI(I)/Tl(III); the systematic absence of superconductivity in these 
latter oxides, in the presence of Tl(I), is not due to the 6s2 lone pair 
effect but might result from redox reactions which prevent the tranfer 
of holes from the thallium layers towards the copper oxygen layers. 
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Defective Structures of Ba,YCu,O, 
and Ba,YCu,_yM,O, 
(M = Fe, Co, Al, Ga, . ..) 

Anthony Santoro 

1 .O INTRODUCTION 

Superconductivity with T, H 94K was discovered in a sample 
with nominal composition BaasY1.,CuO,_,, prepared through solid 

state reaction of the appropriate amounts of Y,O,, BaCO,, and CuO 

(1). Soon after this discovery, it was found in a number of laborato- 

ries that the reaction product was in fact a mixture of phases, one of 

which, identified as BasYCusO, with x N 6.9, was responsible for the 

superconducting properties of the material (2-6). From x-ray powder 

diffraction data, Cava et al. (2), determined an orthorhombic structure 

that could be described as an oxygen deficient perovskite with tripling 

of the c-axis caused by ordering. of the Ba and Y atoms. Single-cry- 

stal x-ray data revealed without ambiguity the sites of the metal atoms 

in the unit cell, but, due to the presence of a large fraction of heavy 

atoms in the structure, did not permit one to determine with certainty 

the symmetry of the compound and the occupancies and locations of 

the oxygen atoms (7-9). 

The structural determination of BasYCusO,, for 6.8 I x 5 7.0, 

was completed in several laboratories by Rietveld analysis of powder 

neutron diffraction data (lo- 15). The neutron diffraction experiments 

confirmed the space group Pmmm and the main structural features 

found by x-rays by Siegriest et al. (7), but revealed that some of the 

oxygen assignments made in the x-ray studies were not entirely 

correct. The refined structural parameters obtained in four of these 
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neutron diffraction analyses are given in Table 1 (adapted from 

Reference 15) and the structure of BasYCusO,., is schematically 

illustrated in Figure 1, where it is compared with the parent structure 

of perovskite. Data collected at low temperatures (1 1 - 13)( 16) revealed 

that no phase transitions take place in going from room temperature 

down to 5K. 

2.0 DISCUSSION OF THE STRUCTURE OF Ba2YCu307_o 

The relationship between the structures of perovskite and 

Ba,YCu,07 ,, illustrated in Figure 1, can be easily understood if we 

represent the sequence of layers in the two cases in the following way. 

Perovskite . . . [(BX,), (AX),1 W’Qo (AX), U&J, (AX), 03X2&, . . . 
Ba,YCu,O,., . . . KuO),, WO), (CUO~)~ 03, (CuQ, WO,lKuO), . . . 
Approximate z/c 0 l/6 l/3 l/2 2/3 S/6 0 

From this scheme it can be seen that the structure of BasYCu, 

O,.,, when compared to that of perovskite, has two oxygen-deficient 

layers: the first, the CuO layer at z = 0, has the configuration of a 

BX, layer in which two oxygen atoms at the mid-points of opposite 

edges have been removed, and the other, the yttrium layer at z = l/2, 

has the configuration of an AX layer in which all the oxygen atoms 

are missing. 

The copper atoms are located on the two positions la (O,O,O) 

and 2q (O,O,z) of space group Pmmm. The first, Cu( l),at the origin of 

the unit cell, has four-fold planar coordination with two O(1) 

neighboring oxygen atoms along the c-axis at a distance of -1 %A and 

two O(4) atoms along the b-axis at a distance of - l.!MA (precise inter 

atomic distances for various values of x are given in Table 3. The 

near-square Cu-0, units share one corner and form chains along the 

b-axis as shown in Figure 1. The second copper atom, Cu(2), has 
five-fold pyramidal coordination and is strongly bonded to two O(2) 

and two O(3) oxygen atoms with distances of -1 %A (along the b-axis) 

and-l .96A (along the a-axis), respectively. The fifth oxygen atom 

O(1) (the “apex” of the pyramid) is weakly bonded to Cu(2) with a 
distance of -2.30A along the c-axis. This weak Cu(2)-0( 1) interaction 

confers a highly two-dimensional character to the CuO layers 
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TABLE 1. Results of Neutron Power Diffraction Rietveld 
Refinements for Ba2YCu30,. 

Atom Parameter Ben0 et.al. Capponi et.al. Beech et.al. Cox et.al. 

(10) (12) (13) (15) 

Ba 0.1843(3) 0.1841(3) 0.1839(2) 0.1839(3) 

Y 

cut11 
cut21 

O(l) 

O(2) 

O(3) 

O(4) 

O(5) 

z 

WA21 
WA21 
WA21 
2 

VA21 
2 

WA21 
n 

z 

B(A2) 

n 

2 

B(A2) 

" 

B(A2) 

n 

B(A2) 

n 

a(A) 

b(A) 

c(A) 

0.54(5) 

0.46(4) 

0.50(5) 

0.3556(l) 

0.29(4) 

0.1584(2) 

0.67(5) 

2.0 

0.3773(2) 

0.56(5) 

1.89(2) 

0.3789(3) 

0.37(5) 

2.0 

1.35(5) 

0.92(2) 

0.6(l) 

0.6(l) 

0.4(l) 

0.3549(3) 

0.5(l) 

0.1581(4) 

0.9(l) 

2.0 

0.3779(4) 

0.1(l) 

2.0 

0.3777(5) 

0.3(l) 

2.0 

2.4(3) 

1.0 

0.65(5) 

0.56(4) 

0.55(4) 
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Figure 1: Structure of Ba,YCu s 0 7.o (right side) and its relation- 
ship to the structure of perovskite (left side). The atoms X’ are 
the oxygen atoms of perovskite that do not exist in the structure 
of BasYCusO, e. As a consequence of this elimination, the typical 
chains are formed on the basal plane of the superconductor, and 
the atoms Cu(2) assume five-fold, pyramidal coordination. The 
nomenclature of this figure is used in the discussions that follow. 
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perpendicular to the c-axis. The oxygen atoms O(2) and O(3) are 

almost exactly coplanar and are vertically displaced -0.27A from the 

plane of the copper atoms Cu(2), producing the characteristic buckling 

of the CuO layers, as indicated in Figure 1. 

The ordering of the oxygen vacancies affects also the coordi- 

nation of the other metal atoms. The yttrium atom is eight-fold 

coordinated and the coordination polyhedron is a square prism with 

Y-O distances of 2.41A and2.39A. The barium atoms, on the other 

hand, are ten-fold coordinated and the coordination polyhedron can 

be described as a cuboctrahedron in which two oxygen atoms are 

missing (these atoms would be located on the sites indicated as O(5) in 

Figure 1. The Ba-0 distances vary from 2.74A to 2.%A, with an 

average distance of 2.86A. 

2.1 Structural Changes as a Function of Oxygen Stoichiometry 

All the structural determinations quoted in the previous 

sections were made on samples of BasYCusO, with composition 6.8 I 

x 5 7.0. As shown in Table 1, for x = 7.0 all sites O(4) are filled. 

When x < 7.0 there must be oxygen vacancies in the structure and it 

was realized very soon that these are confined to the sites O(4) in the 

chains parallel to the b-axis (13). The presence of vacancies on the 

O(2) sites, reported by Beno et al. (lo), and indicated in Table 1, has 

not been confirmed in any other diffraction experiment and will not 

be considered further in the present discussion. 

It has been observed that the total oxygen stoichiometry 

decreases smoothly with increasing temperature (17)( 18). The oxygen 

atoms that are removed from the structure are exclusively those 

located on the O(4) sites at (0,1/2,0). In situ neutron powder diffrac- 

tion measurements (17) have shown that the positions O(5) at (l/2,0,0) 

are gradually filled as the temperature increases, and when the 

occupancies of the two sites become equal the symmetry of the 

structure changes from orthorhombic to tetragonal. The temperature 

of the transition depends on the partial pressure of the oxygen present 

in the atmosphere of the experiment, and is -700°C in one atmosphere 

of oxygen and less than that at lower oxygen partial pressures. 

Continued heating at higher temperatures results in further loss of the 

oxygen from the sites O(4) and O(5) until the composition reaches the 

value x = 6.0. The oxygen stoichiometry at the transition is always x 
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N 6.5, so that the orthorhombic phase exists over the range 6.5 < x 5 

7.0 and the tetragonal phase over the range 6.0 5 x < 6.5. However, if 

the oxygen is eliminated at sufficiently low temperatures, employing, 

for example, gettered annealing techniques as described by Cava et al. 

(19), the orthorhombic structure may be retained down to values of x 

as low as -6.3. 

Studies of the superconducting properties as a function of the 

oxygen content show that in the orthorhombic com>und the value of 

T, decreases as the oxygen is removed from the structure, and it 

becomes zero as the crystallographic transition is approached (19). 

Superconductivity has not been found in the tetragonal phase for any 

stoichiometry, and in fact, this phase is semiconducting (20)(21). The 

structure of the tetragonal phase has been refined by Rietveld analysis 

of neutron powder diffraction data (22) and by single-crystal x-ray 

diffraction (23). In Table 2 the refined parameters for the composi- 

tion Ba,YCu,Os e7 are given, and the structure is schematically 
illustrated in Figure 2. 

It is interesting to determine the structural changes taking 

place in this system as a function of oxygen content. Some relevant 

interatomic distances for various values of the composition are given 

in Table 3. The coordination of the barium atoms decreases from 

ten-fold for x = 7.0 to eight-fold for x = 6.0. The data in Table 3 

show that the distances Ba-0( 1) and Ba-O(4) increase with decreasing 

oxygen content, and the distances Ba- O(2) and Ba-O(3) decrease. This 
means that the barium atoms move along the c-axis toward the bottom 

of the “cup” of oxygen atoms left from the cuboctahedron after atoms 

O(4) and O(5) are eliminated. The coordination of yttrium, on the 

contrary, does not change significantly, and the coordination polyhe- 

dron remains a rectangular prism over the entire range of composition. 

As we have mentioned, for x = 7.0 the Cu(1) atoms are four- 

coordinated and are located at the center of near-rectangular Cu-0, 

units connected by vertices and forming chains along the b-axis. For 

x = 6.0, these atoms are in two-fold coordination. As the oxygen is 

gradually removed from the structure, the distances Cu( l)-0( 1) and 
Cu( 1)-O(4) decrease continuously. The description of coordination of 

Cu(1) for intermediate compositions is more complex and we will 

discuss it later. The distance Cu(2)-O(1) increases when the oxygen 

content decreases and, correspondingly, the distance of Cu(2) from the 

average plane of the atoms O(2) and O(3) decreases. This means that 
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TABLE 2. Atom Positions, Occupancies and Agreement Indices 
for Ba,YCu,O, 

Atom 
Ba 

Y 

Cu(l) 

Cu(2) 

O(1) 

O(2) 

O(4) 

. . 

2h 4nm1 

Id 4/mnn1 

la 4/1mn 

2g 4lun 

2g 4IMl 

4i nm 

2f nmil 

X 

l/2 
l/2 
0 
0 
0 
0 
0 

V 

l/2 

l/2 
0 
0 
0 

l/2 
l/2 

2 B Occmancv 

0.1952(2) 0.500) 1.0 

l/2 0.73(4) 1.0 

0 1.000) 1.0 

0.3607(l) 0.49(3) 1.0 

0.1518(2) 1.25(6) 0.99(6) 

0.3791(l) 0.73(4) 1.009(5) 

0 0.9 0.028(4) 

RN = 3.89 RP = 6.10 Rw - 7.95 RE - 5.64 x = 1.41 

Figure 2: Comparison of the structures of Ba,YCu,O,., (left 
side), BatYCu,Ox (x < 0.5) (center) and Ba,YCu,O,., (right side). 
The dotted atoms indicate partial occupation of the site. 
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I-ABLE 3. Relevant Bond Distances in Ba2YCuS0, 

x=7 x = 6.8 x - 6.5 x - 6.06 

Ba - O(1) x4 

Ba - O(2) x2 

Ba - O(3) x2 

Ba - O(4) x2 

Y - O(2) x4 

Y - O(3) x4 

Cu(l) - O(1) x2 

Cu(1) - O(4) x2 

Cu(2) - O(1) xl 

Cu(2) - O(2) x2 

Cu(2) - O(3) x2 

2.7408(4) 

2.984(2) 

2.960(2) 

2.896(2) 

2.409(l) 

2.386(l) 

1.846(2) 

1.9429(l) 

2.295(3) 

1.9299(4) 

1.9607(4) 

2.7470(8) 

2.972(3) 

2.938(6) 

2.922(4) 

2.403(3) 

2.389(2) 

1.843(3) 

1.9428(l) 

2.323(4) 

1.9305(6) 

1.9585(a) 

2.7690(8) 2.7751(5) 

2.930(4) 

2.905(l) 

2.902(4) 

2.956(2) 

2.404(3) 

2.4004(8) 

2.408(3) 

1.795(3) 1.795(2) 

1.9374(l) 

2.429(4) 2.469(2) 

1.9366(6) 

1.9406(3) 

1.9478(6) 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

00000000000 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

Figure 3: The basal plane of Ba,YCu,O,,. The circles indicate 
the Cu(1) atoms in two-fold coordination. The oxygen atoms 
above and below each copper atom are not indicated for clarity, 
and they will not be illustrated in any of the following figures 
showing the basal plane of the structure. 

T
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the coordination of Cu(2) tends to be more square-planar and less 

pyramidal with decreasing oxygen stoichiometry. 

In practically all refinements of the structure of BasYCusO,, 

it has been found that the oxygen atoms O(4) have an unusually large 

temperature factor; e g., (14)(24). Low-temperature experiments 

(13)( 16) have indicated the possible presence of static disorder. 

Anisotropic refinements of the structure showed that O(4) is highly 

anisotropic in the direction of the a- axis (24). Models with the atom 

O(4) split over the two positions (x,1/2,0) and (-x,1/2,0), rather than 

fixed at (0,1/2,0), resulted in a value of the coordinate x significantly 

different from zero and indicated that this atom may in fact be 

removed about 0.2A from the b-axis. The same general conclusions 

were reached also by Francois et al. in their extensive study of the 

structure of Ba,YCu,O,.,l and BasYCusO, se as a function of 

temperature (16). 

2.2 Twinning, Twin Boundaries and Model of the Structure of 

BaPCuP7.0 

As we have mentioned in the previous sections, the oxygen 

atoms involved in the oxidation and reduction of BasYCusO, are those 

located on the basal plane of the structure at z=O and labelled O(4) and 

O(5) in Figure 1. Therefore, in our discussion of structural models in 

the range of composition 6.0 I x I 7.0, we need to consider only the 

atomic configuration on this plane and we may ignore all the other 

atoms in the unit cell. For x < 6.5, the compound is tetragonal with 

the symmetry of space group P4/mmm and the sites O(4) and O(5) are 

crystallographically equivalent. For x = 6.0, these sites are empty so 

that a layer of copper atoms is sandwiched between two BaO layers 

according to the scheme: 

Ba,YCu,O,... Wu), (BaO), (CUO~)~ 07, (CUO~)~ (BaO),l(W,(BaO), 
z/c 0 l/6 l/3 l/2 2/3 5/6 0 

The model for this composition is quite simple and the 
structure is schematically illustrated in Figure 3. For x > 6.5 the 

symmetry is orthorhombic Pmmm and sites O(4) and O(5) are not 
equivalent. When x = 7.0, sites O(4) are completely filled and sites O(5) 

are empty, and the model of the structure would be as simple as that 
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illustrated for x = 6.0 if the presence of twinning would not introduce 

considerable complications in the configuration of the atoms on the 

basal plane. A realistic model cannot therefore be built without a 

knowledge of the twin laws operating in the system and of the 
arrangement of the oxygen atoms at the twin boundaries. 

When the tetragonal oxide BasYCusO, is cooled slowly, at the 

phase transition the symmetry changes from P4/mmm to Pmmm. The 

symmetry elements (OOl),,o, (1 lo), and (ITO),, present in the 

tetragonal structure, become pseudo-symmetry elements in the 

orthorhombic phase and twinning by pseudo- merohedry is possible 

(25). The existence of twin boundaries for x > 6.5 was detected early 

in transmission electron microscopy studies; e g., (26)(27), but the 
complete analysis of twinning was carried out by Hodeau et al. by 

single-crystal x-ray diffraction techniques (28). These authors found 

that the general x-ray reflections are split into four spots, thus 

indicating the presence of four twinned individuals in the sample. 

These diffraction patterns could be indexed by assuming that two of 

the four individuals are related to each other by a reflection across the 

pseudo- mirror (1 lo), or (ITO),, and the other two are generated 

from these by the operation (OOl),,o (rotation of 90”about the c-axis). 

The mismatch of the twin lattice due to the fact that a # b, can be 

measured by means of the twin obliquity (29), E = arc sin ((b2 - a2)/(b2 

+ a2)), which, in this case, is a function of the oxygen stoichiometry 

and is of the order of -1”. Transmission electron microscopy pictures 

showed that a movement of the twin walls takes place when the 

electron beam intensity is increased (28). This observation was 

interpreted by assuming that the heat treatment by the electron beam 

causes irreversible oxygen loss, and therefore, the motion of the twin 

walls indicates that there is a close relationship between twin bound- 

aries and diffusion of oxygen in the sample. 

Several models for the structure of the twin walls have been 

proposed (30, and ref. therein). The simplest of these is illustrated in 

Figure 4. The twin wall is formed by three consecutive diagonals. 

The copper atoms located on the central one have two-fold coordina- 

tion with corresponding oxygen stoichiometry of x = 6.0. Those 

located on the two neighboring rows on each side of the central 

diagonal have three-fold coordination and oxygen stoichiometry x = 

6.5. Within each domain, away from the boundary, the composition 
is x = 7.0 and copper has the usual four-fold planar coordination of 



156 Chemistry of Superconductor Materials 

Figure 4: Possible twin boundary with copper atoms in two fold 
coordination (diagonal at the center of the boundary) and three- 
fold coordination (diagonals on the right and left side of each 
boundary). The composition corresponding to each diagonal is 
indicated. The shaded atoms are oxygen atoms and, as usual, the 
atoms above and below the basal plane are not indicated. The 
broken lines indicate the presence of oxygen atoms located outside 
the area represented by the figure. 

Figure 5: Twin boundary with copper atoms in distorted, 
tetrahedral coordination. In this model, the composition does not 
change at the boundary. 

joe sulton
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Figure 6: (a) Basal plane showing a possible twin boundary with 
copper atoms in five-fold coordination. Also in this model the 
composition does not change at the boundary. (b) Configuration 
of the unit cells at the boundary. Note that some oxygen atoms 
occupying the sites O(1) in the regular structure, have been 
relocated in positions O(5). 
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7.5 ’ 8.0 ’ 7.5 I ; I ; I ; 
I I /I/ , 

---0Qo -- 

Figure 8: Twin boundary with copper atoms in five-fold and 
six-fold coordination. The composition of each of the diagonals 
forming the boundary is indicated in the figure. 
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the CuO layer. The domain model proposed by Ramakrishna et al. 
(31) is also oxygen deficient, with all the copper atoms at the bound- 

ary in three-fold coordination. These authors, however, ignore the 

presence of twinning, and in fact, the domain walls (“defect lamellae”) 

are taken parallel to the a- and/or b- axes of the structure. In the 

model of Figure 5, the Cu(l) atoms are four-fold coordinated 

throughout the structure. However, while inside each domain the 

oxygen atoms have square-planar configuration, those at the bound- 

aries form very distorted tetrahedra. The main feature of this model 

is that the oxygen stoichiometry does not change at the twin walls and 

that there are no copper atoms in three-fold coordination. Another 

configuration for which the composition does not change at the twin 

walls, is represented in Figure 6. In this case the copper-oxygen layer 

at z = 0 (basal plane) has composition CuO, instead of CuO, and the 

extra oxygen needed to increase the oxygen content is contributed by 

the two BaO layers located below and above the basal plane. In other 

words, we have here two structures of BaaYCusO,,, one inside the 

domains with the usual sequence 

. ..(BaO).[(CuO),(BaO),(CuOz),(Y),(CuO~)~(BaO)~l(CuO)~... 

and one at the boundary, with sequence 

The oxygen atoms are removed from their usual positions so 

that the twinned domains are the pseudo-mirror images of each other, 

as required by the twin operations (liO), or (1 IO),, and the copper 

atoms at z = 0 are in four-fold planar and five-fold pyramidal 

coordination (Figure 6b). The models represented in Figures 7 and 8 

have oxygen stoichiometry x > 7 at the twin boundaries. In the case 

of Figure 7, the copper atoms located on the two consecutive diagonal 

rows forming the twin wall have five-fold pyramidal coordination and 

the composition at the wall is x = 7.5. In the case of Figure 8, the 

twin wall is formed by three consecutive parallel diagonals. The one 

in the center has copper atoms with six-fold, octahedral coordination 

and composition x = 8.0, and the other two, copper atoms in five-fold, 

pyramidal coordination with stoichiometry x = 7.5. 

Twin walls of the type illustrated in Figures 7 and 8 imply that 
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oxygen stoichiometries with x > 7.0 could well exist, and that the 

upper limit of the composition range depends on the density of the 

twin boundaries present in the sample. Both of these conclusions are 

not supported by the experimental results obtained so far on this 

system. In addition, some of the oxygen needed to form the bound- 

aries would be located on the sites O(5) and, as we have mentioned 

before, there is no evidence that these sites are partially occupied in 

orthorhombic BasYCusO,. It seems therefore reasonable to exclude 

these two models from any further consideration. Similarly, the model 

of Figure 6 can be excluded not only because it implies partial 

occupancy of sites O(5), but also because sites O(1) have never been 

found less that fully occupied. Furthermore, the formation of twin 

walls of this type would require large cooperative oxygen displace- 

ments that are rather unlikely to occur. Oxygen deficient twin 

boundaries such as those illustrated in Figure 4 predict that twinned 

samples having composition x = 7.0 cannot exist and that the twin 

boundary density of the material must decrease with increasing oxygen 

content. Again, there is no evidence supporting these conclusions. A 
further, important reason for rejecting an oxygen deficient model is 

that it contains a significant fraction of copper atoms in three-fold 

coordination. This configuration has never been found before for 

copper, and is less favorable energetically than either two-fold or 
four-fold coordination (32). In addition, nuclear quadrupolar 

resonance spectra have shown no evidence of three-fold coordinated 

copper in a sample of BasYCus0e.z (33). 

The model of Figure 5 contains oxygen-oxygen pairs across the 

interface with strong repulsive interactions (34)(35) rendering this 

type of boundary energetically unfavorable. This situation, however, 

can be compensated because the structure may assume unstable 

configurations that minimize the total boundary energy (36). In view 

of this possibility the model, which has been derived also in a number 

of electron microscopy studies (37)(38), will be adopted in the present 

discussion to represent the twinned structure of BasYCusO, for the 

composition x = 7.0. 

2.3 Oxygen Vacancy Ordering in Ba2YCu30, 

One of the most important aspects of the structure of Ba,Y 

CusO, is the local arrangement of the oxygen atoms on the basal plane 
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of the unit cell for compositions comprised between x = 6.0 and x = 

7.0. X-ray and neutron powder diffraction methods usually reveal 

only the average structure, and, although we can measure rather 

precisely the occupancy factors of the oxygen sites with these 

techniques, we obtain no information about the configuration and the 

possible ordering of the atoms on a microscopic scale. For this reason 

electron diffraction and high resolution electron microscopy have been 

used extensively to study oxygen-deficient Ba,YCu,O,. 

Werder et al. (39) have observed diffuse scattering in electron 

diffraction patterns of samples of Ba,YCu,0,.,_,.7 prepared with a 

gettering annealing technique. The diffuse streaks have maxima at Q 

= (h,k,l) + q with q = (l/2,0,0), (2/5,0,0) and (3/5,0,0). These results 

have been interpreted as due to short-range ordering of the oxygen 

vacancies. Clearly, grains with q = (l/2,0,0) have, in a short-range 

sense, every other row parallel to the b-axis totally vacant, so that the 

a-axis is doubled. The atomic configurations corresponding to q = 

(2/5,0,0) and (3/5,0,0) are more complex, and no interpretation for 

these cases has been given. The streaks have the shape of ribbons 

parallel to the reciprocal c* -axis, thus showing that there is no 

ordering along the c-axis. In these low-temperature annealed samples, 

diffuse scattering was observed only in the range of composition 6.6 

I x 5 6.7 and in samples with a high twin density of the order of IO5 

boundaries/cm2. 

These results have been confirmed by Fleming et al. (32) in a 

single-crystal x-ray scattering study of samples of composition x = 6.7. 

Although the single crystals used in the experiment were twinned, it 

was possible to determine the doubling of the a-axis. The coherence 

length associated with the diffuse peaks was estimated from the peak 

width to be of the order of four or five unit cells in the basal plane, 

and of one unit cell along the c-axis. This result shows that the chains 

are correlated in the basal plane, but uncorrelated along the c-axis. 

The ordering of the oxygen vacancies along the a-axis is plausible 

from the energetic point of view. In fact, let us consider the two 

ordering schemes represented in Figure 9 (32). If we assume that the 

oxygen-oxygen pair interaction energy along the a-axis (i.e., along the 

direction with no copper between the oxygen atoms) is negligible, then 

the configuration of Figure 9b has lower energy than that of Figure 

9a because, as we have mentioned earlier, three-fold coordination of 

copper is less favorable than either two-fold or four-fold coordina- 
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I (0) (b) 
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Figure 9: Ordering schemes of the oxygen atoms on the basal 
plane of the structure of Ba,YCu,O,_,. Model (a) has copper in 
three-fold coordination. Model (b) shows vacancies concentrating 
on single chains and causing a short-range ordering along the a 
axis of the unit cell. 

Figure 10: Basal plane of the structure of Ba,YCu,0,.s7. In this 
model the short-range doubling of the a axis is clearly visible. 
The number of Cu(1) in three-fold coordination, however, is rather 
high (-12% of the total). 
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0 0 0 0 0 0 0 0 0 0 0 

63 c3 
0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 

Q 
0 0 0 0 0 0 0 0 

0 0 0 0 0 0 

Q 
0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 

(b) 

Figure 11: Models of the structures of Ba,YCu,O, for x = 6.85 
(Figure a) and x = 6.15 (Figure b). Both structures are based on 
a unit cell of parameters 2fia,: 2fia,: 3a, where a is the basic 
perovskite parameter. Also in this case some of the Cu(1) atoms 
are in three-fold coordination. 
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tion. Formation of random vacancies on the chains is not favored 

because they would produce large numbers of copper atoms in 

three-fold coordination and, as a consequence, the oxygen vacancies 

tend to concentrate on single chains (30)(32). This suggests that the 

oxygen deficient material will order preferentially along the a-axis 

with periodicities determined by oxygen stoichiometry. 

Systematic electron diffraction studies of BasYCusO, samples 

with different values of x have, in fact, shown that the oxygen 

vacancy ordering depends on the value of x (30). For x N 6.5 the 

continuous diffuse streaks parallel to c* have interceptions with the 

reciprocal (a*,b*) plane that can be indexed on a unit cell of parame- 

ters 2a, x a, x 3a,, where a, is the basic parameter of cubic perovskite. 

The corresponding model is shown in Figure 10 showing a short range 

doubling of the a-axis, in agreement with previous results. For x N 

6.15 and x H 6.85, the intersections on the (a*,b*) plane can be 

indexed on a unit cell of parameters d2a, x d2a, x 3a,. The models 

corresponding to these two compositions are illustrated in Figure 1 la 

and Figure 11 b. The two atomic arrangements are clearly equivalent, 

in the sense that they have the oxygen atoms and the vacancies 

interchanged. More complex ordering schemes have been observed in 

samples slightly heated by the electron beam of the microscope. Such 

cases, however, are very complex and no models to describe them have 

been proposed. 

The existence of vacancy ordering has also been predicted 

theoretically by ground-state calculations of ordered superstructures 

in the basal plane of BasYCusO, (36)(40). This analysis, based on 

oxygen-oxygen pairs interactions, shows that, for x = 7.0, the most 

likely structures to be found in practice are: (i) a simple cell with 

plane-group symmetry P2mm (41), corresponding to the three-dimen- 

sional orthorhombic phase Pmmm; and (ii) a disordered structure with 

plane-group symmetry P4mm, corresponding to a three-dimensional 

tetragronal phase P4/mmm which would form by heating the 

orthorhombic BasYCusO, ,, at constant oxygen content. For x = 6.5 

the theory predicts two double cells of planar symmetry P2mm with 

the a- or b- axis doubled. The first of these cases is the one discussed 

previously and determined by diffuse scattering in the electron 

diffraction patterns. 

The existence of intermediate structures with various schemes 

of short-range oxygen ordering on the basal plane, indicates that the 



166 Chemistry of Superconductor Materials 

transition from the orthorhombic to the tetragonal phase is an 

order-disorder transition of second or higher order. Other results, 

however, support the view that the orthorhombic phase with x < 7.0 

is unstable with respect to decomposition into a mixture of orthor- 

hombic and tetragonal phases (42). High-resolution transmission 

electron microscopy studies (43)(44) have shown intergrowths of 

lamellae of the orthorhombic and tetragonal structures, having a 

thickness of several hundreds of A and stacked alternately and almost 

regularly along the common (110) direction. Local variation of the 

lattice parameters of the a- and b-axes have also been detected 

(38)(44), and these results are consistent with the theoretical conclu- 

sions of Khachaturian et al. (45), postulating the existence of decom- 

posed samples having a microscopic distribution of stoichiometric 

orthorhombic and tetragonal phases. Microstructural inhomogeneities 

have also been observed by high-resolution single-crystal x-ray 

diffraction (46) and have been related to the observed granular 

superconductivity showing a discrete distribution of critical tempera- 

tures for individual grains of the material (47). 

If the coexistence of the two phases is the equilibrium 

condition for the system BasYCusO,, then the structural changes 

taking place at high temperature should be interpreted as a two-phase 

decomposition rather than an order-disorder transformation. The 

intermediate ordered phases described previously, then, have to be 

regarded as unstable or metastable transient states that occur during 

the low temperature decomposition of the material. The existence of 

such states during decomposition processes is not uncommon and 

Khachaturian and Morris (48) have in fact predicted the existence of 

a homologous series of transient ordered structures for BasYCusO,, 

having compositions x = 7 - n/(2n t l), where n is an integer. Thus, 

the type of ordering is a function of x, in agreement with previously 

discussed results (30), and, during decomposition, the structures of the 
decomposing phases pass sequentially through the series of configura- 

tions corresponding to the integral values of n and schematically 
illustrated in Figure 12. 

In all the cases discussed so far, the short-range ordering of 
the oxygen atoms has a coherence length of four or five unit cells in 

the directions of the a- and b-axis, that is, the oxygen atoms are 

clustered in chains having a length of about 20A. Although the 

three-fold coordinated copper atoms are much less numerous in this 
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Figure 12: Short-range ordering of the oxygen atoms on the 
basal plane of the structure of Ba,YCu,O,, as proposed by 
Khachaturian and Morris [48]. The composition corresponding to 
these ordering schemes is given by x = 7-n/(2n + 1) with n = 
0,1,2 and n --t 00. 
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a 

b 

Figure 13: (a) In this figure, the model of Figure 10 has been 
modified to reduce the number of Cu(1) atoms in three-fold 
coordination with Cu(l) in tetrahedral coordination; (b) Total 
substitution; short-range ordering and stoichiometry are identical 
to those of Figure 10. 
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configuration than in a random distribution of vacancies, still their 
number is highly significant. For example, 12% of them have this 
unusual coordination in the model of Figure 10. This problem can be 
easily avoided if we accept the idea that first neighbor oxygen- 
oxygen pairs of the type illustrated in Figure 5 can exist, either as 
such, or in configurations that minimize the repulsive interactions. 
Taking again the model of Figure 10 as an example, it is possible to 
reduce the copper atoms in three-fold coordination from 12% to 8O/6 
by shifting just a few oxygen atoms from their original positions 
(Figure 13a.). Working on the same principle, it is not difficult to 
build a model in which no three-fold coordinated copper exists and in 
which all the characteristics pertinent to a short-range doubling of the 
a-axis are preserved (49). A model like the one illustrated in Figure 
13b, for example, does not have any copper atoms in three-fold 
coordination and also explains how twin boundaries may form in the 
orthrhombic phase. In fact, for the composition of Figure 13b, the 
average symmetry of the material is tetragonal, and the interface 
indicated with a broken line may be considered the precursor of a 
twin boundary described by Iijima et al. as “incipient twinning” (50). 

2.4 Mechanisms of Oxygen Elimination From the Structure of 
Ba2YCu,0X 

The short-range ordering of the oxygen atoms reviewed in the 
previous paragraph, is intimately related to the oxygen stoichiometry 
and to the mechanism by which oxygen can be added to, or eliminated 
from, the structure of BasYCusO,. A structural model for the 
reduction process has been recently proposed by Alario-Franc0 and 
Chaillout (51). These authors start with the model of Figure 1 la based 
on a cell of sides 2 <2a, x 2 r2a, x 3a, and corresponding to the 
composition x = 6.875, and gradually eliminate the oxygen atoms 
located on the same rows where vacancies were originally present, 
rather than at random, in order to minimize the number of copper 
atoms in three-fold coordination. At the composition x = 6.5, the 
structure with the short-range doubling of the a-axis is obtained, and 
the process is carried on until complete elimination of oxygen from 
the basal plane is achieved. The actual removal of oxygen is viewed 
first as a displacement of an atom from the site O(4) at (0,1/2,0) to the 
site (l/2,1/2,0) at the center of the mesh, and then as a diffusion 
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a b 

Figure 14: Mechanism of oxygen elimination from the structure 
of BaaYCu 0 s 7.-,. (a) As an effect of temperature increase, atom A 
may jump into position A’; (b) As a consequence of this shift, 
atom B may jump into position B’, C into C’ etc., thus causing a 
correlated motion of the oxygen atoms terminating with the 
expulsion of half oxygen atom from the structure; (c) Atom C now 
may jump into positions C’ or C” generating a second cascade 

(continued) 
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through the “tunnels”, or channels, running along the b-axis through 
the positions (l/2,1/2,0) and (l/2,0,0). 

A model of oxygen elimination in BasYCusO,, however, has 
to take into consideration, and be consistent with, a number of 
experimental results. First of all, it has to take into account the 
presence of twinning in the orthorhombic phase and explain the 
observed movement of the twin walls when the oxygen stoichiometry 
is varied, then it has to be consistent with a very fast diffusion 
process, and finally, it has to be based on an atomic configuration for 
which the three-fold coordinated copper atoms are present only in 
very small numbers or are totally absent. A possible mechanism that 
satisfies all these requirements is schematically illustrated in Figure 14 
(49).’ Let us assume that, initially, we have a twinned sample of 
composition x = 7.0, and let us suppose that the temperature of the 
sample is being gradually increased. In these conditions it may happen 
that one of the oxygen atoms located at a twin boundary (e.g., atom A 
in Figure 14a), being subjected to both increased thermal vibrations 
and to repulsive interactions with the corresponding atom across the 
wall, jumps into position A’. As a consequence of this motion, atom 
B (Figure 14b) has two nearest neighbors, rather than one, and, due to 
the resulting repulsion operated by these two atoms, may be ejected 
into position B’, thus initiating a chain of events, indicated with 
arrows in Figure 14b, ending with the elimination of a half oxygen 
atom from the grain. In the resulting configuration (Figure 14~) there 
is one copper atom. in three-fold coordination, a situation that we 
assume to be unstable and that may be changed only if atom C moves 
into position C’ or C”. In either case, a second chain of jumps starts, 
ending again with the elimination of an additional half atom of oxygen 
and leaving one copper atom in two-fold coordination (Figure 14d). 
At this point atom D, which has, again, two nearest neighbors, will 
very likely move into position D’, and the process will continue as 
before until a whole row of two-fold coordinated copper atoms is 
formed (Figure 14e). In agreement with experimental results (28), the 
elimination of oxygen predicted by this model is accompanied by a 
continuous movement of the twin walls in the region of the grain 

’ In this figure, as well as in all the others representing the level at 
z = 0, the oxygen atoms below and above each copper atom are not 
shown for clarity. 
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Figure 15: Short range ordering, according to Khachaturian and 
Morris [48], generated by the elimination mechanism illustrated in 
Figure 14. 
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involved in the reduction process. In addition, the cascade-like, 

correlated, sequence of atomic jumps postulated by the model to 

describe the loss of oxygen, can occur very rapidly, in agreement with 

the very fast diffusion process observed experimentally. If we 

eliminate with the same technique the oxygen from every third row in 

our model, we obtain the atomic configuration of Figure 15, which has 

one of the short-range ordering schemes predicted by Khachaturian 

and Morris (48) and, from this, it is possible to generate all the other 

structures of the homologous series postulated by these authors for 

BasYCusO,. It is worthwhile to note that in none of the structures 

generated by this method is there three-fold coordinated copper 

(Figures 14d, 14e, 15a, and 15b). 

2.5 Metal Substitutions 

Systematic substitution of trivalent rare-earth atoms for Y and 

of impurity transition metal atoms for Cu in BasYCusO,, and 

determination of the effects that the substituents have on the super- 

conducting transition temperature of the resulting compounds, may 

provide a method for studying the possible mechanisms of supercon- 

ductivity and for investigating which structural feature is relevant to 

high values of T,. In addition to this, ceramic processing properties 

such as densification and microstructure, may depend on the presence 

and nature of dopants, and reactions with the substrates may modify 
the superconducting properties of the materials being used in the 

fabrication of these films. It is not surprising, therefore, that 

substituted and doped samples of BasYCusO, have been investigated 

very intensely in the last three years. 

The crystal chemistry of BasRCusO, has been systematically 

studied by single-crystal and powder diffraction methods with R = La, 

Pr,... Yb, in addition to the conventional yttrium compound [(52)(53) 

(54) and references therein]. With the exception of La, Pr, and Tb, the 

substitution of Y with rare-earth metals has little or no effect on the 

superconductivity, with the values of T, ranging from 87 to 95K. 

Also, a relatively small change is observed in the cell constants of 

these compounds. The La, Pr, and Tb-substituted materials are not 

superconductors. A detailed structural analysis of the Pr case (52) did 

not show any evidence of a superstructure or the presence of other 

differences with the atomic configuration of the yttrium prototype. 
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The possibility that Pr atoms may occupy some of the Ba sites has 

been taken into consideration, but no results for this type of substitu- 

tion have been presented so far. As expected, the interatomic distances 
involving R atoms depend strongly on the values of the ionic radii of 

R. On the other hand, the distances that do not involve those atoms 
show only a weak or no dependence on the nature of R. 

Far more complex from a crystallographic point of view are 

the compounds formed by substitution of Cu by impurity metal atoms. 

The complexity is due to the fact that the substituents may replace 

copper atoms located on two sets of non-equivalent sites, one, Cu(2), 

at (O,O,z) and the other, Cu(l), on the basal plane of the unit cell at 

(O,O,O), where the oxygen vacancies are also present. The general 

formula for this class of materials may be written as Ba,YCus_,M,O,, 

and the most interesting cases studied so far are those where M = Fe, 
Co, Ni, Zn, Ga, and Al. Examples showing the stoichiometry, the 

type of substitution, and symmetry of these compounds are given in 

Table 4. The data in Table 4 show that some elements, such as Zn 

(and probably Ni) substitute preferentially copper atoms Cu(2), while 

others (e.g., Fe and Co) at first substitute Cu(1) and, when their 

concentration becomes large, begin to replace Cu(2). An additional 

interesting feature is that the oxygen stoichiometry may be larger than 

7.0 and that the symmetry is not related to the oxygen content in the 

same way as in the undoped material. In all cases the value of T, 

decreases with increasing amounts of impurities (58)(60), and such a 

decrease is much more pronounced when the substitution involves 
copper atoms of the Cu(2) sites than copper atoms of the Cu(1) sites. 

This observation has been taken as evidence that the integrity of the 

buckled CuO, planes at (O,O,z) is much more important for sustaining 

high T, superconductivity than that of the chains running along the 

b-axis of the structure (55). 

The number of impurity atoms, the oxygen stoichiometry, and 

the symmetry of many of the compounds listed as examples in Table 

4, provoke some thoughts about the configuration of the oxygen on 

the basal plane of the unit ceil. In almost all cases, oxygen is incorpo- 

rated in the structure above the limit x = 7.0, and neutron diffraction 

studies have shown that this excess is distributed over the O(4) and O(5) 

sites (55-58). Since copper should retain the square-planar coordina- 

tion, we assume that the extra oxygen surrounds the M atoms so that 

their average coordination becomes larger than four. The possible 
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TABLE 4. Examples of Compounds Formed by Substitution of 
Copper by Impurity Metal Atoms. 

Cu(2) Sites Cu(1) Sites Oxygen Synmn. Ref. 

Stoichiom 

Ba2Y KU(~), 82Zno 18 1 [Cu(l) . . 1 O&80(6) Of (55) 

8a2Y (CUE 1 [CUE +a0 24 1 O7.01(9) T (55) . . 

Ba2Y NM2 I [W)~ 84q) 16 1 O7.0 
T (56) . . 

Ba2Y NW2 ’ (CU(1)0.77Fe0.23(3)1 '7.13 T (57) 

8a2Y rCU(2)l.86Fe0.14(5)1 (CU(1)0.69Fe0.31(3)1 '7.15 T (56) 

8a2Y (CUE ) (cu(1)0.78co0.22 1 O7.04 
T (58) 

8a2Y (cu(2)l g~~~o~~o 1 ~cu(1)O~27coo~73 1 O7.30 
T (58) 

(‘) 0: orthorhombic. T: tetragonal 
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coordinations of the M atoms depend on the distribution of the oxygen 

atoms over the neighboring sites O(4) and O(5). If both these positions 

are occupied, then each atom M will be surrounded by two atoms O(l), 

two O(4) and two O(5), forming a distorted octahedron. If the 

octahedra are randomly distributed and isolated, the required oxygen 

in excess over the composition x = 7.0 is in the ratio 0:M = 2: 1. This 

ratio decreases if the octahedra are grouped into clusters, and it would 

become 1:l if all the Cu(1) sites were occupied by M atoms (in this 

case we would have x = 8.0). If only one site O(5) is occupied by 

oxygen, the coordination of M is five-fold pyramidal. The excess 

oxygen needed for isolated pyramids is 0:M = 1:l and the oxygen 

stoichiometry would become x = 7.5 if all the sites (O,O,O) were 

pyramidal. Finally, the M atoms can be four-coordinated by two O(l), 

one O(4), and one O(5) forming a very distorted tetrahedron. Obvious- 
ly, for this coordination there is no increase in the oxygen stoichiome- 

try above x = 7.0. Thus the amount of the excess oxygen in the 

structure depends on the number of the substituting M atoms and on 

their coordination and distribution over the Cu(1) sites. 

Models of the atomic configuration of BasYCus_yM,O, have 

been discussed in a number of cases. Miceli et al. (58) consider a 

value of x = 6.93 as the maximum oxygen concentration of the 

undoped BasYCusO, (a value of x < 7.0 is invoked in order to allow 

the Ba atoms to bind not only to the O(1) and O(4) atoms, but also to 

the rest of the structure. Furthermore, values of x between 6.91 and 

6.96 rather than 7.0 have been obtained in many neutron powder 

diffraction experiments using samples of BasYCusO, annealed in 

oxygen). With this composition limit, the extra oxygen incorporated 

in the Co-substituted materials of Table 4 would be in a ratio of about 

0:Co = 1:2. This compositional relation has been explained with the 

possible existence of Co-O-Co groups, in which the extra oxygen atom 

could share one electron from each of the Co neighbors. The axial 

nature of these pairs may also cause some sort of short range orientati- 

onal ordering. This model, however, does not explain the transition 

from orthorhombic to tetragonal symmetry that has been found to 

occur at very low concentrations of cobalt (61). 

A more detailed analysis of the possible oxygen configurations 

in Ba,YCu,_,M,O, has been made for M = Fe (57)(62), and the 

conclusions obtained for this case have been extended also to the 

Co-doped material. The values x = 7.13 and x = 7.15 of the samples 
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in Table 4, correspond, approximately, to one extra oxygen for every 

two Fe atoms on the basal plane, and this 0:Fe ratio would be even 

larger if we would adopt a composition limit x < 7.0, as proposed in 

reference (58). This means that the average coordination of the Fe 

atoms is larger than four. A possible model corresponding to the 

formula BaaYCu(2)s.u(Cu( 1),,77Fe,,23)07~1s is shown in Figure 16. In 

this configuration, the Fe atoms assume tetrahedral, pyramidal, and 

octahedral coordination, consistently with the results of Mossbauer 

spectroscopy (63), and are clustered along the diagonals of the unit 

cell, thus acting as a sort of twin walls. Electron microscopy results 

(57) indicate that this ordered clustering of the impurity atoms is not 

correlated along the c-axis and, therefore, crossings of domains may 

occur in this direction. Electron micrographs of samples with 

variable values of y (64), show for y < 0.06, twin lamellae similar to 

those obtained for the non-doped orthorhombic phase. For y > 0.06, 

these lamellae begin to develop along both of the (110) and (1 TO) 

directions, resulting in a cross-hatched pattern of bands having 

spacings much smaller than those for y < 0.06. The model of Figure 

16 is not consistent with these results and does not explain why the 

symmetry becomes tetragonal at very low concentrations of the 

impurity atoms. 

We may try to interpret the substitution of the copper atoms 

and the consequent rearrangement of the oxygen atoms on the basal 

plane of the unit cell of Ba,YCu,_, M 0 y x, by using the same mecha- 

nism adopted before to describe the elimination of oxygen from the 

structure of BasYCusO, (49). Let us suppose that the impurity atom 

M has a strong preference for octahedral coordination (case of iron 

and cobalt, (65)). If the atom M substitutes one of the Cu atoms 

located on the twin boundaries, then the simplest way to arrange an 
octahedron around M is by moving the oxygen atoms A and A’ of 

Figure 17a into positions B and B’, respectively. This motion results 

in the configuration of Figure 17b in which one of the copper atoms 

has two-fold coordination. In this situation there is no change of the 

oxygen stoichiometry,, unless the correlated jumps indicated by the 

arrows take place, with consequent incorporation of one oxygen atom. 

In any case, this type of substitution does not cause a change of the 

twin boundaries or a reduction of the size of the orthorhombic 

domains in the grain. When the substitution occurs in the interior of 

a domain, however, the mechanism is very different. Let us consider 
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Figure 16: Model for the structure of Ba,YCu, 77Fe,_,,0,~,, as 
proposed in ref. [57]. The impurity atoms (full cikles) assume in 
this model tetrahedral, pyramidal, and octahedral coordination and 
are clustered along one of the diagonals of the unit cell. 
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a 

b 

Figure 17: Possible mechanism for arranging octahedral coordina- 
tion around an impurity atom (full circle) located on the twin 
boundary. (a) Atoms A and A’ jump into B and B’, respectively. 
(b) Resulting structure with unchanged stoichiometry and with one 
Cu(1) atom in two-fold coordination. The stoichiometry may be 
changed by shifting the atoms as indicated by the arrows. 
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a 

b 

Figure 18: Possible mechanism for arranging octahedral coordina- 
tion around an impurity atom located on the interior of a grain. 
(a) Shifts of the atoms are indicated by the arrows. (b) Resulting 
structure. With this mechanism the oxygen stoichiometry becomes 
larger than 7. The twin walls move as a consequence of the 
rearrangement of the oxygen atoms and cross-twinning becomes 
possible. 
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the case of Figure 18a. The six-fold coordination of the M atom may 

be obtained by shifting the oxygen atoms as indicated by the arrows, 

and now incorporation of oxygen is necessary to avoid the presence of 

three-fold coordinated copper. The configuration resulting from the 

rearrangement of the oxygen atoms, illustrated in Figure 18b, shows 

that the orthorhombic lamellae comprised between parallel twin 

boundaries are thinner than before and that a cross-hatched pattern, 

of the type observed in electron microscopy studies (64) is forming 
because the twin walls begin to develop in both the (110) and (ITO) 

directions. More important, however, is that the model proposed here 

for the substitution of copper, shows that the size of an orthorhombic 

domain may be halved just by introducing one impurity atom, and it 

is possible to show that the domain structure on the basal plane can be 

disrupted by the presence of 3-5% of atoms M. This mechanism, 

therefore, may explain why the diffraction methods detect tetragonal 

symmetry at very low concentrations of M. The substitution in the 

interior of a domain may take place, however, also without incorpo- 

ration of extra oxygen. The cooperative oxygen shifts necessary to 

accomplish this are indicated in Figures 19a and 19b. In this case one 

copper atom acts as an oxygen donor and remains in two-fold 

coordination, while the substituting atom becomes six-coordinated, or 

two of them assume five-fold, pyramidal coordination. This type of 

oxygen rearrangement may be used to explain symmetry and composi- 

tion of substitution compounds such as BasYCu, s4Al,, re0, a. The 
model illustrated in Figures 20a, band c is an example in which all the 

impurity atoms are octahedrally coordinated and the composition is y 

= 0.11 and x = 7.0. Incorporation of oxygen, if needed, can be easily 

accomplished with the mechanism of correlated jumps illustrated in 

one of the previous sections. From Figure 2Oc it is obvious that the 

symmetry of the average structure is tetragonal even at low concentra- 

tions of the M ions, in agreement with experimental results; e g., 

(66-68). It is also clear that, according to our model, short-range 

order can easily occur in these structures. 



Defective Structures of Ba2YCu30, and Ba2YCu3-,h$Oz 183 

a 

b 

Figure 19: Possible mechanisms of formation of five-fold and 
six-fold coordination around impurity atoms without change of the 
oxygen stoichiometry. (a) Shifts of the atoms are indicated by the 
arrows. (b) Resulting structure. 
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Figure 20: Possible mechanism of formation of the compound 
Ba,YCu 2.89M,-, ,,O, o with M in six-fold coordination. (a) Shifts of 
the atoms are’ indicated by the arrow. (b) Intermediate structure. 
(c) Resulting structure. 
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Crystal Chemistry of Superconduc- 
tors and Related Compounds 

Anthony Santoro 

1 .O INTRODUCTION 

It is customary to describe the structures of superconductors 

in terms of known structural types. For example, the structure of 
BasYCusO, has been related to that of perovskite, while the atomic 
arrangement of Ba- and Sr-doped LasCuO, has been found to be 
isomorphous with that of KsNiF,. Similarly, the superconductors 

belonging to the systems Bi,Sr,Ca,_,Cu,O,,+, and T12Ba2Can_102n+4 
have been compared with the Aurivillius phases, although these phases 
have some important features different from those found in the 
superconductors. These descriptions are useful for the purpose of 
classification, but they do not permit one to easily compare the various 
structures and to find common structural features, if they exist. As 
the number of superconductors found so far (and of materials 
structurally and chemically related to them) is rather large, it would 
be advantageous to discuss the crystal chemistry of these important 
compounds in terms of a coherent scheme providing not only a basis 

for the description of the crystal structures of the known materials, 
but also a starting point for the search of new compounds. 

Fortunately, the known superconductors belong to a broad 
class of inorganic compounds in which the atoms have a layered 

configuration. Therefore, they can be classified and compared to one 
another by specifying the composition, the type and the sequence of 
the layers contained in the unit cell of the structure. This approach is 
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not new. In a study of the homologous series Sr,.,+lTinOsn+l, Ruddles- 
den and Popper (l)(2) describe the structures of the various com- 
pounds in the series in terms of perovskite-type slabs interleaved with 
layers containing Sr and 0 and having a rock salt configuration. This 
description was later applied to compounds of general formula AsBX, 
(which include Ba- and Sr- doped La,CuO& (3)(4), and extended to 
a larger class of superconductors of composition mAO.nACuOs, where 

A is a large cation such as Ba, Bi, Ca, Sr, or Tl, and m and n are 
integers (5). In what follows we will generalize this treatment to the 
point of being able to give a unified description of the crystal 
chemistry of all the known superconductors. 

2.0 DESCRIPTION OF LAYERED STRUCTURES 

Oxide superconductors and related compounds can be easily 
described in terms of layers having composition AX and BX, (6). For 
example, in the structure of an idealized cubic perovskite ABX, 
(Figure la), the first layer perpendicular to the c-axis has composition 
BX,, with the B atoms at the corners of a square mesh and the X 
atoms at the midpoints of the edges. This configuration may be 

represented with the symbol (BX,),, indicating not only the composi- 
tion of the layer, but also the choice of origin. A symbol like (BX,),, 
therefore, represents the same layer with a different choice of origin, 
i.e., with the atom B at the center of the mesh and the X atoms at the 

midpoints of the edges. These two configurations can be derived from 
one another by shifting the origin by a vector ?= l/2(;+ %), i.e., we 

may write (BX,), = (BX,) ++,,) and (BX,), = (BX,),(,+,), where the 
subscript (x + y) indicates that the origin of a layer o or c is shifted by 

the vector i’= l/2(2+ 2) to give a layer (BX,), or (BX,),. The next 
layer along the c-axis has composition AX, with the atom A at the 
center of the mesh and the X atoms at the corners, a situation which 
may be expressed with the symbol (AX),. Also in this case we have 

(AX), = (AX),(,+r) and (AX),, = (AX) ++,,) where (AX), is a layer 
AX with A at the origin of the mesh and X at the center. The 
structure of perovskite, then, may be represented with the following 

sequence of layers: 

. . . [(BX,),(AX),l(BX,),(Ax), --- (1) 
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Figure 1: Crystal structures of (a) perovskite, and(b) rock salt. The 
axes a and b of rock salt are used in our description of the structure, 

and the axes a’ and b’ are those defining the conventional face-center- 
ed cell. 
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where the layers contained in one unit cell are enclosed in brackets. 
If the origin of the unit cell is shifted by (l/2, l/2, l/2), this 
representation becomes: 

-.- [(AX),(BX,),l(AX),(Bx,), . . . (14 

In a similar way we may represent the structure of rock salt, illustrat- 
ed in Figure lb, with the sequence 

. . . [(AX),(AX),l(AX),(AX), . . . (2) 

The origin of an o or c layer may be shifted also by the vectors 
t, = (1/2)a or t,, = (1/2)b, and we may indicate this with the subscripts 
ox, oy, cx, and cy. It is easy to verify that 

(BX2Lx = 03X,),, and 03X,), = (BX,),, (3) 

and 

(AX),, = (AX),, and (AX),, = (AX),,, (34 

In addition, the composition of the layers AX and BX, may 
vary, i.e., some or all of the atoms X may be missing. Layers of this 
sort may be called “defective” and they have compositions A and BX 
(the case of a layer of composition B is identical to A). All possible 
meshes of full or defective layers of type AX and BX, are illustrated 
in Figure 2. 

A formulation of structures by layers, such as that represented 
by the sequence (1) or (2), allows one to derive in a simple way the 

coordination of the atoms. In the case of perovskite, for example, the 
atom A of a layer (AX), is surrounded by twelve atoms X, four 

located at the corners of the same mesh, and eight at the midpoints of 
the edges of the (BX,), layers above and below (AX),. The coordina- 
tion polyhedron is a cuboctahedron. In the case of the rock salt 
structure, the atom A of a layer (AX), has coordination six, being 
surrounded by four atoms X at the corners of the same mesh, and by 
two atoms X at the center of the meshes (AX),, above and below 

(AX),. In this case the coordination polyhedron is an octahedron. 
The relationship between perovskite, Ba,YCu,O,,, and 
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Figure 2: Possible meshes used to describe the layered structures of 
superconductors and related compounds. 
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Ba,YCu,O,.,, is illustrated in Figure 3, where deviations from ideality 
due to distortions and minor displacements of the atoms are ignored. 

The three structures can also be easily understood and compared by 
representing them as sequences of layers, some of which are defective, 

according to the following scheme: 

NBX,),(JW,~(BX,), W), @X2)o (W, (BX210 ... Perovskite 

KCuO),(BaO),(CuO~), (Y), (CuOJ, (BaO),l (CUO)~ . . . Ba2YCug07 (4) 

[(Cu), WO)c(Cu02)o P), (Cu02), (BaO),l (Culo . . . Ba2YCu306 

In this case B = Cu and X = 0, while A represents yttrium and 
barium atoms in an ordered sequence. This order, together with the 
particular distribution of the oxygen atoms, induce the tripling of the 
c-axis of the perovskite cell, clearly indicated in the scheme above. 
The structure of Ba,YCu,O, has two defective layers. The first is the 
yttrium layer in which all the oxygen atoms are missing. The second 
is the layer at z = 0 (basal plane) which has the configuration of a 

(BX,), layer in which two or all of the oxygen atoms at the mid-points 
of opposite edges have been removed to give Ba2YCu,07, or Ba,Y- 

CusOe, respectrvely. 

The structure of La,CuO, (K,NiF,-type) is illustrated in 
Figure 4 and is represented by the following scheme: 

. -. WX2)o (AX), (AX), (BX21c (AX), (AX),] (aX2)0 . . . A2BX4 

. . . [(Cu02)o(LaO),(Lao),(Cu02),(LaO),(La0),1(Cuo~)o . . . La2Cu04 (5) 

The description of this structure is more complicated than that 
of Ba,YCu,O,. There are six layers in the unit cell of this structural 
type and they can be viewed in two quite different ways. In the first 
interpretation, we divide the six layers into two blocks of three layers 
each, the first being (AX),(BX,),(AX), and the second (AX),(BX,), 
(AX),. These layers and these sequences are typical of perovskite and, 
therefore, in this description the structure is considered to be made of 
two perovskite blocks related to one another by a shift of origin of 7 

= (l/2$ + T;). We may also regard the structure, however, as 

containing alternate blocks of perovskite (layers (BX,),,,) and rock salt 

(layers (AX),,,(AX),,J. As before, the unit cell is made of two 
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Figure 3: Comparison of the structures of perovskite (ABX,), 
Ba,YCu,07, and Ba2YCu,0,. The scheme at the bottom of figure 
shows the description of the three structures layer by layer. 
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Figure 4: Structure of K,NiF,. The scheme at the bottom of figure 
represent the description by layers of La2Can_1Cun02n+2 for n = 1 and 
n = 2. 
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identical parts, related to one another by a shift t of the origin, one 
made by the layers . ..(BX.),(AX),(AX), and the other by the layers . . . 

(BX,),(AX),(AX), . . . 
This second interpretation is preferable to the first for at least 

two reasons. First, the A atoms are coordinated to nine X atoms (four 

on the same mesh (AX),,,, four on a (BX,),,, layer below or above, 
and one on another (AX& layer above or below (AX),,,) giving a 

configuration that can be thought of as a sort of capped polyhedron, 
one half of which is cuboctahedral like in perovskite, and one half 

octahedral like in rock salt. The second reason is that the compound 
La,CuO, is the end member of homologous series such as La,+lCu, 
0 3n+landLa2Can-lCuno2n+2 whose compounds have structures made 
of blocks of perovskite interleaved with blocks of rock salt. In fact, 

compounds belonging to the series can be generated from the structure 
of La,CuO, by substituting each layer (CUO~),,~ of La,CuO, with 

blocks . . . (Cu02),,,(LaO),,0(Cu02)0,c . . . in Lan+lCun03n+l and with 
blocks . . . (CuO,),,,(Ca),,,(CuO,),I, . . . in La2Ca,_lCu,02n+2. This 
configuration may be represented with the following scheme: 

H(cuo*), 

where the blocks of perovskite and rock salt type structures are 

enclosed in braces. All the structures represented in the above scheme 
are made of two identical halves related to one another by a shift of 

the origin of ?= (l/2)(;+ s), and, clearly, this property is common to 
all compounds in which the number of layers with the rock salt 

structure is even. 
The compounds belonging to the series (Bi,Tl),(Sr,Ba),Ca,_, 

CUn02n+4 are closely related to those belonging to La2Ca,_l CU~O~~+~. 
The main difference between the two series is in the thickness and 

chemical nature of the blocks with the rock salt structure. More 
specifically, the blocks . . . (LaO),,,(LaO),,, . . . of La2Ca,_lCu,02n+2 are 

replaced by blocks . . . (MO),,,(NO),,,(NO),,,(MO),t, . . . in M,N,Ca,_ 

lCUn02n+4~ where M = Ba,Sr and N = Tl,Bi. On the other hand, the 

configuration of the defective perovskite blocks is identical in the two 
cases, as shown by the scheme represented in Figure 5. 
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Figure 5: Layer by layer representation of the series M,N,Ca,_, 

C%%+4 (M = Ba, Sr and N = Tl, Bi) for n = 1, 2 and 3. 
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2.1 Structural Types of Superconductors 

Superconductors can be described and compared in a compact 
and logical way by deriving their structures from the basic atomic 

arrangement of perovskite. As we have mentioned earlier, the (BXs) 
and (AX) layers of perovskite form a regular succession according to 

the scheme: 

. . . (BX,),,=(AX),,~(BX,),,,(AX),,,(BXz),,, . . . (6) 

Such regularity, however, can be altered by modifying the 
sequence in appropriate ways. 

Let us consider first a layer (BX,). Immediately before and 
after it, there must be a layer of type (AX), as two consecutive layers 
(BX2) would generate an unreasonable atomic configuration with 
abnormally short oxygen-oxygen distances. This means that we may 
substitute a layer (BX,& only with a sequence 

P = W,),,c - (n- 1 MAX),,,@X2),,,J (7) 

where this expression represents a sequence made by a layer (BX,),,= 
followed by n- 1 bilayers (AX),,JBX,),,Jn = 1,2,3,...). This substitu- 
tion does not produce anything different from expression (a), unless 
we introduce in the sequence defects or compositional changes. For 
example, if we substitute the layers (BX,), in expression (6) alterna- 
tively with 

P = (CuO,),(Y),(CuO,),(n = 2) and P’ = (CuO), (n = 1) (8) 

we obtain the structure of Ba,YCu,O, ((AX), = (BaO), in this case). 

On the other hand, before and/or after a layer (AX) there may 
be a layer of type (BX,) or one of type (AX). This last case is possible 

because (AX) is characteristic of both the perovskite and the rock salt 
structures and, therefore, is structurally coherent with both (BX,) and 

(AX). A sequence ..(AX),,,(AX),,, . . . can consequently substitute the 
single layer (AX),,,, thus increasing the thickness of the rock salt 

monolayers (AX) present in the structure of perovskite. In this way, 
we may derive the structure of A,BX, (K,NiF, - type) from that of 

perovskite by substituting each (AX),,, in expression (6) with bilayers 
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(AX),,,(AX),,, (see expression (5)). 
Following the above discussion, it is now possible to define a 

general structural type built with alternating blocks having the 

perovskite and the rock salt structures, according to the scheme: 

. ..(R)(P)(R)(P)... (9) 

where P is defined by expression (7), and 

R = m.(AX) (m = 12 3 , , ,a*- ) (10) 

is a sequence of m layers (AX),,,(AX),,O . . . forming a block with the 
rock salt structure. We are now in a position to describe a fairly large 
number of superconductors and related compounds in terms of the 
general type represented by sequence (9). 

2.2 Compounds with the Perovskite Structure 

In these compounds, the blocks R of expressions (9) and (10) 
have m = 1, i.e., the rock-salt blocks are monolayers (AX). Important 
materials with the perovskite structure are represented in the scheme 
of Table 1, where they are compared to each other and to the general 
structural type discussed in the previous section. 

In the system Ba(Pb,_,Bi,)O,, the compound with x = 0.25 
must be considered the first discovered ceramic material showing 
high-temperature superconductivity (7). Structure determinations 
have been carried out over the entire range of composition (8)-( 11) 

and the refined parameters are presented in Table 2. Superconductivi- 
ty in this system exists only for values of x between 0.05 and 0.35. 
The value of the critical temperature increases with x, reaches a 
maximum value Tc N 13K for x N 0.25, and then decreases. For x > 

0.35, the material becomes a semiconductor. 
The compound NCuOs (N = Ca,&Sr,~,,) is an insulator, but its 

structure, which is a simple defect perovskite made of layers (CuO,) 
sandwiched between layers (N), can be considered as the parent 
structure of a large family of superconductors. The sequence 

. ..(CuO.),,~(N),,~(CuOz)o,c . . . is in fact one of the building blocks of 
many compounds considered in this review. The refined parameters 
for NCuOs are given in Table 3. 
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Table 1: Compounds with the perovskite structure. 

( P(i)) (Ri) ) 

. . [ u.oi& (W, 

. . r wq, W, 1 

..[(M02)o(Y), WZ)o (BaO)J 

..[(CUO,),(Y),(CUO~)~ UWc 

( pti+l)) ( Rtitl)) 

wyo (BaO)c ] BaL03, L = Pbl_xBix 

x = 0.25 

NCu02, N = Cal_xSrx 

x = 0.15 

(CuO&o 

BaYM205, 

M = Fe0 5Cuo 5 

BaY n-l";02nt; 

(RaO), Ba2YCu306t6 

Ba2Y"-lCu,tlO2nt2+6 

- Square brackets enclose layers contained in one unit cell of the structure. 

- The doubling of the c-axis in Ba(Pb 1_xBix)03 is caused by shifts of the 

oxygen atoms in the layers (L02). 
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Table 2: Refined structural parameters of Ba(Pbo,6BiO_aS)03 
(Powder neutron diffraction data) (Ref. 12.) _ 

Space group 14/mcm, 2 = 4 + 

a = 6.0496(l), c - 8.6210:2:A(") 

Atom Position(*) x y 2 MA21 Occupancy(*') 

Ba 4b 42m l/2 0 l/4 0.81(3) 1.0 

Pb 4c 4/m 0 0 0 0.30(2) 0.75 

Bi 4c 4/m 0 0 0 0.30(2) 0.25 

O(1) 4a 42 0 0 l/4 1.24(4) 1.0 

O(2) Bh nun 0.2182(l) 0.7182(l) 0 1.17(2) 1.0 

RN - 4.94, Rp - 6.14, R,,, 7.88, RE = 5.04(O) 

(t) Z is the number of formula units per unit cell. 

(tt) Figures in parentheses are standard deviations on the last decimal 

figure. 

(*) The three symbols of an atomic position represent: (i) the multiplicity 

of the position; (ii) a letter that identifies the position; and (iii) 

the site syaunetry. (See: International Tables for Crystallography, Vol. 

A, Reidel Publishing Co., 1983). 

(**) The occupancy represents the fraction of sites that are occupied. The 

number of atoms in a position, then , is given by the occupancy, times the 
multiplicity of the position. 

(0) For the definition of the agreement factors R see e.g., Ref. [13]. The 

oxygen atoms in this structure are shifted with respect to the positions 

they have in perovskite. As a consequence of this distortion there is a 

transformation of axes: 

(a b c) = (l10/i10/O02)p(~ _b c)~ ___ 

where (a b c )p is the column vector of the three vectors defining the unit __- 
cell of perovskite, and (a b 5) is the column vector of the unit cell vectors 

of Ba(Pb0~7SBi0~2S)03. - -' In this compound the Ba atoms are twelve coordinated 

(distorted cuboctahedron) and the L atoms (L = Pbo 7SBio.2S) are octahedrally 

coordinated. 
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Table 3: Refined structural parameters of (Cao_&r,,&Cu02 
(Single-crystal x-ray data) (Ref. 14) 

Space group P4/1tmm1, Z - 1 

a = 3.8611(2), c = 3.1995(2) A 

Atom Position X 

Ca Id 4/mmn l/2 

Sr Id 4/mmm l/2 

cu la 4/nm 0 

0 2f IMml 0 

RF = 3.5, Q - 4.0 

Y 2 B Occupancy 

l/2 l/2 0.52(4) 0.86(2) 

l/2 l/2 0.52(4) 0.14(2) 

0 0 0.40(3) 1.0 

l/2 0 0.7(2) 1.0 

In this structure the (Cu02) layers are flat (z(Cu) - z(0) = 0.0). The 

coordination of the Cu atoms is square-planar while the atoms N ='Cao 86Sro 14 

are eight-coordinated and the coordination polyhedron is a square prism. 'I" 

this compound, the copper is formally 2+. 

Table 4: Refined structural parameters of BaYM205 (M = Fe,s 
Cu,,). (Neutron power diffraction data (Ref. 15). 

Space group P4m, z = 1 

a = 3.893(2), c = 7.751(3) A 

Atom Position X 

8a la 4tmn 0 

Y la 4mm 0 

(CuFe)l lb 4mm l/2 

(CuW2 lb 4mn l/2 

O(1) lb 4nm1 l/2 

o(2)(**) 2c aml ’ l/2 
O(3) 2c iml l/2 

RN = 8.1, Rp - 17, RE - 15 

Y 

0 

0 

l/2 
l/2 
l/2 
0 
0 

0.0226(22) 0.82(6) 1.0 

0.5112(3) 0.58(4) 1.0 

0.2738(5) 0.47(11) 1.0 

0.7387(6) 0.86(14) 1.0 

0.0149(23) 1.68(8) 1.0 

0.3331(9) 1.09(17) 1.0 

0.7028(g) 0.89(13) 1.0 

B Occupancy 

(*) Standard deviations for all atoms are given in the original paper. For 

this reason it is not clear how the origin in this polar space group was 

specified. 

(**) Atoms O(2) and O(3) are labelled O(3) and O(4), respectively, in the 

original paper. 



Crystal Chemistry of Superconductors and Related Compounds 205 

Every block of type P of the compound BaYMsO, (M = 
Fe,&u,-,J consists of three layers with sequence ..(MO,),,,(Y),,, 

(MO,),,,.., and every block of type R is a monolayer (BaO). In 
BasYCusO, (x = 6+S, with 6<1), however, the situation is more 
complex because the blocks of type P are alternately made by the 

layers . ..(CUO.),,,(Y),,~ (CuOs)O,c... and (CuOJ, resulting in a longer 
c-axis (- 11.7A, against -?‘.?‘A for BaYMsO,). Both these compounds 
can be considered as members of homologous series of general 

formulas BaY,_,M,O,,+, and Ba2Yn_1Cun+102n+2+6, where n, in both 
cases, is the same as that appearing in expression (7) and is related to 
the number of layers that constitute the block with the perovskite 

structure. For n = 3, for example, we would have for BasY1_, 

CU~+~O~,,+~+~ the sequence: 

. . . [(CuO,),(Y),(CuO,),(Y)co,(BaO), (Cu06),(BaO),l... 

Compounds with n # 2 have never been prepared, however. 
The refined parameters of BaYMsOs are given in Table 4, and the 

structure of BasYCusO, will be discussed in a separate section. 

2.3 Compounds With Crystallographic Shear 

In the structure of Ba,YCu,07, the layer (CuO) is of type 
(BX,) and is defective, since one oxygen atom per mesh is missing 

(Figure 3). Immediately before and after (CuO), there are layers 
(BaO) of type (AX), and the sequence . . . (BaO),(CuO),(BaO), . . . 
generates typical chains of cornersharing near-squares, with the 
copper atoms at the center (four-fold planar coordination), and the 

oxygen atoms at the corners. These chains run along the b-axis of the 
unit cell. A reasonable atomic configuration, however, can also be 

obtained if, after (CuO) there is a second laye: (CuO),,,,,, (Figure 
2), shifted with respect to the first by the vector b/2. In this case the 
sequence becomes 

. ..(BaO).(CuO),(CuO),,,,(BaO),, . . . 

and the structure is obviously made of two parts related to one another 
by a crystallographic shear s/2. A consequence of this configuration 
is the formation of double chains of edge-sharing near-squares with 

oxygen atoms at the corners and copper atoms at the center, in 
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four-fold planar coordination as before. The geometry of the double 
chains, which are also parallel to the b-axis, is illustrated in Figure 6. 

The first compound found to have a crystallographic shear of 
the type discussed above, has formula Ba,YCu,O,. Its idealized 
structure is illustrated in Figure 7, where small shifts of the atoms 
from their ideal positions have been ignored. The structural parame- 
ters of this compound are given in Table 5. A comparison of Figures 
3 and 7 shows that the structures of Ba,YCu,07 and BasYCu,O, are 
closely related, and the nature of this relationship is evident from the 
scheme of Figure 8. The unit cell of Ba,YCu,O, contains two blocks 
that have the structure of BasYCusO,. These two parts are connected 
together by one extra layer (CuO), or (CuO), which causes the 
crystallographic shear with the shift of origin of %/2. The presence of 
double chains with oxygen atoms bonded to three copper atoms, rather 
than two as in Ba,YCu,07, is probably the reason why the oxygen 
stoichiometry in BasYCu,O, is not variable, and this feature is 
indicated in the scheme of Figure 8 where the defective copper layers 
are written (CuO) rather than (CuOg). 

The second compound with a crystallographic shear to be 

prepared and characterized has formula Ba4YsCu7014+~. The refined 
parameters of its structure are given in Table 6 and the sequence of 
layers in the unit cell is shown in the scheme of Figure 8. This 

structure is composed of blocks made of two unit cells of BasYCus- 
0,+6 and held together by extra layers (CuO), or (CuO),, which, as 
in the previous compound, cause the crystallographic shear and the 
consequent shift of origin. The structure can also be viewed as made 

of alternating blocks Ba,YCu,O,+S and Ba,YCu,Os, in the ratio 1: 1. 
Both these interpretations are indicated in Figure 8 and both are valid. 

The latter, however, is simpler and more amenable to generalization 
than the former. We may, in fact, write down the sequences of new 
hypothetical compounds by simply varying the ratio of the two 
building blocks, thus generating a homologous series of formula: 

mBa,YCu,O,+~ 
l nBa,YCu,Os or Ba,(,+,)Y,+.Cus,+,,O,,+s,+,S 

Obviously, Ba,YCu,O, corresponds to the case m = 0, and 

Ba4Y2CU7014+6 to the case m = n = 1. In Ba4YsCu70r4+6 the double 
chains parallel to the b-axis alternate, along c, with single chains 
identical to those present in BasYCu,O,+h. These single chains 
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(CUO) w# 

KUO). 

(BoOI. 

Figure 6: Double chains of edge sharing squares generated by a 
crystallographic shear t = b/2. The copper atoms are at the center of 

the squares and the oxygen atoms at the corners. 
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KUO). 

Ku01 w 

(I3aO) rJ 

(cuoz)w 

(Y)o 

KuOz)ev 

(600) 9 

(CUO) n 

KUO). 

U3aOlc 

(CUOZ). 

(Y)c 

KuOrL 

(6aO)c 

KUO). 

C 

k- a 

1 

Figure 7: Schematic representation of the crystal structure of 

Ba,YCu,O,. 
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Table 5: Atomic positional coordinates of BarYCu40a. (X-ray data 
from thin films) (Ref. 16). 

Space group AITUMI (n.65)(*), Z - 2 

a = 3.86(l), b = 3.86(l), c - 27.24(6) A 

Atom 

8a 

Y 

Cu(1) 

Cu(2) 

O(1) 

O(2) 

O(3) 

O(4) 

RF = 4.0 

Position 

4jm 

2clMml 

4ilml 

4imil 

4im 

4jmn 

4imm 

4iaun 

X 

l/2 
l/2 
0 
0 
0 

l/2 
0 
0 

Y 

l/2 0.1347(5) 

l/2 0 

0 0.2135(8) 

0 0.0621(8) 

0 0.147(3) 

0 0.049(4) 

l/2 0.057(3) 

l/2 0.216(3) 

2 8(A2) Occupancy 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

(*) This is a different setting of the conventional space group Cmmm. 

(**) An overall temperature factor for all atoms was used in this refinement. 

This compound is a superconductor with T,= 80K. 
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BatYCurOa - (1.2.4) Ill - 0.” -1 c 'i I.94 l 14 - 27.2 A 

(1.L.1 I * ,I my , , ty , 

_U~l.r[~CuO~.~SHCuO~.~CuO)..~Sl~CuOLl~CUOl.LSk_ 

Fx? ,,=.,, bit . . 

Eo~Y~Cu7Ou.r - m-l," - i c a 1.9L * 26 - 504 %, 

_UuOl.,[UuOl.(Sk I CuO 11. ( S 1. UuOl.UuO1.r (Sb 1 CuO tlw 1 S 19 UuOh,lUuOhCSk_ 

IOIY LlrllII:)I kk . . . . 
Ba~Y~Cu~On., - ill - 1." - 2 c a 1.9~ o 20 - 30.8 A 

11.1.11 , A 7/ y, , f y.,, \, !y , 

_ICuO~.,[~Cu01.lSklCuO).~CuO~.~~S~e~ I CuO 0~ ISL, lCuOLrllCuOl~~Sk._ 

,,;,, . . llI.1l(r.lx . . 

BaaYaCumOr.zr - m-Z*"- 2 c * 1.94 w 38 - 73.7 A 

11.1.‘) , * , r y, \ , ,*.y ,, y.., \ r y.m , I y.m \, y.u \ 

_LCuOLrKuOL(Sk lCu0 0. (51. (CuO,l. (SI. KLmKu01.r(Sl, lCuO,In~Sls (CuO ,I., (51~ ICuO1.,l~CuOl.~Sk_ 

bTxe-zeI(=.)I . . IoI( -TX- \,;;' . . 

Figure 8: Representation of the sequence of layers in the com- 
pounds Ba,YCu,O, and Ba,Y,Cu,O,,+~. The sequences of the 
hypothetical compounds BasY,Cu,,O,,+~ and BaeY,Cu,,O,,+~ are 
also indicated. In this figure, (S),,, represents the sequence (S),,,E 
(BaO),,O(Y),,,(CuO,).I, so that (CuO),(S), is Ba,YCu,O, (123) and 
(CuO),(CuO),(S), is Ba,YCu,O, (124). 
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Table 6: Refined structural parameters of Ba4 y 2Cu.,014+6. (Single

crystal x-ray data) (Ref. 17).

Space group AIW!W, Z. 2

a. 3.851(1), b .3.869(1), c. 50.29(2) A

Ato.. Position x y z Ul1 U22 U33 Occup

Bi(l) 4j ao 1/2 1/2 0.04310(3) 0.0141(5) 0.0147(5) 0.0004(4) 1.0

Bi(2) 4j m 1/2 1/2 0.18797(2) 0.0059(4) 0.0063(4) 0.0070(4) 1.0

y 4j m 1/2 1/2 0.11545(4) 0.0003(6) .0.0017(6) 0.0009(5) 1.0

Cu(l) 2i -0 0 0 0.042(3) 0.047(4) 0.020(2) 1.0

Cu(2) 4i m 0 0 0.08293(5) 0.0033(9) 0.0053(9) 0.0084(9) 1.0

Cu(3) 4i aw 0 0 0.14831(5) 0.0027(9) 0.0045(9) 0.0071(9) 1.0

Cu(4) 4i m 0 0 0.23012(5) 0.0ll(l) 0.0048(9) 0.0015(8) 1.0

0(1) 4j m 0 0 0.0353(B) 0.010(9) 0.09(3) 0.10(3) 1.0

0(2) 4j m 1/2 0 0.0871(3) 0.5(2)(.) 1.0

0(3) 4j ...0 1/2 0.0865(3) 0.7(2) 1.0

0(4) 4j aw 1/2 0 0.1430(3) 0.7(2) 1.0

0(5) 4j m 0 1/2 0.1432(3) 0.B(2) 1.0

0(6) 4i ...0 0 0.1937(2) 0.4(2) 1.0

o(~) 4j m 0 1/2 0.2328(3) 0.B(2) 1.0

0(8) 2b DO1W 0 1/2 0 0.6 0.10(7)

0(9) 2d -1/2 0 0 0.6 0.20(7)

Rf. 5.4

(.) Isotropic temperature factors were used for 0(2) throu9h 0(9)

compound Is a superconductor with Tc .40 K.

This

R II p I ( R ) I p'

[«LQO),(LQOk )«(uOz),(n-1)(LQOk«(uO.),) «LQO)c(LQO), ) «(uOz!c(n-1)«(Q). «(uOzk)]

[«LQO),(LQO)c 1«(uOz),.(n-1)«(a!c «(uO.~) «LQO)clLQO~ I «(uO.!c.(n-1)«(Q!o «(uOzk)]

[«PbO)'(SrOI. ) «(uO.),.(n-1)(YI. «(uO.~) «SrOk(PbO). ) «(uO.) )]

[«BQO),mO!c(BQO), I «(uOz!c.(n-1)«(a), «(uO.!c)]

[«MO), (NO!c(NO). (MOk) «(uOz~(n-U«(Q!c «(uO.),) (MO!C (NO!o(NO!c(MO).) «(uOz!c.(n-1)«(a~ «(uOzk)]

Figure 9: Comparison of the structures of Lan+1CunOSn+l (second

line ), La2Can-1CunO2n+2 (third line), Pb2Sr 2 y n-1CUn+l02n+4+S (fourth

line), TIHa2Can-1CunO2n+S (fifth line), and M2N2Can-1CunO2n+4 (sixth
line). In the last homologous series M = Ha, Sr and N = TI, Hi,

respectively.
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Table 7: Atomic coordinate of (LaI_g,Bao_l,)CuO, at 295 K (Ref. 
21) and 10 K (Ref. 22) (Neutron powder diffraction 
data). 

Space group I4/nam1, 2 - 2 at 295 K. 

8mab , Z = 4 at 10 K. 

a = 3.7873(l), c = 13.2883(3) A 

a - 5.3430(3), b - 5.3479(3), c - 13.2504(2) 

Atom Position x 

La t Ba 4e 4 imn 0 

8f m 0 

cu 2a 4/mImn 0 

4a 2/m 0 

O(1) 4e 41m1 0 

8f m 0 

O(2) 4c mmm 0 

8e 2 l/4 

RN 
= NA 

pP 
- NA 

3.68 5.87 

Y 2 

0 0.36063(g) 

-0.0052(4) 0.3607(l) 

0 0 

0 0 

0 0.1828(2) 

0.0206(5) 0.1821(l) 

T/2 0 

l/4 -0.0052(2) 

I$( = 7.54 

7.95 
pE 

- 4.38 

4.71 

8 occup. 

1.0 

0.15(2) 

1.0 

0.23(3) 

0.99(1 

0.90(3) 

1.02(1 

0.42(3) 

y = 1.72 

1.69 

Parameters in the first line of each entry refer to the refinement at 295 K 

and those in the second line refer to the refinement at 10 K. 

Space group 8mab is a different setting of the conventional space group Cmca. 

Bqab is used here to permit direct comparison with the parameters of the room 

temperature phase. 

The compound (Lal.85Sr0.15 ) Cu04 has practically the same positional 

parameters as (Lal.858a0.15 )Cu04 and lattice parameters: 

a = 3.7793(l), c - 13.2260(3) A at 295K 

a - 5.3240(l), b - 5.3547(l), c - 13.1832(l) at 10 K [ref. 241. 
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contain layers (CuO&), and for this reason the oxygen stoichiometry 
of this material is not fixed. 

In Figure 8 are also shown the sequences of two hypothetical 
compounds, i.e. BasY,CullOsz+~, corresponding to the case m = 1, n 

= 2, and BaeY3Cu1u02,-,+2~, corresponding to the case m = 2, n = 1. 

The structure of the first compound is made by blocks of two unit 
cells of Ba,YCu,O, alternating with blocks of one unit cell of 
BasYCu,0,+6 and has approximate lattice parameters 3.9 x 3.9 x 39.0 
A3, and that of the second by blocks of two unit cells of BazYCu30e+h 
alternating with one unit cell blocks of Ba,YCu,O,, with approximate 
lattice parameters 3.9 x 3.9 x 74 A’. 

2.4 Compounds with the Rocksalt-Perovskite Structure 

In this large class of materials the blocks R = m l (AX) with 

the rock-salt structure are made by two or more layers of type (AX) 
which may be identical to each other or have different chemical 

compositon. The blocks P = (BX& l (n-l) [(AX),,,(BX.&] with 
the perovskite structure may have different values of n, and the layers 
(AX), sandwiched between layers (BX,), may or may not be defective. 
The important homologous series with the rock salt-perovskite 
structure are listed in the scheme of Figuregwhere they are compared 
with each other and with the basic structure of perovskite. 

System (La2_,$Ix)Ca,_lCu,0,+~,(M = Ba, Sr): The discovery 
of superconductivity in this system was made on a sample consisting 

of a mixture of phases (18), and subsequently the superconducting 
compound was identified as (La,_,BaJCuO, (19)(20). The value of 
the critical temperature was found to be a function of x, with a 

maximum of -35K for x z 0.15. The material corresponding to this 
composition undergoes a phase transition from tetragonal to orthor- 

hombic symmetry at about 180K. The detailed structure of (La,.,, 
Ba,.,,)CuO, was determined by neutron powder diffraction (21)(22) 
and the results of these refinements are given in Table 7. 

Substitution of Ba with Sr slightly increases the value of the 

critical temperature (T II 40K for x z 0.15) (23). Structural analyses 

of (L%35Sro.,5) CuO, have shown that this compound has a phase 

transition at -2OOK and that its structure is isomorphic with that of 
(La,~,,Ba,~,,)CuO, at room temperature as well as at low temperature 

(24)-(26). The lattice parameters for this composition are given in 
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Table 7. The positional parameters are practically identical to those 

of the barium analog. 
The coordination polyhedra around the copper atoms of (La,_, 

MJCuO, are elongated square bipyramids. At the transition these 
undergo a small but significant rigid rotation which causes the 

buckling of the (CuOs) planes. As mentioned before, the atoms (La,_, 
M,) are nine-coordinated and the shape of the coordination polyhe- 

dron is that of a capped square antiprism, more specifically, half of it 
is cuboctahedral like in perovskite, and half octahedral like in the 

rock-salt structure. No oxygen deficiency has been detected in these 
compounds. This means that charge compensation when Sr and Ba 
substitute La must be accomplished entirely by oxidation of copper 
from Cu2+ to Ct.?+. 

Compounds of this homologous series with n > 1 exist and have 
been analyzed by neutron diffraction methods. More specifically, 

precise structural determinations of La,,Ca,.,Cu,O, (27)(28) and 
La, sSrr rCu20e (27) have been carried out and have shown that the . . 
sequence of layers, their composition, and the general distribution of 
the atoms in the unit cell are entirely consistent with the scheme of 
Figure 9. The structural parameters of the calcium compound are 
given in Table 8. We may write the sequence of layers for these two 
compounds as 

In La1&al.lCu20e, the calcium tends to occupy preferentially 
the site R’, which is eight-coordinated, and the lanthanum the site R, 
which is nine-coordinated. In La, $rl 1Cu206, on the other hand, the . . 
strontium seems to concentrate on site R. This distribution of the 
atoms in the structure may be understood considering the ionic radii 
of the cations. The ionic radii of Sr 2+ for eight-fold and nine-fold 

coordination are larger than those of Las+ (1.26 and 1.3 1 A versus 1.16 
and 1.22 A, respectively), and, for this reason, we should expect that 
the Sr2+ cations will prefer the nine-coordinated sites and displace 
La’+ into the eight-fold coordinated sites R’. On the other hand, the 
ionic radii of Ca2+ for eight- and nine-fold coordination, are smaller 
than those of Las+ (1.12 and 1.18 A versus 1.16 and 1.22 A, respec- 

tively) and, therefore, it is not surprising to find calcium concentra- 
tron on sates R’ in La1.,,Ca,.,Cu20,. 
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Table 8: Structural parameters of Lal_,Ca&u,O,. (Neutron 
powder diffraction data) (Ref. 27). 

Space group 14/1anw, Z = 2 

a = 3.8248(l), c = 19.4286(5)A 

Atom Position x y 2 W2) occ. 

La(l) 2a 4/mmm 0 0 0 1.0(l) 0.06(2) 

ca(1) 2a 4/m 0 0 0 1.0(l) 0.94(2) 

La(2) 4e4mm 0 0 0.17578(g) 0.47(5) 0.94(2) 

Ca(2) 4e4nw 0 0 0.17578(g) 0.47(5) 0.06(2) 

cu 4e4m 0 0 0.58503(g) 0.32(4) 1.0 

O(1) 8g nun 0 l/2 0.08230(g) 0.74(5) 1.005(S) 

O(2) 4e4mm 0 0 0.7046(2) 1.52(8) 1.01(l) 

O(3) 2b 4/nunm 0 0 l/2 0.7 0.03(l) 

RN = 4.58, Rp = 5.96, R,,, - 8.54, RE = 4.34, x = 1.97 

Table 9: Structural parameters of Pb$r2YCu30s. (Neutron powder 
diffraction data) (Ref. 30). 

Space group Camun, Z = 2 

a = 5.3933(2), b = 5.4311(2), c = 15.7334(6) 

Atom Position 

Pb 41 IMI 

Sr 4k aml 

Y 2a nnam 

Cu(I) 2d tmvn 

Cu(2) 41 ma 

O(I) 41 mm 

O(2) 16r 1 

O(3) 8m 2 

X Y 

l/2 0 

0 0 

0 0 

0 0 

l/2 0 

l/2 0 

0.051(l) 0.074( 1) 

l/4 l/4 

2 

0.3883(2) 

0.2207(2) 

0 

l/2 

0.1662(2) 

0.2514(3) 

0.3849(4) 

0.0918(2) 

VA21 

0.77(5) 

0.53(7) 

0.73(9) 

0.96(9) 

0.59(6) 

0.97(7) 

1.0(2) 

1.20(7) 

occ. 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

RN 
= 6.24, Rp = 7.66, RW = 9.74 RE = 4.60, x = 2.12 
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In La,CuO, the coordination of copper is square-bipyramidal. 
The replacement of the (CuOs) layers of LasCuO, with blocks 
(CuO,)(R’)(CuO,) to produce RsR’Cu20, has the effect of changing 
the polyhedra surrounding the copper atoms into square pyramids in 
which the Cu-0 distances within the (CuOs) layer are much shorter 
than the Cu-0 distance with the oxygen atom at the apex of the 
pyramid. The existence of eight-coordinated cations in this homolo- 
gous series is possible only for n 1 2 and the coordination polyhedra 
are square prisms. 

Neither the calcium nor the strontium compound is a super- 
conductor. A possible reason may be that the oxidation state of 
copper is equal, or very close, to 2t. 

System Pb2Sr2Yn_1Cu,,+10m : From a crystallographic 
point of view this system is perhaps the most interesting, not only 
because the layers of the rock-salt block are chemically different, but 
also because there are two perovskite-type blocks alternating along the 
c-axis, one (CuOs),, l (n-l)(Y)c(CuOs)O, and the other made by a 
monolayer (CuOJ (0 I 6 I 1). Superconductivity near 70K was 
discovered in copper oxides based on Pb,Sr,Y(Ln,_,M,)Cu,Os+~, 
where Ln is a lanthanide element, and M = Ca, Sr (29). A precise 
determination has been carried out on the non-superconducting 
prototype compound Pb,Sr,YCu,O, and the structural parameters are 

given in Table 9 (30). 
If we represent this structure as 

. ..[WO. (SrO), (Cu02), (Y), (CUO~)~ WO), U’bO), (WC1 (PbO),... 

we see that yttrium is sandwiched between two (CuOs) layers and has 
eight-fold, square-prismatic coordination. The copper atoms of the 

layers (CuOs) have five-fold, square pyramidal coordination, like that 
present in many of the compounds previously reviewed. The layers 

(PbO) are located between (SrO) and (Cu) layers and, as a conse- 
quence, the lead atoms are surrounded by five oxygen atoms at the 
vertices of a pyramid. The coordination polyhedron of the Sr atoms 
is a nine-fold capped square antiprism, similar to that of La in 

La2Can-1CUn02n+2 with n 2 2. The layers (Cu) are located between 
two (PbO) layers, and the copper atoms have linear two-fold coordi- 

nation similar to that present in Ba,YCu,O,. Since the oxygen atoms 
on the (PbO) planes are distributed over the general (x,y,z) sites, 



Crystal Chemistry of Superconductors and Related Compounds 217 

instead of being located on the symmetrical sites (O,O,z) (see Table 9), 
the bonds 0-Cu-0 are not linear unless the two occupied oxygen sites 

on the (PbO) planes above and below (Cu) are diagonally opposite. 
From a structural point of view, PbtSraYCusOs can be 

oxidized to Pb,Sr,YCu,Os with the layers (Cu) becoming (CuO). The 
formation of the oxidized compound, with a layer (CuO) in its 
structure, would make possible the existence of compounds with 
crystallographic shears of the type discussed before in the case of 
BasYCusO,. No oxidation experiments have been carried out so far, 
however. No other possible compounds of this homologous series have 

been reported so far. 
System TIBa,Ca,_lCu,O,,+, : Three compounds of this 

homologous series have been prepared and characterized, i.e. those 
with n = 1,2, and 3 (31). In each of these the rock-salt block is made 
of three layers having the sequence (BaO),(TlO),(BaO),, with the Tl 
atoms in octahedral coordination, and the Ba atoms in the nine-fold 
coordination provided by a capped square antiprism and typical of 
cations at the boundary of a rock-salt and a perovskite block. The 
difference between the three compounds lies in the thickness of the 
perovskite blocks, these being a monolayer (CuO,) for n=l and a 
sequence (CuOs),(Ca),(CuOs),(Ca),(CuO,), for n = 3. Electrical 
measurements show that the compound with n = 1 is a semiconductor 

while the other two are superconductors with T, values of 6585K and 
100 - 110K for n = 2 and n = 3, respectively. Approximate positional 

parameters for the compound TlBasCasCusO, are given in Table 10. 
From these data, and from the scheme of Figure 9 we see that, when 
the number of layers in the rock-salt block is odd, the structure does 
not have two equal halves related to one another by a shift of the 

origin of 7 = l/2% + l/2 g and, as a consequence, the parameter c is 
shorter than in the other case and the unit cell tends to be primitive 

rather than centered. 
System N2M2Ca,_1Cun02n+l (N = TI, Bi; M = Ba, Sr): 

Numerous compounds belonging to this system have been synthesized 

and characterized crystallographically. In the case of TI,Ba,Ca,_, 

CUno2n+4’ the structures have been solved and refined from x-ray 
single crystal data for n = 1 (32), n = 2 (33), and n = 3 (34), and from 
neutron powder diffraction data for n = 2 and n = 3 (35). Similar 
studies have been carried out on the system Bi,Sr,Ca,_,Cu,O,,+, for 
n = 1 (32) and for n = 2 (36)-(40). 
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Table 10: Approximate positional parameters of TlBa,Ca,Cu,O, 
(X-ray powder diffraction data) (Ref. 31). 

Space group PQ/nmsn, 2 = 1 

a = 3.8429(16), c = 15.871(3) A 

Atom Position X Y 2 

Tl la 4/mm1 0 0 0 
8a 2h 4mn l/2 l/2 0.176 

Ca 2h 4mn l/2 l/2 0.397 

Cu(l) lb 4/m 0 0 l/2 

Cu(2) 2g 4lml 0 0 0.302 

O(l)(*) 2e mm 0 l/2 l/2 

O(2) 4i mm 0 l/2 0.304 

O(3) 2g 4mm 0 0 0.132 

O(4) lc 4/numl l/2 l/2 0 

(*) Oxygen positions were calculated from known coordination polyhedra in 

related crystal structures. 

No temperature and occupancy factors are given in the original paper. 
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Table 11: Refined structural parameters of T12BatCaCu20s. (Pow- 
der neutron diffraction data) (Ref. 35). 

Space group 14/1nmnn, Z - 2 

a = 3.8559(l), c = 29.4199(1o) A 

Atom Position X Y 

11 4e 4mm I/2 I/2 

8a 4e 4mm 0 0 

Ca 2a S/nunm 0 0 

cu 4e 4tnm I/2 I/2 

O(I) 89 m 0 I/2 

O(2) 4e 4mm I/2 I/2 

O(3) 16n m 0.603(2) l/2 

RN = 4.1, RW = 9.0, RE = 6.0 

2 

0.2129(l) 

0.1210(l) 

0 

0.0536(l) 

0.0526(l) 

0.1455(l) 

0.2803(2) 

8 

0.8(l) 

0.6(l) 

0.0(2) 

0.1(l) 

0.4(l) 

0.8(l) 

0.5(3) 

0.96(l) 

1.09(2) 

0.25(l) 

Table 12: Refined structural parameters of TlaBa,Ca&usOIo at 
150K. (Neutron powder diffraction data) (Ref. 35). 

Space group 14/mmm, Z = 2 

a = 3.8487(l), c = 35.6620(15) 

Atom Position X 

Tl 4e 4n 

Ba 4e 4lml 

Ca 4e 4lml 

Cu(1) 2b 4/mmm 

Cu(2) 4e 4mm 

O(1) 4c lmml 

O(2) Bg nun 

O(3) 4e 4mll 

O(4) 16n m 

l/2 
0 
0 

l/2 
l/2 
l/2 
l/2 
l/2 

0.601(4) 

Y 

I/2 
0 
0 

10 
l/2 
0 
0 

l/2 
l/2 

2 

0.2195( 1) 

0.1444(2) 

0.0454(2) 

0 

0.0886(l) 

0 

0.0878(l) 

0.1650(2) 

0.2750(2) 

B 

0.8(2) 

0.5(2) 

0.1(2) 

0.3(2) 

0.1(l) 

0.6(2) 

0.8(l) 

0.9(2) 

-O-5(5) 

occ. 

0.95(2) 

0.23(5) 

RN 
= 4.8, R,,, = 10.2, RE = 6.1 
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All the structures belonging to this system have the sequence 
represented in the scheme of Figure 9. The rock-salt slab is made of 
four layers of type (AX), followed by slabs of variable thickness 
having the perovskite structure. Since the number of layers (AX) is 
even, every one of these+structures is made of two identical halves 
shifted by ?= l/22+ 1/2b. The Tl-Ba system is isomorphous with the 
Bi-Sr system. However, compounds Bi,Sr,Ca,_,Cu,O,,+, have 
superstructures whose atomic configurations have not been completely 
clarified. 

The basic difference between the structures with different 
values of n is in the number of consecutive (CuOs) planes in the 
perovskite blocks. The value of the critical temperature is a function 
of n. For example, in the Tl-Ba system T, is -UK, -llOK, and 
-125K for n = 1, 2,3, respectively. The compound with n = 5 has not 
been prepared as a bulk phase, but the value of T, determined for this 
material on a microscopic level appears to be of the order of 140K 
(35). 

Positional parameters for TlsBasCa,_lCu,Os,+l are reported in 
Tables 11 and 12 for n = 2 and n = 3. 

3.0 

1. 

2. 

3. 

4. 

5. 

6. 
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Crystal Growth and Solid State 
Synthesis of Oxide Superconductors 

Lynn F. Schneemeyer 

1 .O OVERVIEW 

The aim of the study of materials is to establish correlations 

between the structures and properties of compounds. Such studies are 

motivated both by the intrinsic interest in new materials and by the 

technological relevance of many of the materials being studied. In the 

case of high temperature superconductors, unique behavior such as 

zero resistance conductivity offers hope for important future uses for 

these materials. High quality samples are essential for establishing 

intrinsic behavior. The aim of solid state synthesis is to produce 

homogeneous single phase samples of known stoichiometry and 

composition. This chapter will describe standard techniques for solid 

state synthesis of compounds in polycrystalline form and for the 

growth of single crystals. Special techniques for synthesis of samples 

containing volatile constituents will also be presented. 

2.0 SOLID STATE SYNTHESIS 

Compounds can be prepared either in polycrystalline form, 

often referred to as ceramics, or as single crystals. The synthesis of 

oxides in polycrystalline form is typically straightforward relative to 

single crystal growth. For the growth of single crystals of complex 

oxides, a unique growth system appropriate to the chemistry and 

224 
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properties of each desired compound must be developed. In contrast, 

standard techniques for the synthesis of ceramics are known, and such 

samples are suitable for a wide variety of physical measurements. In 

this section we describe standard approaches to the synthesis of oxide 

ceramics, focussing in particular on the synthesis of known oxide 

superconductors. 

2.1 Oxide Synthesis 

The standard approach to the synthesis of oxides in polycry- 

stalline form is the direct reaction of a mixture of metal oxide starting 

materials at high temperature. The ratios of the starting materials will 

control the stoichiometry of the product provided the volatilities of 

the starting materials are relatively low. Syntheses of oxides contain- 

ing volatile components are discussed in greater detail in the following 

sections. 

While a binary oxide can be used as a starting material, some 

of these are reactive compounds that are difficult to handle. For 

example, BaO reacts rapidly with CO, in the air to produce barium 

carbonate. Other oxides, including BaO, are hygroscopic. Thus, 
compounds which are unreactive towards CO, and H,O at room 

temperature, but decompose to oxides plus volatile gases at elevated 

temperatures, are often used as oxide precursors. In the case of 

barium, BaCO, is a stable compound under ambient conditions but 

decomposes upon heating to ~3950°C according to the reaction 

BaCO, + BaO + CO, 

Other compounds which are used in the synthesis of barium oxides 

include Ba(NO,), and BaO,. 

There are several other important considerations in choosing 

starting materials. First, the purity must be sufficient. A material 

that is 99% pure is 1% other compounds. Impurities may have 

profound effects on the properties of materials such as lowering the 

T, of a superconductor. Also, the composition indicated on the label 

may not be what is found in the bottle. For instance, La,O, readily 

converts to La(OH), upon exposure to moisture, and a number of 

hydrates gain or lose water depending on the ambient humidity. Such 
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changes in composition can produce weighing errors that affect 
results. Appropriate characterization of starting materials such as 
powder X-ray diffraction studies should be considered. For hydrates, 
thermal gravimetric analysis (TGA) can often readily provide 
information on the hydration state as well as the temperature at which 
water is lost. 

High temperatures are generally needed in solid state synthesis 
to improve reaction rates and to facilitate solid state diffusion. Solid 
state diffusion is typically very slow. Thus, mechanical grinding steps 
are important to homogenize the sample and encourage complete 
reaction. It is important to realize, however, that some phases 
decompose at elevated temperatures. For example, BasYCusO., is 
unstable above about 1050°C (1) and the related phase, Ba,YCu,O, is 
only stable to 860°C in one atmosphere of oxygen (2). Thus, efforts 
to prepare these phases require a balance between the heat put in to 
speed the reaction kinetics and the stability limits of the desired phase. 

During reactions at high temperatures, the ceramic sample 
must be in contact with a container. Commonly used containers 
include alumina or zirconia boats or crucibles or noble metal foil-lined 
ceramic boats. It is important to be aware of possible reactions 
between the material being synthesized and the container which may 
be a source of foreign ions. For example, A1+S ions may be incorpo- 
rated if alumina crucibles are employed. Forming the material into a 
pellet minimizes the surface area and helps limit reactions with 
containers. Both alumina and zirconia crucibles and boats can be 
cleaned with mineral acid washes and reused. 

Many of the oxide superconductors have relatively limited 
thermal stability. Strategies for the successful synthesis of such phases 
include the use of oxide precursors such as nitrates which react at 
relatively low temperatures, and the use of small particle size 
precursors and extensive grinding steps to promote reaction rates. 
These strategies have been important in the successful solid state 
syntheses of the superconducting phases, Ba,YCu,Os (2)(3) and 
BaPb,_,Sb,O, (4). 

A number of low temperature routes to the preparation of 
oxides have begun to receive attention. In many cases these involve 
the decomposition of organometallic precursors such as oxalates. 
These alternative ceramic approaches will be discussed elsewhere in 
this volume. 
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2.2 Preparation of Samples Containing Volatile Constituents 

Syntheses of oxides in ceramic form usually require reaction 

times of hours or days at relatively high temperatures. If any of the 

reactants are volatile, this combination of temperature and time often 

results in loss of these reactants from the system, wreaking havoc with 

stoichiometry control. A number of oxide precursors of interest in 

high T, superconductors have appreciable volatilities including KO,, 

PbO,, B&O,, T&O,, and T&O. The gaseous species of thallium oxide 

is T&O and at 6OO“C, p(Tl,O) = 6.8 x IO-’ atm for ~(0,) = 0.01 atm 

(9. 
The toxicities of these heavy metal oxides, particularly 

thallium oxide, are sufficient that appropriate precautions in their 

handling should be observed (6)(7). Indeed, in general, it is prudent 

to avoid incorporation of foreign substances into the body. Substances 

can enter the body in three principal ways. Dust can be inhaled. 

Particles can be ingested. For instance, particles can be transferred to 

the mouth on fingertips or in a cup of coffee being drunk in the lab. 

Finally, some substances, notably thallium oxides, can enter the body 

through the skin. Thus, proper handling of materials during synthesis 

includes the use of well-ventilated fume hoods for grinding and high 

temperature reactions steps. 

The usual strategies for preparing homogeneous samples of 

known stoichiometry when one or more constituent is volatile is to 

maximize the atomic scale mixing of constituents and minimize 

reaction times and temperatures. 

Precursor Techniques: A homogeneous sample containing all 

of the non-volatile constituents is prepared first. Stoichiometry is 

easily maintained in the precursor and reasonable reaction times and 

temperatures can be employed. Generally, the precursor will be a 

mixture of phases, however. Then, the precursor and volatile 
constituents are formed into an intimate mixture and are subjected to 

a brief thermal treatment to form the desired phase. 

The use of a prereacted precursor is the typical approach to the 

preparation of ceramics of the Tl-containing superconductors (8). For 

example, to prepare the 120K Tl phase, TlsBazCazCusO1,,, or 2223-T& 
an alkaline earth cuprate precursor which is a mixed phase sample of 

overall stoichiometry, Ba,Ca,CusO, is prepared by standard ceramic 
techniques. An intimate mixture of the precursor and a stoichiometric 
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amount of thallium oxide are formed into a pellet. The pellet is 
wrapped in Au foil to prevent reaction between the Tl-containing 
pellet and the container (usually an SiO, ampoule) during high 
temperature heat treatment. The pellet is heated at 900°C for 5-20 
minutes until complete reaction is verified by powder X-ray diffrac- 
tion. 

Use of Sealed Tubes: Stoichiometry control is also enhanced 
when a closed system is used for the reaction. However, the material 
used to house the reaction must be inert to the reactants. Most 
commonly used for this purpose are gold or silver tubes. While noble 
metals are expensive, the metal can be recycled, minimizing the 
long-term cost. Seals can be welded, but a suitably tight seal can 
generally be formed by folding the end twice and crimping. Sealed 
gold tubes have been employed in the synthesis of Tl-based supercon- 
ductors (9) and sealed silver tubes in the synthesis of Ba,_,K,BiO, 
superconductors (10). 

Control of Oxygen Partial Pressure to Alter Constituent 
Volatility: The volatilities of some oxides are a strong function of 
temperature and oxygen partial pressure. Thus, reasonable control of 
stoichiometry can be obtained by choosing an oxygen partial pressure 
where the volatility of a reactant is limited. For example, the 
volatility of potassium oxide, KO,, is high in air at 700°C but low in 
N, atmosphere at that temperature. The synthesis of Ba,_,K,BiOs 
(11) can then be carried out using BaO, KO, and B&O, as starting 
materials by carrying out an initial reaction at 700°C under N, 
atmosphere. The oxygen stoichiometry is then adjusted to give a 
superconducting sample by annealing at 400°C in 100% 0,, conditions 
where the potassium vapor pressure remains low. 

2.3 Ceramic Characterization 

The quality of a ceramic sample is a function of the degree to 
which it consists of the desired product. An essential tool for the 
characterization of a polycrystalline sample is powder X-ray diffrac- 
tion. The powder pattern is a fingerprint of the sample. For a sample 
to be declared single phase, all low angle peaks (below ~60~28 for 
CuKa radiation) which are above the noise must be accounted for. 
Powder X-ray diffraction is often unable to see impurity phases 
present below the -5% level. Visual inspection (using a microscope) 
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can also reveal useful information about sample homogeneity since 
impurity phases may, for example, have different colors than the 
majority phase. 

3.0 BULK CRYSTAL GROWTH 

3.1 Introduction to the Growth of Single Crystals 

Single crystals are of critical importance to the study of 
complex solids such as the new high temperature superconductors. 
Single crystals are free of grain boundary effects and allow measure- 
ments of physical properties as a function of crystal orientation. 

Standard techniques for the growth of bulk single crystals are: 

1. Melt growth Useful only for congruently 
melting phases. 

2. Sintering, grain growth Generally produces very small 
crystals. 

3. Vapor phase transport Requires volatile constituents 
and similar transport rates for 
the various constituents. 

4. Float zone 

5. Flux growth 

Requires specialized equipme- 
nt. Detailed knowledge of the 
phase diagram is not required. 

Selection of flux and growth 
conditions must be tailored to 
the chemistry of a particular 
compound. 

There are a number of excellent books on single crystal growth 
(12)( 13). This section of this chapter will briefly outline the first four 
of the above techniques, then focus mainly on flux growth, the 
approach most commonly employed for the growth of superconducting 
single crystals. Finally, the techniques applied to the growth of the 
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known high T, phases will be reviewed. 

Melt Growth: Melt growth techniques are useful for congru- 

ently melting phases, those in which the composition of the melt is the 

same as the single phase solid produced upon solidification. This is 

best diagnosed in a crystal growth experiment in which a relatively 

large fraction (50-70% or more) of the melt is crystallized. Then, by 

analyzing the top and bottom of the crystal, very small differences in 

composition are magnified and the true congruent composition can be 

determined. Note that a congruent composition is not necessarily a 

stoichiometric composition. 

Crystals of congruently melting phases can be grown by 

directional solidification techniques such as the Bridgeman- Stock- 

barger technique (Figure 1) in which the sample in a crucible with a 

narrow end is passed through a temperature gradient. Solidification 

begins at the narrow end of the crucible, and in favorable situations, 

only one or a few nuclei persist to the end on the narrow region so 

that a sample with large single crystal domains is grown. Other melt 

growth techniques include Czochralski growth and gradient freeze 
growth. 

Complex materials such as the high T, superconducting oxides 

typically do not melt congruently and thus the above approach cannot 

be applied to the growth of single crystals. A possible exception 

among the superconducting cuprates is the bismuth strontium cuprate 

having a single two-dimensional Cu-0 layer, Bi,+,Sr,_,Cu0,+6 (14) 

which may melt congruently at some composition. The congruently 

melting composition may not, however, correspond to the supercon- 
ducting composition. 

Sintering, Grain Growth: Sintering is the heating of a pressed 

polycrystalline sample. In sintering, a sample is held at a temperature 

just below its melting temperature. As a consequence of solid state 

diffusion, residual strain and orientation effects, larger crystallites 

grow at the expense of smaller ones. Small crystals suitable for single 

crystal X-ray diffraction studies and some physical properties studies 

can sometimes be obtained this way. The first studies of BasYCusO, 

were carried out on large grains from sintered samples (15- 17). 

Vapor Phase Transport: Chemical vapor transport is a 

technique in which polycrystalline starting materials react with a 

gaseous reactant present in the system to form exclusively gaseous 

products. These gaseous species then travel to another place in the 
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system where they decompose to yield the original compounds. It is 
important that the volatile species have similar transport rates to 

maintain the appropriate stoichiometry. The principles of vapor phase 

transport along with many examples of crystal grown are given in a 

series of articles by Nitsche (18-21) and by Shaefer (22)(23). 

Unfortunately, volatile alkaline earth species are rare, thus this 

technique has not been successfully applied to high temperature 

superconductors. However, single crystals of tenorite, CuO, have been 

grown using halides as transport agents (24). 

Float Zone: The float zone technique is a melt growth 

technique which does not require the use of a crucible. Thus sample 

contamination by the crucible is not a problem. A vertical sample is 

heated with a laser, focused light source, or other heat source 

producing a molten zone of liquid held in place by surface tension. 

This molten zone can be seeded and oriented or single crystal sample 

produced. This technique has been effectively applied to the growth 
of Bi2Sr2CaCu208 by Feigelson and coworkers (25)(26). Since grain 

boundaries have detrimental effects on critical current densities in 

high T, oxides,the preparation of long samples, effectively wires, that 

are free of grain boundaries is of interest. 

3.2 Flux Growth 

Overview of Flux Growth: Flux growth is high temperature 

solution growth. The term flux, taken from soldering, refers to a 

substance used to reduce the temperature for the growth of the desired 

phase. The flux may have different composition than the desired 

crystal, such as PbO used for the growth of La,CuO, (27), or may 

contain one or more of the constituents of the desired phase, a 

situation referred to as a eutectic or non-stoichiometric melt, such as 

BaCuOz-CuO mixtures used for the growth of Ba,YCu,O, (28)(29). 

In solution growth including flux growth, crystals are formed as the 

solubility of component A, the desired phase, in the melt, B, is 

reduced, usually by cooling the melt as illustrated in Figure 2. Solution 

methods permit crystal growth at a lower temperature than that 
required for growth from a pure melt. As a relatively low temperature 

technique, flux growth is useful for the growth of: 

1. Incongruently melting phases. 
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Growth techniques for superconducting oxides. 

Crystal 
Compound T, (10 Growth Technique Ref. 

NbO1.o 1.61 ? 

Rb,W03 5-7 Molten salt 30 
Electrochemistry 

Lie.&%017 2 Gradient Flux 31 

SrTi03 1 Verneuil technique 32 

LiTizO, 13 ? 

Ba(Pb,Bi)Oz 13 Hydrothermal 33,34 
Flux - PbO/BaO 35 

Ba(Pb,Sb)03 3.5 Flux - PbO i 

Bal_,K,BiOa 30 KOII Flux 36 

(La,Sr)CuO, 40 Eutectic melt 37 
Flux - Li4B205 38 

Flux - PbO 39,40 

B%YCuB07 02 Eutectic melt 28,2Q 

Bi2SrzCan%+,0S+2. 10,85, 115 Eutectic melt 41 
Flux - alkali chloride 42 

Float Zone 25,2G 

TlzB+%,Cul+,O~+o, 80, 107, 125 Eutectic melt 43 

Pb2Sr2YCu308 ==80 PbO Flux 44,45 
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2. Materials with volatile constituents. 

3. Highly refractory materials. 

Flux growth approaches have been invaluable for the growth of 

crystals of the new oxide superconductors as indicated in Table I, and 

should continue to yield single crystal samples as new superconductors 

are discovered. A variation on the flux growth approach is top-seeded 

solution growth. Top-seeding has been used to obtain large crystals 

of LasCuO, (38-40). 

Choosing a Suitable Flux: A wide variety of fluxes have been 

employed for the growth of oxide crystals. These are summarized in 

Table II. A suitable flux must have: 

1. Reasonable solubility for the desired phase. 

2. Relatively low melting point. (Crystals must grow 

below the decomposition temperature of the desired 

phase.) 

3. Minimal substitutional doping of the desired phase. 

Other features such as low volatility, low reactivity with container 
materials, high purity, and low toxicity are also desirable. 

Fluxes vary in characteristics such as degree of covalency, 

acid-base characteristics and redox behavior. While chemical 

reasoning may provide some insights into appropriate choices of 

suitable fluxes, an empirical approach to the problem is usually 

necessary to produce crystals of a new compound. 

Beyond the initial choice of a flux material, successful growth 

of crystals also requires appropriate choices of growth parameters 
including: 

Melt composition Often different from the ideal stoichiome- 

try 

Concentration 80 weight % Flux : 20 weight 96 Phase, a 

typical place to start 



Crystal Growth and Solid State Synthesis of Oxide Superconductors 235 

Table II. Summary of standard fluxes. 

Flux System Application to High Considerations Ref. 
T, Superconductors 

Pb-based La2Cu04 

Bi-based - 

Pb substitutes for Cu 
No superconductivity 

27 

Borates Li incorporation 38 
No superconductivity 
High Solubility for lanthanoid 
- But, Huge phase space 

Vanadates - 
Molybdates - 
Tungstates - 

Sulfates - 
Phosphates - 
Nitrates - 

Hydroxides LaeCuO, (Stacy) 
Bi,_,I<,BiOs 

Low T 
II20 content crucial 
Atmosphere matters 

46 
3B 

Halides 
- Fluorides - 
- Chlorides - 

. N&l Bi,#roCuOs 
BizSr2CaCu?Os Low solubility for oxides 

47 
.42 

FURNACE 
WINDINGS 

v 
CRUCIBLE - 

THERMOCOUPLE 

MELT 

Figure 3: Schematic diagram of apparatus 
solution growth. 

used for top-seeded 
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&Ax Be1ow =Deeornp of the desired phase 

Soak time Equilibration time, start short, -1 hr 

Cooling rate Relatively fast, lo-20”C/hr, for screening. 

Top-seeded Solution Growth: In top-seeding, crystal growth 

takes place on a seed crystal that is slightly cool relative to the melt. 

The seed is immersed in the solution and is rotated slowly. The 

advantage of top seeding is control of nucleation, and, in the case of 

the superconducting cuprates, crystals that are relatively free of 

adhering flux. A schematic diagram of the experimental arrangement 

for top seeding is shown in Figure 3. 
Containers: The crucible material of choice for oxide crystal 

growth has traditionally been platinum. However, copper oxide-based 

melts, particularly those containing alkaline earths, are reactive 

towards platinum producing various complex palatinates. Both 
platinum and gold crucibles are degraded as a result of alloying with 

copper extracted from the melts. Silver is relatively stable to attack by 
copper oxide-based melts but is too low melting to be very useful. 

Crucibles fabricated from metal alloys such as 5% gold/9596 platinum 

are also used for crystal growth and offer advantages such as increased 

melting temperatures or decreased softness. 

Ceramic crucibles are also used for oxide crystal growth. 

There are two considerations concerning the use of ceramic crucibles. 

First, they must have limited porosity in order to contain the melt 

during growth. Also, the purity of the ceramic, particularly with 

respect to binders used during ceramic fabrication, must be sufficient 

to minimize in advertent contamination of the product crystals. 

Because ceramic crucibles such as alumina are inexpensive and readily 

available, they can be very valuable during the early screening phase 

of a crystal growth problem. Table III lists common metal and 

ceramic crucible materials and their melting temperatures. 

3.3 Growth of Superconducting Oxides 

La,_,@E,CuO, AE = Alkaline Earth: Large crystals of the 
30K superconductor, Ba ,,rsLa1&u04, having the KsNiF, structure 
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Table III. Common crucible materials. 

Material Melting Point (’ C) Comments 

Pt 1772 

AU 1064 

Ag 962 

Ir 2410 

Ni 1455 

Standard choice for oxide growth 

.4W3 2072 Readily available in high purity 
and a variety of shapes 

ZrO.2 2715 Comes stabilized with Ca or Y 

MgC 2852 

SnOz 1630 

ThOz 3220 Radioactive 

* Handbook of Chemistry and Physics, 65th ed., R. C. Weast, ed., CRC Press, 
Inc., Boca Raton, Florida, 1984. 

0.6 

Figure 4: Superconducting volume fraction vs. x in La2_,$rxCu04 
(52). 
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(48)(49) andits 40K analog, La,ssSrO.lsCuO, (50)(51), with volumes 
approaching 1 cm3 were first grown from CuO-based melts (37). Top 
seeding techniques have also been applied successfully in this system 
(38-40) using CuO- and L&BsO,-based melts. Crystals have also been 
grown from PbO-based melts (27). Observation of high supercon- 
ducting transition temperatures in any of these crystals has, however, 
proven frustrating. Both lithium and lead dope the crystals and these 
impurities have detrimental effects on superconductivity. In the case 
of the CuO-based melts, the alkaline earth constituent has a low 
distribution coefficient, thus making incorporation of the alkaline 
earth element at appropriate levels difficult. There is evidence that 
superconductivity is favored at a fairly precise alkaline earth substitu- 
tional-doping level. The superconducting volume fraction in the solid 
solution is a maximum near La 1~86Sr,,16Cu04 as shown in Figure 4 
(52). Additionally, superconductivity in the La&uO,-based materials 
is sensitive to the precise oxygen stoichiometry while the oxygen 
diffusion in this phase is slow, making post growth anneals difficult. 
Some superconducting crystals have been prepared, but T,‘s are 
generally low, <20K, and often, superconductivity is confined to the 
surface of the sample. Several puzzles remain to be answered 
concerning these materials, including the precise dependence of T, on 
oxygen stoichiometry and on alkaline earth concentration. 

Ba,YCu,07, Grains of the 91.5K superconductor, BasYCu,O,, 
large enough for studies such as X-ray diffraction and magnetic 
characterization can be prepared by sintering near 1000°C (15- 17). In 
the case of Ba,YCu,O, and related phases, the commonly used fluxes 
for high temperature solution growth examined so far either fail to 
yield perovskite-phase product crystals or show limited solubility for 
these compounds. Flux growth from a CuO-rich eutectic has proven 
useful for the preparation of crystals of Ba,YCu,O., of suitable size 
and quality for research purposes (28)(29). Figure 5 shows the main 
features of pseudo-ternary phase diagram for the BaO-CuO-YO,., 
system at 975- 1000°C in air, with a region of partial melting delineat- 
ed by the dotted line in the CuO-rich region of the phase diagram (1). 
Crystals with surface areas approaching 1 cm2 and thicknesses on the 
order of 100pm have been grown by slow cooling of certain of these 
partially melting compositions. Choice of an appropriate crucible 
material remains problematical, with Au and ZrO, giving the most 
satisfactory results so far. 
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Figure 5: BaO-CuO-Y0r.s ternary phase diagram (1) (~950- 
1000”c). Various compounds and compositions require various 
oxygen activities so that a complete rigorous representation of the 
diagram should include an additional dimension related to P,,. 
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Figure 6: Oxygen pressure as a function of temperature for 
various values of x in BasYCusO,. The tetragonal (T) -orthor- 
hombic (0) transition at x - 6.63 is shown (54). 
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The oxygen stoichiometry, which strongly influences a variety 

of properties including T,, can be controlled by annealing under set 

conditions of temperature and oxygen partial pressure as shown in 

Figure 6 (53)(54). Oxygen annealed crystals are, however, usually 

microtwinned in the a-b plane as a result of a tetragonal to orthor- 

hombic phase transition. Several groups have recently reported 
thermo-mechanical techniques for detwinning Ba,YCu,07 crystals 

(U-57). 
There is reasonable evidence that there are two bulk Tc’s in 

Ba2YCus07_6 rather than a continuous variation in T, with 6 (58). 

Figure 7 shows data of Cava et al. for T, vs x in BasYCusO,. The 

plateaus near x = 7 and x = 6.7 correspond to bulk superconducting 

phases with T,‘s of 92 and #60K respectively. We have recently 

verified this result for single crystals as well (59). Evidence of long 
range order with periodicities related to oxygen stoichiometry has 

been obtained from diffraction experiments (60)(61). For example, 

Ba,YCu,0,.7 crystals show diffuse diffraction peaks indicating a cell 

doubling along the c axis and are superconducting at #60K (62). 

These orderings arise because oxygen atoms are not removed from the 
Cu-0 chains at random, but rather, empty chains and full chains form 

ordered structures. 
Superconductors in the Bi-Sr-Ca-Cu-0 System: The 

Bi-Sr-Ca-Cu-0 system is reported to contain several structurally-re- 

lated superconducting phases. In the absence of calcium, a w 1OK 

superconducting phase having one infinite two-dimensional Cu-0 

layer can be prepared (63)(64). The Bi-Sr-Cu-0 phase diagram 

(Figure 8) is surprisingly complicated (65)(66). Structurally similar 

non-superconducting phases can also be prepared (67-69). The 

superconducting phase has approximate composition, BiZ+xSrs_y- 

CuO,,,, and is found in the Sr-rich portion of a region of solid 

soluti& (70). Single crystals of the superconducting phase have been 

grown in sealed gold tubes (71)(72) and from alkali chloride melts (47). 

The 85K superconductor, Bis$r&$,sCu20a+6 (73-76), is also 

an incongruently-melting phase which is grown in single crystal form 

by flux techniques. Copper oxide-based fluxes yield research quality 

crystals (41). Alkali chloride melts are also useful for the growth of 

single crystals of this and related phases (42) and provide all of the 

advantages of high temperature solution growth including control of 

solute composition and concentration and of growth parameters such 
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Figure 7: Superconducting critical temperature as a function of 
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Figure 8: A portion of the BiO,., -SrO-CuO phase diagram (47). 
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as soak time and temperature. Both eutectic melt-grown and alkali 

halide melt-grown crystals of BissSr&a,,sCusOs+6 are very thin (a 
few pm) platelets. Some of these grown from alkali chloride melts are 

pictured in Figure 9. Recently, Feigelson and coworkers have used 

float zone techniques to produce single crystal fibers of Bi,,Sr,Ca,,- 

cu208+6 8mm in length and 300pm thick with fiber dimensions 

determined by the growth rate (22)(23). 

A higher temperature, T&=1 lOK, phase in the Bi-Sr-Ca- Cu-0 
system has also been reported (78-80). This phase contains three 

infinite two-dimensional Cu-0 layers. However, lead appears to play 
an important role in stabilizing this compound in phase pure form 

(75)(79)(80). Single crystals grown by eutectic melt growth techniques 
have been reported (77) but the phase purity of these crystals with 

respect to intergrowths containing various numbers of Cu-0 planes is 

a concern. 

Superconductors in the Tl-Ba-Ca-Cu-0 System: Supercon- 
ducting transition temperatures have attained their maximum values 

to date in phases in the TI-Ba-Ca-Cu-0 system (8). Forming a 

homologous series of compounds of nominal composition, Tl,(Ba,- 

Cah+nC%%+2n~ these phases show superconductivity onsets of 80K 

for n=l, 1lOK for n=2, and 125K for n-3. The Tl-Ba-Ca-Cu-0 

superconductors are structurally-similar to the Bi-Sr-Ca-Cu-0 phases 

as is discussed in detail elsewhere in this book. Small single crystals 

of the various members of this series suitable for X-ray diffraction 

studies and some studies of physical properties have been obtained by 

slow cooling off-stoichiometric (normally Tl-0 rich) mixtures 

contained in gold tubes (9)(43). Crystals are small black platelets 

similar in appearance to Ba2YCu,07 crystals and distinctly different 

from the micaceous Bi2.2Sr2Ca,,8Cu208+6 crystals. 

Crystal growth of these compounds is complicated by the high 

volatility of thallium oxides and thallium-containing compounds at 

elevated temperatures and the toxicity of thallium. Also, the similari- 

ty in structures leads to problems controlling phase purity and samples 

which appear to be single crystals based on their morphology can be 

shown to be complicated intergrowths by X-ray diffraction studies. 

Ph#r&_+,CusO,, Compounds of formula Pb2Sr2Ml_,r- 
Ca,Cu,O,, where M = lanthanoid, form a new class of superconduc- 

tors with T,‘s as high as 80K (44)(81). The structure contains double 

layers of infinite planes of corner-shared CuO, pyramids interleaved 
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Figure 9: Photograph of Bi2.2Sr 2CaO.SCu20S+6 crystals grown
from alkali chloride fluxes (42).
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by a lanthanoid/alkaline earth solid solution separated by Pb-O/Cu/- 
Pb-0 planes containing linearly-coordinated Cu(l) atoms and is 
pictured in Figure 10. Single crystals are grown from PbO melts (45). 
A precursor containing the alkaline earth, lanthanoid and copper 
constituents is prepared using standard ceramic techniques. This 
precursor is then combined with lead oxide in a 1:l weight ratio, 
placed in a high density Also, crucible, and heat treated in a 1% 
oxygen atmosphere. The behavior with respect to oxygen is compli- 
cated as indicated in Figure 11 (82). Under higher oxygen partial 
pressures, the phase undergoes an irreversible decomposition to a 
tripled-perovskite related phase similar to BasYCusO,. The 1% 0, 
atmosphere is necessary to maintain the desired phase during synthe- 
sis. Crystals with dimensions 1 x 1 x 0.1 mm’ are readily obtained, 
but display a range of T,‘s depending on the thermal treatment 
following the growth portion of a given run. The relationship between 
T, and 6 for PbzSraM,_XCa.$u,0s+6 samples has been examined and 
suggests a maximum in T, for 6 =3 (83). However, control of 6 in 
single crystal samples remains difficult. This phase has an interesting 
substitutional chemistry. A portion of the linearly-coordinated copper 
can be substituted by silver with little change in T, (84). 

Nd,_,Ce,CuO,: The first electron-doped high temperature 
superconductor is Nd,_,Ce,CuO, (85). This phase which is of interest 
to provide additional clues to the mechanism of superconductivity is 
grown from CuO-rich melts similar to those used for the growth of 
La,CuO,-based phases (86)(87). The end member is readily grown, 
but addition of cerium to the melt raises the melting temperature 
which increases the volatility of CuO. Large rectangular plates of 
NdzCuOl and its Ce-doped variant have been grown. Top-seeded 
solution growth has also recently been reported (88). 

Anionic substitution of F for 0 in NdaCuOl also results in 
bulk superconductivity with T,‘s as high as 27K (89). To obtain 
superconductivity in these crystals, a complicated post-annealing 
procedure is required. So far, the fraction of the crystal which 
becomes superconducting appears to be relatively small (90). 

Bal_,,&BiO+ A non-copper containing compound with a T, 
of 30K, Ba,_,K,BiO, is of much interest in the study of oxide 
superconductors (10)(91). Unlike the cuprate phases which are 
layered, Ba,_,K,BiO, is an ideal cubic perovskite. Most of the work 
on Ba,_,K,BiO, has been carried out on ceramics. Recently, small 
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Figure 10: Structural representation of Pb,Sr,MCu,O, (44). 
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Figure 11: Thermogravimetric curves for Pb,Sr,YCu,O,.-,, at 
2°Cmi*w1 in various atmospheres (82). 
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crystals were grown from dry KOH melts (36) following reports of the 
growth crystals which contained potassium but not at sufficient levels 
to produce superconductivity (92). These superconducting crystals are 
pictured in Figure 12. Apparently, nucleation occurs just above the 
freezing point of KOH. Hence, most crystals are of similar size and 
are small, < 0.1 mm in diameter. 

3.4 Characterizing Single Crystals 

Analysis: Unlike solid state synthesis, the stoichiometry of a 
newly grown crystal is unknown. Also, first attempts to grow crystals 
often produce relatively small samples. A useful tool for gaining 
information on the composition and stoichiometry of new crystalline 
samples is a Scanning Electron Microscope (SEM) equipped with an 
energy dispersive X-ray (EDX) spectrometer. Particularly when 
combined with appropriate standards, such a set-up can quickly 
provide valuable information on the number and kinds of phases 
obtained from a crystal growth experiment. Typical spectrometers are 
only sensitive to elements heavier than neon although “windowless 
detectors” can also give information on oxygen content. The accuracy 
of EDX is typically 3-5%. 

Rutherford Backscattering Spectroscopy (RBS) can also give 
compositional information. It is a highly surface sensitive technique 
requiring specialized equipment and is best for samples containing 
elements with Z’s that differ by several atomic numbers. The 
accuracy of RBS is controlled by counting statistics but is usually 
about 5%. 

X-ray Diffraction: Structural characterization of single crystal 
samples can reveal both the atomic arrangement and the composition 
of a sample. The unit cell size and symmetry alone can quickly 
establish whether a crystal is a known material or a new phase. A 
detailed discussion of X-ray diffraction studies of the known 
superconductors is the topic of another chapter in this book. 

Superconductivity: Superconductivity plays two roles in the 
“study of superconducting oxides. Single crystals of high T, phases are 
characterized to determine parameters including T,, transition width, 
and superconducting volume fraction. Also, superconductivity can be 
employed as a handle in the search for new superconducting phases or 
for new approaches to the growth of existing phases. 
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a. 

b. 

Figure 12: Photograph of 30.5K superconducting Ba,&,,BiOs 
crystals grown from KOH flux (36). 
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Magnetic measurements and transport property studies are 
described in detail in other parts of this book. A few comments 
concerning such measurements on single crystals are noted here. First, 
the known superconducting cuprates are anisotropic materials. As the 
growth habit of compounds usually reflects their underlying structure, 
the superconducting cuprates tend to grow as thin platelets. This 
shape anisotropy has consequences for measurements, especially those 
to determine superconducting volume fraction. Depending on sample 
orientation relative to the field, a demagnetizing factor must be 
applied. The magnitude of the demagnetizing factor is, however, 
unknown for most sample geometries although it can be estimated. 
Failure to consider the demagnetizing factor can lead to serious errors 
in the size of the Meissner fraction. 

The shape anisotropy also complicates efforts to determine the 
resistivity anisotropy. An extension of the Montgomery method must 
be employed for anisotropic materials (93). Such characterization has 
been carried out for B&.&s Ca o&uZOs+6 (94). 

In favorable cases, superconduct&ty is a sensitive and useful 
screen for desired crystals. Near zero field microwave absorption (95) 
can be used to examine very small samples of only a few micrograms. 
This technique has value in the search for new superconducting 
phases. In early attempts to identify the superconducting phase in the 
Pb-Sr-Y-Cu-0 system, both superconducting and non-supercon- 
ducting crystals were obtained. Individual crystals were examined for 
superconductivity using near-zero field microwave absorption. Then 
X-ray diffraction was used to establish the structure and stoichiometry 
of the superconducting phase. 

However, there are limitations to the use of superconductivity 
as a screen for new superconductors. Experience with various of the 
known high T, phases has taught us the sensitivity of superconductivi- 
ty to doping. For, example T, depends critically on oxygen stoichiom- 
etry in BasYCusO,. Thus,interesting phases might easily be over- 
looked. 
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Preparation of Bismuth- and Thallium- 
Based Cuprate Superconductors 

Stephen A. Sunshine and Terre11 A. Vanderah 

1 .O INTRODUCTION 

Superconductivity in the Bi-Sr-Cu-0 system at relatively low 
temperatures was first reported by Michel, et al. (1). Addition of 
Ca to this system led to the report of superconducting transitions 
between 80 and 110 K (2). These discoveries led to frantic 
attempts in a number of laboratories to prepare single-phase 
samples of the phases responsible for superconductivity. Study of 
single crystals revealed that these transitions are due to three 
different superconducting phases that are often represented by the 
formula Bi,Sr,Ca,_,Cu,O,,+,; n = 1, 2, and 3. This represents an 
idealized formula for the phases involved and schematic drawings 
of the ideal structures are given in Figure 1. 

Within weeks after superconductivity was observed above 77 
K in the Bi-Sr-Ca-Cu-0 system, Sheng and Hermann (3) reported 
a record-high T, value of 120 K for a Tl-Ba-Ca-Cu-0 phase. 
The results were quickly confirmed (4)-(g) and the existence of a 
large family of thallium-containing superconducting oxides was 
revealed (10). 

A number of chemical reviews of cuprate superconductors 
have included the bismuth and thallium families (1 l)-( 14). 
Reviews focussing on the structural chemistry of these two series 
are also available (15),(16). On the thallium cuprates, an overview 
of structural studies has appeared (17), and a detailed review of 
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II=3 

Bi,Sr&~@1s0,o 
TIIBa&a&u~Olo 

Figure 1: Schematic representation of the ideal structures of the 
homologous series of Bi- and Tl-based superconductors 
the coordination polyhedra about Bi or Tl (octahedra) 
(octahedra, square pyramids, or square planes). 

showing 
and Cu 

n=l n=2 n=3 
TI&J,CUO, Tl130eCoCuzOl TIBo2C02Cu309 

Figure 2: Schematic representation of the ideal structures of the 
thallium monolayer cuprate superconductors. 
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synthesis, structural chemistry, and electronic behavior will soon be 
available (18). 

Two series of thallium-containing cuprate superconductors 
have been synthesized with the following ideal general formulas 
(10): 

A. Tl,Ba,Ca,_,O,,+, 

B. TlA,Ca,_,Cu,O,,+, ; A = Ba, Sr 

These structurally related series are intergrowths of oxygen-de- 
ficient perovskite layers (with “n” denoting the number of Cu-0 
layers per perovskite slab) and rock salt-type layers. These struc- 
tures are cousins of the Aurivillius family of oxides (11) and are 
also related to the Ruddlesden-Popper-type phases (15). The 
compounds in Series A adopt the same ideal structures as those of 
the Bi family of superconductors which are depicted in Figure 1; 
the structures of the series B phases are shown in Figure 2. The 
two series differ in the thickness of the rock salt portion of the 
structure. In series A, the rock salt “slab” is three layers thick 
(2T10 + BaO); in series B, two layers thick (TlO + BaO). Series 
A is referred to as having “thallium bilayers”; series B, “thallium 
monolayers”. The layer structures of these compounds lead to 
characteristic c-axis lengths of the unit cells. Although the unit 
cells all tend to be large and the X-ray powder patterns rather 
complex, the low-angle (002) or (001) reflections can often be used 
to sort out product phases; routine X-ray powder diffraction scans 
should therefore be started at 5 (or less) degrees two-theta in order 
to record this characteristic region (see Chapter 13). 

It is common practice to refer to these compounds using 
numerical acronyms corresponding to the metal stoichiometries. 
The decoding scheme and T, values are collected in the following 
table (13)(21)-(23); the lead-substituted phases are included but not 
generally referred to with acronyms. 

Some of the compounds in Table 1 have been prepared as 
single crystals and/or well-crystallized single-phase samples, while 
others have been obtained in multi-phase products with structural 
information provided by electron microscopy (13). Compounds that 
have been well-characterized in single-phase polycrystalline form 
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Table 1 
Bismuth- and Thallium-Based 

Superconducting Cuprates’ 

Acronym 

2201 

2212 

2223 

2234 

Ideal Forntula 

BisSrsCuOe 

BisSraCaCuaOs 

BisSrsCasCusO,, 

BisSrsCasCu,O,s 

T,(K) 

10 

90 

110 

90 

2201 TlsBasCuO, 90 

2212 TlsBasCaCusOs 110 

2223 TI,Ba,Ca,CusO,, 122 

2234 TIsBa,CasCu,O,, 119 

1201 TlBaaCuO, non-SC 

1212 TIBasCaCusO, 80 

1223 TlBasCasCuaO, 110 

1234 TlBasCasCu,O,, 122 

1245 TIBa,Ca,Cu,O,s 110 

-‘-‘o.sP”o.,%C”O6 non-SC 

(Tl.Pb)Sr,CaCu,O, 90 

(TI.Pb)Sr,Ca,Cu,O, 122 

1 Recently, two analogow leriea of biimuth- and thallium-baaed 
uprate aeric* have been reported with the formula Bi2Sr2(Lnl_x 

C+C~2010-y~ Ln = Sm, Eu, or Gd (19). In tha thallium 

seriw Bi,Sr L replaced by TI,Ba. The biimuth eerier L 
wpcrconducting with T, valuea below SO K, while the thallium 
compoundr were not l uperconducton. The structure ie rimilar 
to the bilayer Aurivillilu-like thallium and bismuth families, 
except that a fluorltr-like Ibyrr (Lnl_xOa,J02 upuatw thr 
1302 #he&l instead of calcium ions. A very similar usiea with 
thallium monolayera instead of bilayen har also been found, but 

wu not nqerconducting (20). 
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and/or as single crystals include: the bismuth family, n=1,2,3 [2201, 
2212, 22231 (13); the thallium bilayer phases, n=l,2,3 [2201, 2212, 
22231 (13); the thallium monolayer phases, n=2,3 [1212, 12231 
(13)(24); and the Pb-substituted thallium phases (25). The highest 
superconducting transition temperatures found to date, above 120K, 
are exhibited by the n=3 thallium bilayer phase (13), the n=4 
thallium monolayer phase (20), and (Pb,,sTl,~,)Sr,Ca,CusOa (25). 
It is now generally accepted that lower T, values are found for 
phases with more than three or four Cu-0 layers (21)(26). 

The bismuth- and thallium-based cuprate superconductors 
differ in a number of aspects, most of which seem attributable to 
the chemical difference between trivalent bismuth and thallium: 
Bi3+ possesses a lone pair (6~~) in its valence shell, in contrast to 
the noble gas configuration of T13+. As can be seen in Figure 1 
(see also Chapter 13), the ideal structures of the n=l-3 (T1,Bi) 
bilayer phases are identical. However, the chemical nature of T13+ 
and Bi3+ result in different deviations from the ideal structures: 
T13+ behaves as if it were somewhat too small for its site, whereas 
Bi3+ possesses the lone pair that must be structurally accommodated 
(7). Figure 3 (7) depicts some of the differences between the 
average structures of the thallium and bismuth 2201 phases. 
Displacements within the Bi-0 layers result in the formation of 
complex incommensurate superstructures which are discussed 
elsewhere. The formation of these superstructures, which involve 
the bonding between two adjacent Bi-0 sheets, may be related to 
the failure to synthesize the bismuth monolayer analogs of the 
thallium compounds. On average, as can be seen in Figure 3, an 
unusually long Bi-0 bond develops between the two Bi-0 layers 
(3.2 A), whereas the corresponding bond connecting the Tl-0 
sheets is much shorter (2.0 A) (7). The weak Bi-0 intersheet 
bonds likely cause the different morphologies of the bismuth and 
thallium compounds. The bismuth phases form extremely thin, 
micaceous platelets that tend to delaminate: cleavage between the 
Bi-0 sheets yields charge neutral sections (7). The morphology of 
the thallium compounds is also platy, but not micaceous. The 
weak bonding along the c-axis of the bismuth compounds may also 
contribute to their stronger propensity to form intergrowth 
products, with sections of varying n-values in a single grain. The 
c-axis of the 2201 bismuth phase in Figure 3 is considerably 
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- cu 
- Ba 

- Tl 

- TI 

- Ba 

- cu 

- Ba 

- TI 

- TI 

- Ba 

- cu 

- cu 
- Sr 

- Bi 

- Bi 

- Sr 

- cu 

- Sr 

- Bi 

- Bi 

- Sr 
- cu 

Figure 3: Average structures of Tl,Ba, CuOe and Bi,Sr,CuOe as 
determined by single-crystal X-ray diffraction (7). 
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longer than that of the thallium analog, despite very similar ionic 
radii of (Tl,Ba) and (Bi,Sr) (7). This could indicate that the 
thallium phases are also more tightly coupled electronically along 
the c-axis, thus leading to the higher T, values observed for the 
thallium family. 

The layer-type structures and chemical nature of the 
constituents of the bismuth and thallium-based cuprate supercon- 
ductors - notably the lone-pair stereochemistry of Bis+, variable 
valence of copper, and considerable exchange among some of the 
cation sites - combine to make structural non-ideality, nonstoichio- 
metry, and phase intergrowth the rule rather that the exception in 
these families of materials. These features, as well as the probable 
metastability of the phases (and possibly all high-temperature oxide 
superconductors), also contribute to the difficulties typically 
encountered in preparing single-phase samples with reproducible 
properties and compositions. 

We are now acutely aware of the importance of the details 
of sample preparation; e.g., mixing, integrity of reactants, contain- 
er, furnace design and sample placement therein, sample heating 
and cooling rates, actual vs. programmed temperatures, thermal 
gradients, and sample storage. Unfortunately, these details of 
sample preparation are not always known, and when known, are 
not always included in published reports - a situation that will 
hopefully self-correct in the future. Those attempting to repeat 
literature reports will most likely need to vary such details in their 
own particular experimental situation before success is attained. 
Hence, a considerable investment of time and effort should be 
expected. 

This chapter presents an overview of our understanding of 
phase relationships and a summary of synthetic techniques for the 
synthesis of phase-pure superconducting samples in the bismuth- 
and thallium-based families of high T, cuprate superconductors. 

2.0 SYNTHETIC METHODS 

Many of the high T, ceramic superconductors can be 
prepared by similar solid state techniques. In the Bi-Sr-Ca-Cu-0 
system B&O,, SrCOs, CaCO, or Ca(OH),, and CuO are often used 
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as the starting materials. These powders are combined in appro- 
priate ratios, ground in an agate mortar, and heated in a high 
density alumina crucible at 810-820°C for 3-5 hours. It is 
important that this initial heat treatment is carried out below the 
melting point of B&O, (-825°C) to allow for reaction of the B&O, 
before melting. The samples are cooled to room temperature, 
ground, pressed into pellets, and heated at 830°C for 3-5 hours. 
This process is repeated, raising the temperature by lo-15”C, until 
no change is observed in the X-ray powder diffraction pattern. 
Typically, 4-6 heatings up to 900°C are required to reach equilib- 
rium. While these latter reactions can be performed in high 
density alumina, the possible reaction of the samples with A&O, 
makes silver or gold a better container material. 

Other starting materials such as SrO, CaO, Sr(NO,&, and 
Ca(NO,&4H,O can be used in place of the carbonates. However, 
the oxides readily react with CO, and H,O from the air to form 
carbonates and hydroxides while Ca(NO,),.4H,O often contains an 
unreliable amount of water of hydration. These starting materials 
should be analyzed prior to use to determine the actual SrO or 
CaO content. This can be done by thermogravimetric analysis or 
by heating a known amount of material in air to 950°C and 
quickly weighing the cooled sample to determine the weight loss 
due to CO,, H,O, and NO, evolution. Slow heating rates are 
necessary when the nitrates are used as starting materials since 
these compounds melt at low temperatures (550-600°C) and can 
splatter during NO, evolution. 

The volatility of the reactants is a concern in some solid 
state syntheses. This may be a slight problem in bismuth cuprates 
synthesized at high temperatures because B&O, has an appreciable 
vapor pressure at these temperatures (i.e. 900-950°C); however, 
chemical analyses of samples of bismuth-based superconductors 
before and after reactions at temperatures up to 900°C indicate no 
detectable loss of bismuth. This problem is much more severe in 
the case of thallium chemistry. 

The primary difficulty in preparing the thallium-based 
cuprate superconductors lies in the toxicity and volatility of the 
reactant T&O, and its decomposition products. Above 6OO”C, the 
following redox-vaporization process is well under way and would 
lead to substantial loss of reactant in an open system, although the 
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magnitude of the partial pressure that would form in a closed 

system is not high enough to pose technical difficulties in 

containment (27): 

T1,%(4 -+ Tl 0 
2 (e) + 02Cg) ; 

small amounts of gaseous elemental TI are also formed (27). T1,Os 

melts at 717°C and its conversion to TI,O is complete at 875°C in 

air (28). Reactions to prepare the complex oxides containing 

thallium should therefore be carried out in sealed containers that 

do not react with Tl,O,. In addition to problems with volatility, 

soluble thallium compounds are particularly toxic because they are 
erage work period (29); early symptoms of thallium-poisoning 

include hair loss. Safety considerations in handling thallium 

compounds should include the following: 1) gloves should be worn 

at all times to avoid skin contact; 2) powders should be handled as 

much as possible in a well-ventilated hood to avoid dust inhalation; 

3) use of Tl,O, which is soluble, should be avoided in favor of the 

sesquioxide; 4) reactions should be carried out in sealed containers 

in furnaces placed in chemical fume hoods; and 5) chemical waste 

must be isolated and disposed of properly. In flow-through 

systems, volatile thallium constituents can be safely isolated by 

exiting the flow gases through traps containing basic peroxide 

solutions; insoluble Tl,O, precipitates. 

The following sections will outline specific methods for the 

synthesis of Bi- and Tl-based cuprate superconductors. Because 

the synthetic methods and historical evolution of the compounds 

are different, the bismuth and thallium families are described 

separately. 

3.0 SYNTHESIS OF Bi-BASED CUPRATE SUPERCONDUCTORS 

3.1 Single Cu-0 Layer Phase [2201], T,=lO K 

The most detailed studies to date have involved the n=l 

system, i.e., the calcium-free system in which superconductivity 

was first detected near 20 K (1). This system can be described by 

a pseudo-ternary phase diagram. Equilibrium phase fields have 
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been proposed by several groups (30)-(34). The equilibrium phase 

diagram for the Bi-Sr-Cu-0 system as determined by Roth et al. 

is given in Figure 4 (30). The samples for this study were 

prepared from B&O,, CuO, and SrCOs or Sr(NOs)z using the 

heating sequence described in section 2.0 above. The surprising 

result of this study was the isolation of two distinct phases close 

to the ideal composition Bi,Sr,CuOe (Figure 5). Phase A has a 

composition very close to BizSraCuOe although up to 10% Cu 

deficiency may occur (35). Phase B actually occupies a solid 

solution region described by the formula Bi2_xSr2_yCu0e+6. 

Importantly, Phase A is a semiconductor, although its composition 

is closest to the idealized Bi,Sr,CuO,. Phase B shows signs of 

superconductivity between 6 and 10 K for samples at the Sr-rich 

end of this solid solution. The solid solution, as determined by 

Roth et al. (30), is bound by the compositions (a) Bi2.17Sr1.83Cu 

0 ef6 (b) Bis.&1.7eCuOe*8, and (c) Bi,.+-,.,,CuOs*g (Figure 5). 
The solid solution tolerates both Sr and Cu deficiencies although 

different limits of the solid solution have been reported by various 

groups (30)-(34). For example, Ikeda et al. (34) gives the limits as 

BiZ+xSra_xCul+yOe with 0.1 < x < 0.6 and 0 < y < x/2, suggesting 

stability for excess Cu not Cu deficiency. The origin of these 

discrepancies is unclear. All researchers agree, however, that 

superconductivity is only observed in samples near the Sr-rich end 

of the solid solution. Furthermore, most groups report composi- 

tions for superconducting samples that are outside of some, if not 

all, of the solid solution ranges that have been reported. The 

superconducting fraction (as determined by Meissner measurements) 

is typically quite small which raises questions about the true nature 

and thermodynamic stability of the superconducting phase in the 

Bi-Sr-Cu-0 system. 

3.2 Cu-0 Double Layers [2212], T,=SO K 

The idealized formula Bi,Sr,CaCu,O,,g represents the next 

step in the “homologous series” of Bi-Sr-Ca-Cu-0 superconductors. 

This phase has been reported to have a superconducting transition 

between 80 and 95 K. Because of the added complexity of the 

fourth element, Ca, no complete equilibrium phase diagram for the 

Bi-Sr-Ca-Cu-0 system has been published. A myriad of partial 
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Figure 4: Equilibrium phase diagram for the Bi-Sr-Cu-O system
in air at 875-925°C (30).

2

Figure 5: Portion of
Bi2Sr 2CuO6 (30).
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phase diagrams and synthetic techniques for the preparation of this 
superconducting phase have been reported. 

The synthesis of the n=2 phase is similar to that described 
above for the n=l system. In general, stoichiometric portions of 
oxides and carbonates (or nitrates) are ground and reacted in a 
high density alumina crucible at temperatures between 800 and 
820°C. The product is crushed and pressed into a pellet for 
further heat treatments at 840-870°C. The firing temperature must 
be raised incrementally to prevent melting of the sample. 

Initial studies reported the existence of a solid solution 

Bi2Sr2-lcCal+JP2%*6 with 0.25 I x I 1.0 (36)(37). These limits 
do not include the ideal formula Bi2Sr2CaCus0,,b as was noted 
early on (38). Recent work by Ono (39) indicates that the 80 K 
phase can be synthesized over a wider range of compositions 
described by the formula Bi2BiJSr2_,,Cal+y)1_XCu20,, for 0.0 5 x 
I 0.2 and 0.0 I y 5 0.5 (Figure 6). Thus, this phase can be 
synthesized at a Ca/Sr ratio of 0.5 in the compound Bi2.,Sr,.g,Ca,._ 

97cu2q These results are consistent with the work in the n=l 
system which suggests that Bi on the Sr site stabilizes the super- 
conducting phase. 

Alternate approaches to the standard synthetic methods 
described above have also been reported. Sastry et al. (40) report 

. 
the synthesis of Bi2Sr2CaCu20s*a from a prereacted ceramic of 
“Sr,CaCu,O,” and Bi,Os. The carbonates or oxides of Sr, Ca, and 
Cu are first reacted in appropriate ratios at 950°C to form a 
mixed-phase material. This is then combined with a stoichiometric 
amount of Bi,O,, thoroughly mixed, heated to 927°C for 3-5 
minutes, and cooled to room temperature. The resulting black 
powder is ground well, pressed into a pellet, and heated again for 
3 minutes at 927°C. A final heat treatment at 852°C for 2 hours 
with furnace-cooling resulted in a single-phase sample. 

A similar route to Bi,Sr,CaCu&& developed by Beltran et 
al. (41) involves the reaction of Bi,CuO,, CaCO,, SrCOs, and CuO 
in appropriate ratios. These materials are well mixed and heated to 
860°C in an alumina boat under flowing 0, for 16 hours. The 
reacted powder is ground, compressed into pellets, and sintered at 
880°C for 20 hours and furnace-cooled to room temperature. This 
technique reportedly also led to single-phase samples. 

An alternate technique which eliminates the physical mixing 
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Figure 6: Single-phase region (open circles) for the 80 K 
superconductor in the Bi-Sr-Ca-Cu-0 system (39). 
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necessary in the above reactions is the chemical mixing of salt 
solutions. One method involves the spray drying of nitrate 
solutions (36). Solutions of known molarity are prepared by 
dissolving the nitrates in dilute nitric acid (Bi, Ca, and Cu) or 
water (Sr). The desired compositions are mixed by volume and 
then sprayed through a quartz tube lining a furnace. The nitrates 
decompose on the walls of the quartz tube. This technique allows 
for the synthesis of a wide range of compositions in a relatively 
short time. 

The nitrates can also be precipitated from solution in the 
form of the citrate salts (42). This also leads to intimate mixing 
and eliminates the need for a spray drying apparatus. For 
example, 8 mmol Bi(NO,),.SH,O, 4 mmol Ca(NOs),.4H,O, 8 
mmol Sr(NO,),, 8 mmol Cu(NO.&3H,O, and 4.62 g of citric acid 
are dissolved in 40 ml distilled water. The pH of the solution is 
adjusted to 6.65 by the addition of concentrated NH,OH solution 
and 3.5 ml ethylene glycol is added. This solution is stirred and 
heated to lOO- 120°C for 1 hour to form a viscous mixture which 
is then pyrolyzed at 350°C for l/2 hour to decompose the organic 
constituents and inorganic salts. At these temperatures, a vigorous 
exothermic reaction takes place and a spontaneous combustion is 
initiated by the nitrate salts. [CAUTION: This exothermic 

reaction can be explosive if not carefully controlled. Appropriate 
precautions should be in place before this reaction is attempted.] 

The residue consists of homogeneous flakes. This residue is 
precalcined for 10 minutes at 5OO”C, ground, and then calcined for 
8 hours at 800°C. This powder is then pressed into a pellet and 
sintered at 840°C for 4 hours. This method produces highly 
crystalline samples in spite of relatively low reaction temperatures 
and short reaction times. 

3.3 Triple Cu-0 Layers [2223], TcllO K 

A phase in the Bi-Sr-Ca-Cu-0 system with a supercon- 
ducting transition temperature near 110 K was apparent in many 
early mixed-phase samples (2)(38). Superconducting onsets were 
often near 110 K although zero resistance was rarely achieved 
above 85 K. While chemical analysis, TEM, EDX, and single- 
crystal X-ray diffraction suggested a composition BisSrsCasCus 
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0 ruf6 for the high-T, component, attempts to synthesize a 
single-phase ceramic at this composition were unsuccessful. This 
led to further studies on the dependence of the fraction of the 110 
K phase on starting composition, reaction temperatures, and 
annealing conditions. Several studies have reported the enhance- 
ment of this phase by heating samples very near the melting point 
(875-885°C) (2)(38). This method has proven successful in samples 
with nominal compositions BissSrsCasCu40, (43) and Bi$rsCas 
Cu,O, (38). Still other work has suggested that low temperature 
anneals improve the fraction of the 110 K phase (44). To date, 
samples containing a 110 K superconductor in the Bi-Sr-Ca-Cu-0 
system are multiphase. 

It was recognized early on that small amounts of Pb 
enhanced the formation of the 110 K phase (45). This has led to 
significant efforts to synthesize a Pb-stabilized 110 K superconduc- 
tor. Partial phase diagram studies in air (46) and in reduced 
partial pressures of 0, (47) have been reported. The work of 
Sasakura et al. (46) reports the partial phase diagram in air for 
samples prepared from B&O,, PbO, CaCOs, and CuO. Powders in 
the appropriate ratios were mixed and heated at 795°C for 15 
hours, reground, and pressed into pellets. These pellets were 
sintered in air at 858°C for 90 hours and reground. New pellets 
were pressed, sintered a second time at 858°C for 65 hours, then 
cooled at l-2.5”C/min to room temperature. Samples of nominal 
stoichiometry Bile,Pb,Sr,Ca,Cu,O, with v = 0.28 or 0.32 were 
prepared. Single-phase samples are formed over a fairly wide 
range of compositions as is depicted in Figure 7. For Br,_,,Pb, ss 
Sr l.‘IsCaYCuEOw single-phase samples are formed for 1.75 I y’ I 
1.85 and 2.65 5 z 5 2.85. These samples show a transition to zero 
resistance above 105 K and exhibit a substantial Meissner fraction. 

Synthesis from the nitrates at reduced partial pressure (l/13 
atm 0,) leads to a slightly different phase diagram (47). Samples 
were prepared by dissolving B&O,, PbO, Sr(NOs)s, Ca(NO& 
4Hs0, and CuO in nitric acid to insure intimate mixing. This 
solution is stirred and heated until dry, resulting in a light blue 
solid. This material was decomposed at 800°C for 30 minutes. 
The resulting powder was pressed into a pellet and heated at 
828-843°C for 36- 130 hours in l/13 atm 0, pressure, cooled 
slowly to 75O”C, and then cooled in pure 0, to room temperature. 
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Figure 7: Composition diagrams for samples of nominal composi- 
. . 

tion BrlesPb,SrxCayCu,O,. In (A), v=O.28 and x=1.73, for (B) 
v=O.32 and x=1.75, and for (C) ~0.32 and x-1.80. The dashed 
area (marked A) indicates where single-phase 110 K superconduc- 
tors are prepared (46). Regions marked B, C, and D contain 110 
K phase + CasCuO,, 110 K + 80 K + CasCuO,, and 110 K + 80 
K phase, respectively. 



Bismuth- and Thallium-Based Cuprate Superconductors 273 

Samples prepared with the general stoichiometry Bi1.a4Pb,,s4SrxCaz 
Cu,O, were found to be single-phase in the region 1.87 I x I 
2.05, 1.95 I y I 2.1, and 3.05 I z 5 3.2 (Figure 8). Again, zero 
resistance at T > 105 K was exhibited within this range of 
compositions. 

It should be clear from the above sections that the idealized 
formula Bi,Sr,Ca,_,Cu,O,,+, with n = 1, 2, and 3 does not 
accurately describe the actual stoichiometry of single-phase ceramic 
samples. Substantial cation intersite substitution and/or vacancies 
probably occur in these materials. The role of these defects in the 
stabilization of the superconducting phases and their contribution 
to the superconducting properties is still being investigated. 

4.0 SYNTHESIS OF THALLIUM-BASED CUPRATE SUPER- 
CONDUCTORS 

4.1 Preparations in Air or Lidded Containers 

The earliest syntheses of the 2212 and 2223 thallium-based 
cuprate superconductors were carried out by reacting stoichiometric 
amounts of T&O,, CaO, and a pre-reacted (92O”C, 2 h) mixture of 
BaCO, and CuO (nominal composition BaCusO, or Ba,Cu,O,) 
(3)-(5). The reaction mixtures were pressed into pellets, placed in 
hot furnaces at 880-95O”C, heated for 2-5 min under flowing 
oxygen, and air-quenched. Since sealed containers were not used, 
product stoichiometries were not well controlled and the samples 
tended to be mixtures of the 2212 and 2223 phases with broad 
superconducting transitions. This group also reported a vapor-solid 
process that also produced mixtures of the 2212 and 2223 phases 
with broad transitions above 100 K (48): Pellets of different 
pre-reacted (925-950°C 48 h) Ba-Ca-Cu-0 mixtures were 
supported over platinum boats containing T&O,. This combination 
was then placed into a hot furnace at 900-925°C and heated for 3 
min in flowing oxygen followed by furnace-cooling. 

In another procedure (49), the reactants (TlsO,, Ba(NO,),, 
CaO, and CuO) were heated in two steps, the first in a lidded Pt 
crucible (lOOO”C, 15-25 min), and the second (as pellets wrapped 
in gold foil) in a sealed silica tube (865-905”C, 3-10 h) that had 
been flushed with oxygen. Products were multiphase, but a 
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Figure 8: Partial phase diagram for phases of composition 
Bi 1.84Pb0 34srlccaycuA~ The dashed area represents the single- 
phase region for samples of 110 K (n=3) material. The samples 
were prepared in l/13 atmosphere 0, (47). 
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starting composition of Tl,,,Ba,Ca,CusO,, yielded (apparently) 
sufficient 2223 phase to give a superconducting onset temperature 
of 123 K with zero resistance at 121 K. 

Millimeter-sized crystals of several of the thallium-based 
superconductors have been grown using a “pseudo-flux growth” 
method in Pt crucibles with tight-fitting lids (24)(50). Dry 
powder-mixtures of TlsO,, BaO, CaO, and CuO of various starting 
metal ratios were placed in hot furnaces under flowing oxygen at 
95O”C, soaked 1 h, cooled to 700°C in 12.5 h and then to room 
temperature over 5-6 h; soak temperatures below 900°C did not 
produce crystals. In successful experiments, breakage of the 
reaction mass revealed “melt” pockets containing well-formed 
platelets l-3 mm across and 0.01-0.20 mm thick. A starting 
TkBa:Ca:Cu ratio of 4:3:1:5 yielded predominantly 2223 crystals; in 
other experiments, starting metal ratios of 1:1:1:2, 2:2:2:3, 2:2:1:2, 
1:1:2:2, 2:5:1:2, 2:1:3:2, and 2:1:1:2 all yielded mixtures of crystals, 
some intergrown, of the 2212, 2223, and 1212 superconductors. In 
general, the T, values for the crystals were somewhat lower than 
those observed in ceramic phases, an effect attributed to micro- 
scopic inhomogeneity and cation site disorder/vacancy formation. 

All of these procedures involve heating TlsO, in non-sealed 
systems, and all are typified by superconducting product stoichiom- 
etries far different from the starting compositions. Again, in 
addition to safety concerns, little control of superconducting-phase 
composition and reproducibility of synthetic conditions is afforded 
by use of non-hermetically sealed reaction containers. The 
problem appears to be more complex than simply thallium reactant 
loss; factors related to reaction kinetics are most likely quite 
important for the preparation of these metastable phases. 

4.2 Preparations in Hermetically Sealed Containers 

Other researchers attempted improved control of product 
stoichiometry by wrapping reactant-mixture pellets (TlsOs, BaO, 
CaO, and CuO) in gold foil and then sealing them in silica 
ampoules that had been flushed with oxygen (8)(51). Multiphase 
samples, however, were still obtained. Nominal starting metal 
compositions of 1:1:3:3 and 2:2:2:3 (TI:BaCa:Cu) resulted in the 
largest amounts of 2223 and 2212 phases, respectively; the samples 
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were heated at 880°C for 3 h, followed by furnace-cooling over a 
4 h period (51). Sufficient amounts of the 2212 and 2223 phases 
were formed to confirm bulk superconductivity at 108 and 120 K, 
respectively, and to elucidate the basic structural features and unit 
cells by combining electron and X-ray powder diffraction methods. 
Using the same synthetic procedure with different starting 
compositions, this group also obtained multiphase samples contain- 
ing the thallium monolayer 1201, 1212, and 1223 compounds (8); 
the basic structural features of the series were again elucidated by 
combining electron microscopy and X-ray powder diffraction 
methods. 

Syntheses of X-ray-diffraction pure bulk samples of the 
1223 (9), 2223 (52), and 1212 (53) phases with T, values of 120, 
125, and 50-65 K, respectively, were reported by another group. 
In all cases, intimate reaction mixtures of stoichiometric quantities 
of T&O,, BaO,, CaO, and CuO were pressed into pellets that were 
supported in alumina crucibles which were then sealed in evacuat- 
ed silica ampoules. Heating rates were not given; samples were 
cooled slowly to room temperature. The products, heating 
temperatures, and soak times follow: 1223: 750-830°C 5 h; 2223: 
750-9Oo”C, 3-12 h; 1212: 780-820°C 5-6 h. For the 1212 
sample, a final anneal under Ar raised T, from 50 to 65 K. 
Sample microstructure was studied by electron microscopy, and the 
basic structural features and unit cells of the phases were elucidat- 
ed by combining electron microscopy and X-ray powder diffrac- 
tion methods. Using the same synthetic method, this group also 
prepared a number of phases with various degrees of cation 
substitution on the thallium and alkaline earth sites (10)(20)(23)(54). 

Considerable single-crystal X-ray diffraction and powder 
neutron diffraction structural studies have been reported on 
samples prepared in sealed gold tubes (6)(7)(25)(55)-(58). Fifteen- 
inch long pieces of 5/8-inch-diameter pure gold tubing are first 
cleaned thoroughly with soap and rinsed with acetone. The open 
tubes are supported on a ceramic tile or brick and, using a torch 
with a moderate flame (somewhat cooler than that required for 
working pure silica), are preheated by passing the torch over the 
length in one direction only. The “annealed” tubing is then cut 
into 4-5 inch lengths with metal shears, and one end is crimped 
very flat with flat pliers. The crimp should be inspected using an 
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optical microscope; it should be very flat with no folding or holes. 
The crimp is then melted shut by passing a hot flame over it in 
one direction only; the torch should be fitted with a fairly small 
nozzle and the flame temperature should be high enough to work 
silica. The tubes are then loaded with reactant mixture and the 
open end is crimped flat in a like manner. The fused end of the 
tube is placed in a beaker of water while the final crimp is melted 
shut with the torch flame. The tubing is not reused; the method 
reportedly works well with no leakage problems (59). 

The gold tube containment procedure described above has 
been used in the following experiments to prepare a number of the 
thallium-based superconducting cuprates in single-crystal and pure 
or near-pure (according to X-ray powder diffraction) polycrystal- 
line form from mixtures of T&O,, BaO,, CaO,, and CuO.* 

1. In numerous initial experiments with various 
proportions of reactants heated at 850-915°C for 
15 min to 3 h, most of the products were mix- 
tures containing the 2212 and 2223 phases with 
superconductivity onset temperatures ranging 
from 100 to 127 K (6). 

2. Essentially single-phase 2223 (T, = 125 K with 
zero resistance at 122 K) was obtained by heat- 
ing stoichiometric quantities of the reactants at 
890°C for 1 h (6)(56); if this mixture was heated 
for more than 2 h or at temperatures above 
900°C a mixture resulted with 2212 as the major 
phase and 2223 as a minor component (56). The 
authors note that the temperature range in which 
the thallium-based superconductors can be 
formed without decomposition to barium cuprate 
phases is very narrow (6). 

* 
Prior to use, BaO, and 
thermogravimetrically to 
metal. 

CaO, reagents should be analyzed 
determine actual weight per cent 
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3. Single crystals of the 2212 phase were grown 
from a 2:1:1:3 (TkBaCa:Cu) copper-rich melt that 
was heated to 900-920°C held 1 h, and cooled 
at 2”C/min (T, = 110 K, narrow transition) (6). 

4. Single crystals of the 2223 phase were grown 
from a 2:2:3:4 (TkBaCa:Cu) starting composition 
that was heated at 920°C for 3 h and cooled to 
300°C at Y’C/min (56); according to magnetic 
measurements the T, values varied from 127 to 
116 K in different preparations, with 125 K as 
a typically observed onset temperature. 

5. Polycrystalline 2201 phase formed as the major 
and sole superconducting component when stoi- 
chiometric amounts of reactants were heated at 
875°C for several hours (7); transitions were 
broad with T, onsets of 84 K. Reheating at 
900°C caused partial melting and an increase in 
the T, onset value to 90 K (with zero resistance 
at 83 K); increased amounts of second-phase 
BaCuO, were observed. 

6. Single crystals of the 2201 phase were grown 
from a starting composition 2~22 (TkBa:Cu) (7); 
presumably the mixture was heated to 9OO”C, 
soaked several h, and slow-cooled. Flux exclu- 
sion indicated a T, onset of 90 K with zero 
resistance at 83 K. 

7. Single crystals of the 1223 thallium monolayer 
phase were grown from a copper-rich melt with 
molar composition 1:2:2:4 (TkBaCaCu); the 
mixture was heated to 925”C, soaked 6 h, and 
cooled at l”C/min (57). Magnetic flux exclusion 
experiments indicated a sharp T, onset of 110 K. 

8. A general summary of temperatures and heat- 
soak times that are favorable for the formation 
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of the different thallium bilayer superconductors 
follows (59): 2201: 875”C, 3 h; 2212: 9OO”C, 6 
h; 2223: 89O”C, 1 h; 2234: 860°C 3 h; 2245: 
88O”C, 6 h - the 2234 and 2245 phases were 
observed by electron diffraction only. 

The lead-substituted compounds, Tl,,Pb,.,Sr,Ca,Cu,O, and 
Tl,~,Pb,~5Sr2Ca2Cu30s were also synthesized in sealed gold tubing. 
Single-phase polycrystalline samples with somewhat broad super- 
conducting transitions (T, = 80-90 and 120 K, respectively) were 
obtained by reacting TlsO,, PbO,, CaO,, SrOs, and CuO at 
850-915°C for 3-12 h (25). Single crystals of Tl,_,Pb,#,Ca,Cu,O, 
were grown from a mixture of the above reactants in a molar ratio 
1:1:2:3:4 (ThPb:SrCa:Cu) that was heated at 910°C for 6 h and then 
cooled at 2”C/min (25); flux exclusion measurements indicated a 
sharp superconducting transition at 118 K. 

4.3 Preparations Under Flowing Oxygen 

Bulk samples of the 2201, 2212, and 2223 thallium-based 
cuprates have been prepared by reacting T&O,, BaCuOs, dry CaO, 
and CuO in stoichiometric amounts (60). The mixed reactants 
were pelletized, wrapped in gold foil, and heated under flowing 
oxygen at 890°C for 5 min for 2201, 905°C for 7 min for 2212, 
and 910°C for 7 min for 2223, followed by cooling at lO”C/min. 
The products were single-phase according to X-ray powder 
diffraction and the Rietveld profile refinement technique was used 
to determine the structural parameters for the three phases. 
Interestingly, the 2201 phase was not superconducting; zero-resis- 
tance was observed at 98 and 114 K for the 2212 and 2223 
samples, respectively. This group also reported the preparation of 
bulk 2234 phase (26) using the same synthetic procedure described 
above; the starting composition was off-stoichiometry - 1:2:2:3 
(Tl:BsCaCu) - and was heated at 895°C for 50 min, followed by 
slow cooling. The product was a mixture of 2234, BaCO,, BaCuO,, 
and CaO. The T, onset was 112 K with zero resistance at 108 K. 
The unit cell and basic structural features of the superconducting 
phase were determined by combining electron microscopy and 
X-ray powder diffraction methods. 
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Mixtures containing as major components the thallium 
monolayer phases 1212, 1223, 1234, and 1245 have been prepared 
by heating the thallium bilayer 2212 and 2223 phases at 890°C in 
oxygen for various times ranging from 4 to 10 h (22). Sufficient 
quantities of each of the four superconducting phases were 
obtained in separate products so that reasonably sharp supercon- 
ducting transitions were observed. T, values for the phases were 
determined by resistivity and susceptibility measurements, and the 
basic structural properties were elucidated using X-ray powder 
diffraction and high resolution electron microscopy. 

Syntheses of near-single phases of the lead-substituted 
thallium monolayer phases with up to 6 Cu-0 layers; i.e., Pb- 
doped 1212, 1223, 1234, 1245, and 1256, have been recently 
reported (21). Reactant mixtures of various proportions of Tl,Os, 
PbO, CaO, BaO,, and CuO were pelletized, wrapped in gold foil, 
and sintered at 860-900°C under flowing oxygen for lo-30 h. The 
T, value reached a maximum of 121 K for the 1234 compound 
and declined with further increase in the number of Cu-0 layers. 
X-ray powder diffraction data for the different phases were 
refined using the Rietveld method and a consistent increase in the 
c-axis accompanied the increase in number of Cu-0 layers. 

The reports described above indicate that the thallium-con- 
taining cuprates can be prepared with reasonable degrees of purity 
under non-contained, flowing oxygen conditions. This somewhat 
surprising result is likely attributable to the relatively short heating 
times, the use of gold foil wrappings, and, possibly most impor- 
tantly, a decrease in thallium volatility according to the principle 
of Le Chatelier (27). If the reactions are carried out in nonporous 
sleeves with exiting gases passed through multiple traps filled with 
basic peroxide solution, the method can be considered as adequate- 
ly safe. (Furnaces should be placed in fume hoods). 

5 .O CONCLUSION 

A review of the synthetic methods used to prepare the 
bismuth and thallium families of cuprate superconductors has been 
presented. An overview of our current knowledge of phase 
relationships in the bismuth systems is also given; such studies of 
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the thallium-containing compounds are yet to be reported. The 
importance of and the difficulties posed by the preparation of 
phase-pure samples with reproducible structures and chemical 
compositions cannot be understated; the elucidation of structure- 
property relationships that correlate with the appearance of 
superconductivity begins with sample integrity. The synthetic 
challenge is particularly acute in the case of the superconducting 
oxides because of their apparently inherent “unstable” nature, a 
situation reminiscent of the difficult syntheses of metal-insulator 
type metal oxides. Neophytes are urged to be patient, diligent, 
and well-equipped with knowledge of the literature. 

While this chapter has focussed on synthesis of polycrystal- 
line samples, other aspects of the bismuth and thallium cuprate 
superconductors are discussed elsewhere. An introduction to 
synthesis and crystal growth is given in Chapter 5, and a review 
of the crystal chemistry of the two families is presented in Chapter 
2. The crystallographic data for these phases, including tables of 
calculated d-spacings and intensities for X-ray powder diffraction 
patterns, have been collected in Chapter 13. Characterization by 
electron microscopy, a particularly important technique because of 
the nature of the materials, is reviewed in Chapters 14 and 15. 
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Synthesis of Superconductors 
Through Solution Techniques 

Phillips Barboux 

1 .O INTRODUCTION 

1 .l Ceramic Processing 

Although the superconducting cuprates have high critical 

temperatures, their other superconducting properties such as critical 
currents and flux expulsion remain quite poor even after the large 

amount of research that has been made in this field (1). 
It has been shown that such behavior can be related to the 

superconducting coherence length that is anisotropic and extraordinar- 
ily short, a few angstroms, much smaller than the characteristic 
thickness of any inhomogeneity such as a grain boundary in ceramics 
(2). As a result the critical currents are still much lower than required 

by any technological application using ceramics. Their large decrease 
in a magnetic field is characteristic of a weak link behavior that 

relates to the poor connections between grains (3). Thus, supercon- 
ducting properties are very sensitive to the microstructure of ceramics. 
It has been already demonstrated that any texturing of the ceramics, 
such as grain alignment, that increases the grain boundary area may 
have a drastic effect on the superconducting properties (4)(5). Also, 
inhomogeneities in the ceramic resulting from too high a synthesis 

temperature or from an incomplete solid state reaction may be related 

to the occurrence of low critical currents 
To date, conventional processing has failed to produce 
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ceramics of sufficient homogeneity, leading to best values of the 
critical current of the order of lo2 A/cm2 at 77K (6). More sophisti- 
cated synthesis techniques such as the so-called “Melt Textured 
Growth” process, where grains are aligned during cooling from the 
melt by the use of a thermal gradient, have achieved much better 
critical currents, one order of magnitude higher (4). But such processes 
have yet to be adapted to large scale production of materials. 

Better control of the chemistry during synthesis should 
enhance resulting properties of the ceramics and the preparation of 
these superconducting oxides via solution techniques is therefore 
attractive. 

1.2 Interest in Solution Techniques 

Sol-gel process is the generic term for wet chemistry methods 
that start from mixture of molecular precursors and through condensa- 
tion, deposition and heat treatment processes lead to a final multicom- 
ponent system (7-9). Some of the advantages are well known such as: 

0 Better homogeneity achieved through an inti- 
mate mixing at the molecular level in the 
solution 

l Lowering of the synthesis temperature because 
of the increased reactivity of the mixed pre- 
cursors. 

. The synthesis of intermediary inorganic sols or 
polymers in solution whose rheological prop- 
erties may be attractive for the film deposi- 

tion techniques such as spin coating or the 
spinning of fibers. 

However, the growing interest during the last ten years in the 
area of sol-gel processes has focussed primarily on silica glasses or 

ceramics made of materials such as Al, Zr, Ti whose many precursors 
form a versatile basis for sophisticated chemistry. Yet, there have 

been very few reports about the chemistry of solution precursors for 
elements such as Y (lO)(l l), Bi (12) or Cu (13) and to our knowledge, 
before 1987, none about their use in ceramic processing. Therefore, 
the majority of the works that have been described to date in the 
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field of superconductivity relate to common salts such as carboxy- 
lates, hydroxides or nitrates. 

The object of this chapter will be to review all the different 

precursors that have been used in the literature and then to describe 
all the processing difficulties encountered in the different synthesis 

steps. 

1.3 The Different Solution Techniques 

The simplest technique may be coprecipitation. In this method, 
a reagent is added to the stock solution that is destabilized and 
precipitated. Better mixing at a microscopic level is then achieved 
without mechanical grinding and mixing. Insoluble carboxylates such 

as citrates, oxalates and carbonates or hydroxides are the most suitable 
reagents. 

Better control of the precipitation by an adjustment of the 
solution parameters such as pH, temperature, and/or amount of 
reagent may slow down or hinder the particle growth. Inorganic 
polymers of low molecular weight instead of large solid particles may 
be obtained this way. This results in gels or colloidal solutions (sols), 
which, because of their interesting rheological properties can be used 

for thin film deposition or fiber spinning. Weakly soluble carboxylates 
such as acetates or organometallics such as metal alkoxides appear the 
most appropriate precursors for such methods: polymerization of 
acetates may be controlled by the pH and the condensation of 
alkoxides by the addition of water to the solution. 

Another procedure is to rapidly dry the solution at a rate that 

does not allow the elements to segregate. As an example, aerosols can 
be sprayed through a furnace heated at the reaction temperature of 

900°C. This yields spherical submicronic particles that are most 
suitable to sinterable compacts. Another way is to spray the solution 
onto a substrate. This is a simple method of thick film deposition. 
Very ionic species such as nitrates dissolved in water can be sprayed 
onto a hot substrate. Long-chain carboxylates, soluble in volatile 
organic solvents, can be deposited as well, even at room temperature. 

2.0 SYNTHESIS PROCEDURES
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2.1 General Principles Of Synthesis 

Conventional procedure: We will focus primarily on the 
fabrication of the most studied material, the 90K superconductor, 
YBa,Cu,O, (the “123” phase). When starting from a mixture of 
powders such as CuO, YsO, and BaCO,, the reaction leading to the 
pure superconducting perovskite requires a high temperature, 
extended annealings and several grindings before homogeneity is 
obtained. This is compared to the 650°C that is necessary to crystallize 
a thin film obtained by the vacuum evaporation technique. Such a 
difference can be related to two reasons: 

0 The thermodynamic stability of the 123 phase 
as compared to that of the starting materials. 
For example BaCO, is unreactive and is only 
slowly decomposed by reaction below 900°C. 

. The very slow diffusion rate in the solid state 
below 850°C. This kinetic limitation can be 
overcome in the case of thin films where 
intimate mixing of the cations at the atomic 
level has already been obtained during the 
evaporation procedure. Therefore, in this case 
crystallization of the correct phase can be 
obtained directly from the amorphous mixture, 
around 650°C for the optimized processes (14). 
This temperature may be expected to be the 
lowest that can be reached through a solution 
procedure where perfect mixing of all three 
cations together has been achieved. Indeed, 
this is the synthesis temperature used by 
Horowitz et al. in their precipitation method 
using hyponitrites (16). 

Lowering the synthesis temperature: There are multiple 
reasons for lowering the synthesis temperature. First, it appears that 
no ceramic with good critical currents can be achieved without 
texturing or alignment of the grains parallel to each other. This can be 
done within thin films where the thickness is less or the same order as 
the largest grain size. Also, interaction with the substrate causes grain 
alignment. 
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For electronic applications, as is well known, ideal substrates 
would be alumina, silicon or silicon oxide. The different dilatation 

coefficients of the substrate and of the film may be a cause for cracks 
and dislocations if too high a reaction temperature is used. Moreover, 

at temperatures above 650°C only substrates such as MgO, SrTiOs and 
ZrO, can be used (15). In addition to their lesser interest, they still 
react with the superconducting materials since the large number of 
grain boundaries present in these ceramic-films promote rapid 
intergranular diffusion of the impurities from the substrate to the 
film. Substrate contamination is then larger than for crack-free 
evaporated films although the films derived from solution techniques 
are usually one order of magnitude thicker (17). 

Also, in the case of ceramics a formidable grain growth 
happens as soon as the temperature is increased above 9OO”C-950°C. 
Instead of the desired sintering effect, this grain growth may cause a 
coarsening of the intergranular junctions. Low temperature synthesis 
may yield particles with small grain size that readily sinter. 

Problems intrinsic to small grain sizes: One problem that is 
specific to the solution technique is the small grain size of the 
resulting powders. When low synthesis temperature is used, submicron 

powders are obtained whose particle size is the same order of 
magnitude as the characteristic London penetration length. In this 
case, flux exclusion can become very weak. Cooper et al. (19) have 
demonstrated the lowering of Meissner effect for particles of 
decreasing sizes made from an amorphous citrate method (18). These 
measurements (Figure 1) allowed the determination of the London 
penetration depth. Its temperature dependence was found to be 
stronger than expected from simple BCS theory. The same authors 
determined the London penetration length extrapolated at 0 K to be 
around 0.6 pm (19). 

This is consistent with the result that Horowitz et al. have 
found on submicron particles obtained by a hyponitrite method: they 

are too small to give any diamagnetic behavior. However, the heat 
capacity measurement shows a break at 90 K that corresponds to about 

90% of superconducting phase in the powder (16). 
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Figure 1: (a) Low field ac magnetization for samples of different 
particle size distribution. (b) Size distribution of the samples (After 
J.R. Cooper et al. (19)). 

One of the advantages of the solution techniques is to obtain 
powders with very small grain sizes that do not, however, yield a good 
superconducting behavior precisely because of their particle size. 
Therefore, sufficient sintering has to be effected in order to eliminate 
the possibility of flux penetration between grains; the whole ceramic 
will then be diamagnetic instead of having granular superconductivity. 
Since this may be very difficult to achieve, it may be necessary to heat 
the powders at higher temperatures in order to obtain grain growth. 

2.2 The Different Solution Processes 

Hydrolysis or complexation: The following very schematic 
reactions describe the most common representation of a solution 
process, starting from a stable stock solution of some metal complexes 
to which reagents are added. The first step consists in the substitution 
or addition of molecular groups in the coordination sphere of a cation 
M. Most common reactions are (9): 

 T (K)

Eff. Diameter (  m)µC
u

m
u

la
ti

ve
 M

as
s 

P
er

ce
n

t

F
ra

ct
io

n
al

 D
ia

m
ag

n
et

is
m

 (
%

 o
f 

1/
4 

  )π



Synthesis of Superconductors Through Solution Techniques 293 

M(OR), + HOH ----> MOH(OR),_, + ROH 
(hydrolysis of an alkoxide) 

M(H,O),“+ + OH- ----> MOH(H,O),_,(n-l)+t H,O 
(complexation with a hydroxide ligand replacing water in an 
aqueous solution) 

M(H,O),“+ t L- ----> ML(H,O),_,(“-‘)+t H,O 
(complexation by a ligand such as a carboxylate). 

Condensation or precipitation: The species that are so formed 
may be unstable and in a second step may condense upon elimination 
of molecules such as ROH or H,O, thus leading to the formation of a 
hydroxide or oxide network. This step corresponds to an inorganic 
polymerization such as (9): 

=MOR t HOM= ----> =M-O-M= + ROH 

(formation of an oxide bridge) 

/OH $0, OH 
=M t 

‘OH, HO’ 
M= ____> =M ‘,>M= + 2 H,O 

HO 

(formation of a hydroxo bridge) 

This process leads to the precipitation of the oxides, hydrox- 
ides or carboxylates if we replace OH- by L- in the last reaction. If 
this polycondensation can be stopped or if it is slow enough, a 
colloidal solution is obtained that has rheological properties useful for 
application purposes. 

As a matter of fact, the major difficulty in applying the 
solution techniques to the superconducting cuprates is the choice of 
precursors, since the low charges of Cu, Y, Ba and their relatively 
large ionic radii make it difficult to find versatile soluble precursors. 

2.3 The Different Precursors 

Alkoxides: Yttrium and barium alkoxides can be obtained by 
direct reaction of the metal with alcohols (lO)(ll). They readily 
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hydrolyze in the presence of traces of water. Homogeneous precipita- 
tion with copper alkoxides such as copper methoxide or ethoxide, that 
are rather insoluble (13), is therefore difficult. 

However, copper alkoxides with longer chains appear to be 
more soluble in their parent alcohol. S. Shibata et al. (20) have used 
the n-butoxides of Y, Ba and Cu dissolved in n-butanol and hydro- 
lyzed with water. They obtain a precipitate of oxides that is composed 
of a very fine submicron powder that readily sinters starting above 
250°C. However, the different reaction rates for the hydrolysis and the 
precipitation of the three different cations lead to cationic segrega- 
tion. 

Another way to dissolve the ethoxides was described by 
Uchikawa et al. (21) and used a mixture of water, diethylenetriamine 
and acetic acid, in which cations are both hydrolyzed and complexed. 
Upon solvent evaporation, very viscous thermoplastic gels are obtained 
from which fibers may be prepared. The unfired fibers contain 45% 
by weight inorganic materials. They yield good superconducting 
transitions once heat-treated. 

The nonpolar copper ethoxide and methoxide may be substi- 
tuted by more polar groups such as N,N-diethylethanolamine or 
butoxyethanol(16). The resulting alkoxides can be mixed with Y- and 
Ba-isopropoxides in tetrahydrofuran and hydrolyzed. Hydrolysis 
appears to be quite complete since the resulting precipitates are almost 
carbon-free. Thus, crystallization of the superconducting phase occurs 
at temperatures lower than 800°C. 

Other attempts have used the cations dissolved in a chelating 
solvent such as methoxyethanol that forms alkoxide species (22)(23). 
When water is added to a solution of these elements in a ratio between 
1 and 4 of H,O/alkoxide, gels are obtained that are suitable for thin 
film deposition. 

These studies are probably the first attempts in a field that 
may develop further in the future after discoveries of other new 
alkoxides. 

Insoluble carboxylates: Although we should later conclude 
that this method leads only to ceramics having low critical currents, 
this has been probably the most common technique described up to 
now. Moreover, since it is one of the simplest approaches to the 
solution processes, we will review the different studies in order to 
outline all the difficulties that may be encountered during processing. 
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Coprecipitation of the metals is usually achieved from an 
aqueous solution of nitrates upon addition of anions such as carbon- 
ates, citrates, or oxalates (10)(24-27). First reports in this field have 
underlined the necessity to neutralize the pH of the solution in order 
to obtain complete precipitation of barium or strontium. Also, oxalate 
or citrate ligands may bind to two different cations. This should allow 
a better mixing at a microscopic level. However, care should be taken 
since some cations such as Y or La may precipitate as double salt 
complexes with alkaline ions that have been added to the solution as 
hydroxides in order to control the pH (24). 

At low enough pH, precipitation does not occur. Citric acid 
diluted in water can then be used as a chelating agent for the cations 
while it may react with a polyalcohol such as ethyleneglycol to form 
a viscous polyester. The viscosity of these solutions allows thin film 
deposition by spin-coating or dip-coating. Interest in this method is 
high because it can be used as well for YBasCusO, (28) or BiSrCaCuO 
(29) phases. Films having thickness on the order of a micron, sharp 
transition and very good orientation of the grains with the c axis 
perpendicular to the substrate have been obtained through this 
method. 

Homogeneous precipitation: During the addition of the 
reagents, local pH or concentration gradients appear that induce 
inhomogeneity. To obtain highly uniform particles it may therefore be 
necessary to produce the reagent slowly in situ. Some homogeneous 
precipitation methods (30-32) have used the decomposition of urea 
between 90°C and 100°C in an aqueous solution of the mixed salts of 
Cu, Ba and Y. Carbonate and ammonia are slowly released: 

CO(NH,), t H,O ---> CO, t 2NHs 

The pH is thus slowly raised in the solution by the gradual 
release of ammonia; basic carbonates are precipitated. Although very 
uniform spherical particles are obtained (Figure 2), they do not have 
a homogenous cation distribution since upon the slow increase of pH, 
Cu is precipitated first as the nucleus of these particles, then Y (32). 
Ba can be precipitated only if large amounts of urea are used (31). 
Another procedure is to first precipitate Y:Cu particles then disperse 
them in a solution containing Ba(NO,), and urea in order to, by the 
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same process, coat these particles with BaCO, (30). 
Similar spherical particles have been obtained by slowly 

evaporating water from a solution of citric acid and Y, Ba, and Cu 
salts (33). 

Figure 2: Controlled precipitation of spherical particles containing 
mixed Cu and Y. After F. Ribot et al. (32) 

Weakly soluble carboxylates: Acetates are not strong enough 
ligands to yield precipitates alone. However, combined with hydrox- 
ides, they yield gels at pH around 7. The pH can be raised either by 
addition of a base such as ammonia (34)(35) or by use of barium 
hydroxide and colloidal yttrium hydroxide (35). The resulting gels 
have been used for film deposition or fiber processing(36). 

Soluble carboxylates: The use of long chain carboxylates such 
as 2-ethylhexanoates (37)(38) or neodecanoates (38)(39) or of more 
ionic precursors like trifluoroacetates (40) enhances the solubility of 
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the precursors in volatile solvents suitable for spin-coating. As an 
example, Y, Ba and Cu neodecanoates can be obtained from their 
acetates by reaction with ammonium decanoates or tetramethylammo- 
nium decanoate in the case of copper. The salts are all soluble in 
xylene or mixtures of xylene and pyridine (38). After spin-coating and 
drying the films at lSO”C, microlithography can be performed on the 
resulting film by use of electron beam or ion beam in the same way 
as for a photoresist film (41). Unprocessed areas are then washed out 
by dissolution in the suitable solvent as shown in Figure 3. Typical 
resolution is 100 lines per mm for films of a characteristic thickness 
of 0.3 microns (41). Such inexpensive metaloorganic deposition 
techniques offer an interesting alternative to expensive vacuum 
evaporation. 
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Figure 3: (a) Schematic of the lithography sequence on neodecanoate 
films; (b) Patterned lines after rapid thermal annealing; (c) Resulting 
film properties. After Mantese et al. (41) and Hamdi et al. (39)(40). 
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2.4 Thermal Processing 

Ceramics: Heat treatment can be described as the following in 

the case of the 123 phase: 

2OO”C-400°C 800°C 900°C 
precipitate --------> BaCO,,CuO,Y,O, ----> 123T ----> 1230 

Most of the organics are usually removed between 200°C and 
400°C by calcination, as shown by thermogravimetric and differential 
thermal analysis (TGA and DTA respectively, Figure 4a and 4b). The 
sharp peak observed in the DTA curve shows that, for this particular 
mixture of acetates and hydroxides, the reaction associated with the 
burning of organic materials may be violent and exothermic. In the 
case of thin films this may cause shrinkage or cracks. Moreover, a 
closer look at the plateau of the TGA curve above 600°C reveals that 
weight loss is never completed up to high temperatures. X-ray 

patterns reveal the presence of crystalline BaCO,, CuO and Y,O, 
(Figure 5). 
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Figure 4: (a) TGA and (b) DTA traces for a solution method using 

acetates as the starting precursors (35). 
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Decomposition of the organics leads then to the separation of 
all elements into Cu and Y oxides and barium carbonate. This brings 
the synthesis parameters back to the problems encountered *in the 
conventional solid state approach except that the heterogeneity may be 
over a submicron scale. Thus, reaction temperature may be slightly 
lowered (SSOOC instead of 9OWC). 

Annealed 95OoC 49h 

Firad 600% 

Gel Dried At Room Temperature 

55 

Angle 28 (Degrees) 

80 

Figure 5: X-ray diffraction patterns using CuKa radiation of a 
xerogel dried at room temperature, fired at 600°C and annealed at 
950°C. The peak observed at 600°C correspond to CuO, Y,O, and 
BaCO,. (After Reference 35.) 

Some authors have noticed that if the ceramics are processed 
for a long time below 9OO”C, they yield a tetragonal semiconducting 
phase (denoted here as 123T) even after further annealing in oxygen 
at 500°C to recover full oxygen content. This tetragonal phase may 
then be explained by a cationic disorder in the (a,b) plane, related to 
poor crystallization (26)(27). 
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Below 9Oo”C, for all the described processes, the powders are 
submicron. but the average particle size increases above this tempera- 
ture. Then, grain coarsening competes with sintering (Figure 6). Such 
behavior does not promote good grain boundaries with thin intergran- 
ular interfaces that would accommodate the small superconducting 
coherence length. Thus, the resulting critical currents do not exceed 
1000 A/cm2. It seems that the best results are obtained at quite low 
temperatures (920°C) even though 
for sintering (17). 

long annealing times are required 

Figure 6: Scanning electron micrograph of a ceramic prepared from 
the acetate method and heated at (a) 920°C for 12h, (b) 950°C for 12h. 
(After Reference 17.) 

Films: A way to overcome these difficulties, as already 
mentioned, is to synthesize textured films. Indeed, grain alignment has 
been generally observed in many techniques using spin-coating. As 
shown in Figure 7, X-ray patterns are characteristic of a crystalline 
orientation, with only one set of diffraction peaks observed. This may 
be explained by the fact that after heat treatment the films are usually 
composed of platelet-like grains whose diameter is roughly the same 
order as the film thickness. The platelets lay flat on the substrate with 
“c” axis perpendicular to the substrate. 



Synthesis of Superconductors Through Solution Techniques 301 

6 16 26 36 46 56 
Angle (2 Theta) 

Figure 7: X-ray pattern of a YBasCusO, film on MgO substrate. 
(After Reference 43.) 

The best superconducting films are obtained on substrates such 
as SrTiOs, MgO or ZrOs. Some authors have succeeded in the prepara- 
tion of films on Si, but using a MgO buffer that was first sputtered 
onto the substrate (38). 

To our knowledge, no real superconducting film has been 

made without heating above 900°C. This may be related again to the 
poor reactivity of the intermediate phases. For example, Uchikawa et 
al. have found that, starting from precipitated carbonates, 40 min at 
930°C are necessary to completely decompose BaCO, and form the 
pure superconducting superconductor (25). Therefore, there is a 
competition between the short time needed to minimize reaction with 
the substrate and the long time needed for phase crystallization and 
grain sintering. As a result, films that can be only heat-treated for 
lo-20 minutes at 920°C have a less metallic behavior and a larger 
superconducting transition width than ceramics made from the same 

gels but reacted for much longer times (43) (Figure 8). 
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Figure 8: Comparison between the transport properties of (a) a thick 
film and (b) a ceramic obtained from the same gel. 

Decreased reaction temperature: There are possibly a few ways 
to overcome these difficulties: 

Manthiram and Goodenough (26) have noticed that they can 
lower the synthesis temperature of the YBa,Cu,O, phase to about 
800°C under an argon atmosphere. Growth of the tetragonal YBa, 
CusO, phase is then favored and further oxidation at lower tempera- 
tures yields the YBasCu,07 superconducting phase. 

Hamdi et al. (40) have used ultrarapid thermal annealing of the 
films at temperatures above 900°C for about 30s. The interesting 
feature of this work is that they obtain quite good metallic behaviors 
although starting from carbon-containing precursors. The rapid 
heating does not allow enough time in the temperature range 5OO”C- 
800°C for the cations to segregate. Therefore, a short annealing time 
(30s) is sufficient to obtain the orthorhombic phase. 

Another possibility is also to use carbon-free precursors, as 
follows. 

2.5 Carbon-Free Precursors 

It appears that if homogeneous gels or coprecipitates can be 
obtained using carbon-based chemicals, they do not yield much better 
ceramics than conventional solid state synthesis. This is primarily 
attributed to the resulting carbonate-containing materials whose 
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reactivity below 900°C is low. Therefore techniques based on 
carbon-free precursors or giving carbon-free precipitates like fully 
hydrolyzed alkoxides may help to overcome these difficulties. 

Nitrates: All elements that belong to the composition of the 
superconducting cuprates form nitrates soluble in water or in acidic 
solutions. But, because of the low complexing ability of nitrate, the 
only application of these solutions is spraying. This method has been 
successively applied to YBasCusOz (44-47), but also to Bi,(Sr,Ca)s 
Cu,O, (48)(49) and Tl,Ba,Ca,Cus (49). Because of the increased 
reactivity compared to carbon-containing materials, films having good 
metallic properties can be obtained. 
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Figure 9: Resistive behavior for a film of Tl,Ba,Ca,Cu,O,, made by 
spraying of nitrates. (After Reference 49.) 

In the case of Bi and Tl phases only very short reaction times 
(of the order of minutes) are possible because of the evaporation of Bi 
and Tl. This may be compensated by using excess Bi and Tl in the 
solution or by modification of the solvent (mixture of water and 
glycerol) that enhances the solubility of Bi and allows the use of less 
nitric acid in the solution. A more homogeneous deposition results in 
a better product after heat treatment. Figure 9 shows a typical 
resistivity measurement for a thallium film that has, however, a very 
weak critical current (50 A/cm2 at 77K). 
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Note also that for the Bi-based material, the same BisSrsCa, 
CusO, composition may result in the formation of other phases such 
as the Bi,Sr,Cu,O, phase (that does not superconduct above 20K) if 
the films are processed at an intermediate temperature such as 500°C 
(48)(49) (Figure 10a). The 85K superconducting phase is obtained 
only if the films are quickly heated to temperatures of 850°C just 
near the melting point, as shown in Figure lob. Good crystalline 
orientation of the films with the c axis perpendicular to the substrate 
is always observed. 

14 24 34 44 

DIFFRACTION ANGLE 20 (DEG) 

(a) 

14 24 34 44 

DIFFRACTION ANGLE 28 (DEG) 

W 

Figure 10: X-ray diffraction of films on SrTiOs with metal composi- 
tion Bi,Sr,Ca,Cu,: (a) Directly heated to 850°C for 10 min; the peaks 
correspond to the Bi,Sr,Ca,CusOs phase. (b) First fired at 500°C then 
same as in (a); the peaks correspond to the phase BisSrsCuO,. 

Nitrate solutions are also suitable for aerosol flow production 
of fine powders (50)(51). This technique yields small spherical 
particles that should be suitable for good sintering. However, because 
of the resulting small size of the superconducting grains, ceramics may 
have very poor flux expulsion properties if they are not thoroughly 
sintered (50). 

Hydroxides: Precipitation of hydroxides may be done through 
addition of a base to an aqueous solution of salts. Yttrium and copper 
hydroxides have a similar precipitation range but for the less polariz- 
ing Ba cation, very high pH is necessary to start the precipitation. 
However, two processes have been described that increase the pH of 
a solution of nitrates in water by addition of either NaOH (52) or 
tetramethyl ammonium hydroxide (53). It appears that at 60°C and 
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pH=13 all the barium has been precipitated. Another possibility is to 
start from soluble precursors such as trifluoroacetates in alcohol or to 
use a mixed acetone-water solution in which the nitrates are soluble 
but the hydroxides are not (54). 

The hydroxides are decomposed below 600°C to finally yield 
the pure YBa,Cu,O,_x phase around 8OO”C, but reactivity is increased 
compared to organic precursors. This is demonstrated in Figure 11. 
The phase forms in a short time (20 min). It should therefore be very 
interesting to obtain homogeneous gels (53). They would allow the 
synthesis of thin films without excessive reaction with the substrate. 

I 
52 16 28 40 

Diffraction angle (28) 

2 

Figure 11: X-ray diffraction pattern of a precipitate that has been 
calcined at 850°C for 20 min under oxygen and quenched. (a) Starting 
from a precipitate of acetates (35). Peaks corresponding to the 123 
phase can be seen mixed with peaks characteristic of BaCO,. (b) 
Starting from hydroxides (54). The pure tetragonal 123 phase is 
observed. 

3.0 CONCLUSION 

There have been many solution techniques used to synthesize 
the superconducting perovskite-related phases, but no experiment has 
really achieved a substantial improvment of the synthesis, compared 
to conventional solid state reaction. 
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By using carbon-free precursors, the synthesis temperature 
could be significantly lowered but this did not result in any improve- 

ment of the properties since the particle size remained too small. 
Interesting methods have demonstrated that thin films can be 

deposited and patterned using microlithography. However, there are 
still difficulties in thermal processing and the resulting films obtained 

by most of the solution techniques have wide transitions and low 
critical currents. 

Solution chemistry remains attractive as an inexpensive 
technique useful for processing ceramics, fibers or coatings, even on 

a large scale not possible with evaporation techniques. However, the 
application of these solution techniques to multicomponent systems has 

rarely been attempted. A better basic understanding of all reaction 
steps from the solution to the ceramic is needed before a real im- 

provement in the process will be possible. 
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Cationic Substitutions in the High T, 
Superconductors 

Jean Marie Tarascon and Brian G. Bagley 

1 .O INTRODUCTION 

The discovery by Bednorz and Miller (1) of superconductivity 
at 34K in the La-Ba-Cu-0 system stimulated the search for new high 
transition temperature (T,) cuprates. Superconductivity above liquid 
nitrogen temperature was subsequently established by Wu et al. (2) in 
the YBa,Cu,Oz compound (so-called 123 or 90K phase) and more 
recently Bi- and Tl-based cuprates having T,‘s greater than IOOK, and 
as high as 125K, were uncovered (3-4). 

A prominent feature common to these high T, cuprates 
(deduced from band structure calculations (5)) is the existence of a 
strong hybridization between the Cu 3d and 0 2p levels. Because of 
this strong hybridization, it is more appropriate to characterize the 
nature of the copper by its formal valence rather than by its oxidation 
state. The formal valence of Cu in these materials, which is centered 
around 2, can be monitored chemically. For instance, Cu can be 
oxidized (formal valence becoming greater than 2) or reduced (formal 
valence becoming less than 2) either by the uptake or removal of 
oxygen, respectively, or through a cationic substitution. For instance, 
superconductivity can be induced in the LasCuO, system (so-called 
40K or 214 phase) by replacing some of the trivalent La ions by 
divalent Sr ions thereby increasing the formal valence of the copper 
(6-8). Based on the observation that copper has a formal valence 
greater than 2 in all these high Tc Cu-based oxides, it was thought that 
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such a value (greater than 2) was crucial for the occurrence of 
superconductivity. Recently, however, Tokura et al. (9) examined the 
other possibility and discovered superconductivity in the NdsCuO, 
system when some of the trivalent Nd ions are replaced by tetravalent 
Ce ions (i.e., lowering the Cu valence below 2) thus eliminating as a 
necessary criterion that the valence be greater than 2 for the occur- 
rence of superconductivity in the cuprates. The crystal structures of 
Las_,SrXCu04 (termed the T phase (lo)), NdsCuO, (termed the T 
phase (1 l)), the 123 phase (12) and the Bi-based cuprates of general 
formula Bi,Sr,Ca,_,Cu,O, (13-15) are shown in Figure 1. A 
structural feature common to all of these phases is the presence of 
CuO, planes but with the difference that the copper coordination 
within these planes can be four-fold (T’ phase), five-fold (123 phase 
and bismuth n=2 phase) or sixfold (T phase or bismuth n=l phase). 
These various coordinations for the copper play an important role in 
the choice of possible dopants. Throughout this review we will 
frequently refer to Figure 1, as structural considerations (e.g., 
crystallographic sites and their coordination) are useful in determining 
which substitutions have any chance for success. 

Over the past three years, one common goal of chemists, 
physicists and theorists has been to determine the mechanism for 
superconductivity in these cuprates. Theories are based on experimen- 
tal measurements done by physicists on materials prepared by 
chemists, and measurements made on poorly characterized samples can 
lead to unreliable data and thereby erroneous theories. Thus, as 
chemists, our primary role is twofold; 1) to optimize the processing 
conditions (ambient, cooling rate, annealing temperature) and 
determine other synthesis routes for the preparation of very pure and 
homogeneous samples such that the resulting measurements are 
reliable and 2) to synthesize new materials or perform chemical 
substitutions (cationic or anionic) on known systems so that general 
phenomenological trends can be determined that will help in establish- 
ing a viable theory. 

The purpose of this chapter is not to cover the entire chemistry 
of the high T, oxides but instead is to focus on one specific point: the 
study of these materials through cationic chemical substitutions in 
order to illustrate how this type of chemistry can aid in the under- 
standing of some of the crystal-chemical aspects of these new high T, 
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Figure 1: Structures of the high T, cuprates are shown with the 
Cu coordination in the CuO, layers highlighted. 
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oxides and to experimentally answer some key questions. For 

example, one key question involves where superconductivity is 

confined within the cuprate structure or, more specifically, the 

relative importance of the Cu-0 chains vs. CuOs planes in the 123 

phase. Because of the short coherence length in these materials (very 

much shorter than that of the conventional metallic superconductors), 

sample homogeneity is a key issue. We address this point in the first 

part of the chapter with a comparison of several synthesis techniques. 

In section 3.0 we review the results for cationic substitutions at the 

Cu, at the rare earth, or at the divalent alkaline earth sites for most of 

the high T, oxides and show how these substitutions affect their 

structural and physical properties. For clarity, the results for the 40K 

materials (LasCuO, and NdsCuO,), the 90K materials (YBasCusO,) 

and the Bi- and Tl-based cuprates are presented seljarately. Finally, 

in section 4.0, we discuss and analyze the data presented so that 

general trends are established and guidelines for the discovery of other 

cuprates can be proposed. 

2.0 MATERIALS SYNTHESIS 

The usual synthesis technique for the preparation of a cuprate 
superconducting ceramic consists of mixing and firing stoichiometric 

amounts of CuO, rare earth oxides and either a carbonate or nitrate as 

the precursor for the divalent alkaline earths (i.e., Ca, Sr or Ba). The 

firing temperatures, the time at temperature, the cooling rate and the 

ambient used depend strongly on the system being studied. Tempera- 

tures greater than 1100°C in air or oxygen are required for the 

synthesis of the 40K materials, whereas lower temperatures are used 

to synthesize the 123 (980°C) or Bi-based cuprate phases (840- 880°C) 

using either air or oxygen. Barium nitrate decomposes at 600°C 

whereas the carbonate decomposes at 1450°C. Thus, using the nitrate 
(because of it’s low melting point) a more complete reaction at lower 

temperatures is obtained than if a carbonate is used and this yields a 

more homogeneous sample (16). This is especially important for the 

preparation of 123 or Bi compounds because they are synthesized at 

(relatively) lower temperatures. To further improve homogeneity a 

sol-gel process, which allows mixing at the molecular level, was 

developed for the synthesis of doped or undoped 123 (17). Gels of the 
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123 are obtained by mixing appropriate amounts of copper acetate, 
barium hydroxide and barium acetate with colloidal Y(OH), at a pH 
close to 7. The resulting gels can be dried to produce glassy-like 
materials which, after firing, yield a polycrystalline ceramic 123 with 
a T, of 92K and a AT, of 0.6K. The solution technique can give high 
quality ceramics, but for each system the processing parameters must 
be optimized in order to prepare a stabilized gel. For instance, we 
could not extend the above conditions to the preparation of Bi or 
Tl-based cuprate gels because of the poor solubility of Bi and Tl in 
solutions of neutral pH (18). The measurements reported in the 
following section were made on samples prepared with the solid state 
reaction technique using carbonates for the 40K materials, carbonates 
or nitrates for the Bi-based materials, and the 123 compound was 
made using either the nitrates as a precursor in a solid state reaction 
or by sol-gel. 

3.0 RESULTS 

3.1 Las_$rXCuOl 

In this system, the copper valence can be varied through a 
substitution for the trivalent La by divalent Ca, Sr, and Ba. Solid 
solutions La,_,M,Cu04 have been determined to exist for these 
divalent substitutions from x=0 up to x=0.2 for M=Ca, 1.0 for M=Sr, 
and 0.2 for M=Ba. For the Sr substitution, up to x=0.3 the a lattice 
parameter decreases whereas the c-axis increases (Figure 2a). Beyond 
this concentration c decreases because of a simultaneous increase in 
the number of oxygen vacancies. The strontium substitution causes 
the disappearance of the antiferromagnetic ordering which exists in 
undoped LasCuO, and also produces changes in the transport 
properties, as exemplified by the temperature dependence of the 
resistivity (Figure 3a) for several members of the Sr-doped series. As 
x increases the resistivity temperature dependence evolves from 
semiconducting-like to a superconducting behavior with a maximum 
T, at 38K for x=0.15 (i.e., a formal valence of 2.15 per Cu atom). 
Above T, there is a metallic-like linear variation of the resistivity with 
temperature. Finally, increasing x beyond 0.3 (data not shown) 
produces samples having metallic behavior but which are not super- 
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Figure 3: In (a) is shown the resistivity as a function of 
temperature and x for the La,_,$,CuO, series and in (b) the 
resistivity as a function of temperature and rare earth (RE) for the 
La,~,RE,,Sr,,,Cu04 series. 

3.78 3.60 3.92 3.94 3.96 3.98 4.00 

In-Plane Cu-Cu Distance (A) 

Figure 4: The variation of T, as a function of the Cu-Cu 
distance (i.e., a-axis) is shown in (a) for several members of the 
La,_,A,CuO, series with A being Ca, Sr, and Ba (after Ref. 21) 
and in (b) for several members of the Nd, ,,_,RE,Ce,,,,CuO, 
series (RE= Y, La). 
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conductors. Chemical analyses (19), as well as Hall measurements 
(20), have shown that upon increasing the Sr content to x=0.3 the 
formal valence per Cu changes as (2+x) and deviates negatively from 
this value for larger x. This deviation results from the fact that, for 
a Sr content greater than 0.3, the system introduces oxygen vacancies 
so that the number of carriers is no longer a simple function of x. 
Similar measurements have been performed on Ca and Ba substituted 
systems and a maximum in T, was also observed at x-O.15 indicating 
that there is a particular carrier concentration for maximum T, in this 
system. An experimental determination of T, as a function of the 
in-plane Cu-Cu distance (21-22) for the Ca, Sr and Ba doped systems 
indicates that there is also a particular Cu-Cu distance (3.786A) for 
which T, is a maximum (Figure 4). 

To examine the importance of the magnetic nature of a 
particular rare earth (RE) on T, in this system the La can be replaced 
by all the other rare earths. However, in order to maintain the T 
(La,CuOl) structure only a partial substitution can be achieved. A 
survey of the Las_,REXCuOl solid solution has shown that the T phase 
(LaaCuO,) is maintained only at low x (0~~~0.3) for the lightest rare 
earths up to Gd. A complete RE substitution leads to the T’ phase 
(REsCuO,) to be discussed later. To induce superconductivity in these 
phases some of the La must be substituted by Sr and it was observed 
that, independent of the rare earth (denoted in the following as RE) 
in each series, a maximum of T, was obtained at a Sr content of 0.2. 
Thus we systematically studied the compositions La,eRE,,Sr,~,CuO, 
with RE being Pr to Gd (23). Magnetic measurements performed on 
all the members of these series showed that the magnetic moments per 
rare earth agree with those expected for free trivalent ions. This 
indicates that the rare earth adopts the oxidation state +3 in these 
compounds. It was found (Figure 2b), as expected, that the a and c 
lattice parameters decrease with decreasing ionic radii of the substitut- 
ed rare earth (i.e., in going from Pr to Gd). The effects on T, for 
these various substitutions is shown in Figure 3b. Note that all the 
samples are superconductors and T, decreases with increasing atomic 
number of the substituted rare earth such that T, decreases from 39K 
for RE-La down to 18K for RE=Gd. Again, above T, the resistivity 
varies linearly with temperature. Note that the depression in T, is 
about the same for the compound doped with a Van-Vleck ion (J=O) 
rare earth (Eu) as for a compound doped with a strong magnetic rare 
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earth (Gd). Thus the depression in T, is not a magnetic effect, but is 
more likely a volume effect since it was found that the continuous 
decrease in T, is correlated to a continuous decrease in the unit cell 
volume from 188.54As to 186.94As in going from La to Gd. 

Further extension of this substitution work in the La,_,RE, 
Sro.sCu04 system led to the discovery of another phase at x=1, the so 
called T* phase, whose structure contains half of the T and half of the 
T’ phases such that copper is five-fold coordinated (24-25). The T* 
phases, when synthesized under oxygen, exhibit superconductivity at 
25K. 

Tokura et. al., (9) recently studied other cationic substitutions 
in the T’ phase and found, surprisingly, that superconductivity can be 
achieved in the Nd,_,M,CuO, system by first replacing the trivalent 
rare earth (Nd) not by a divalent ion but rather by a tetravalent ion 
(Ce or Th) and then by reducing the samples under nitrogen. Studies 
on polycrystalline samples of the Nd,_,Ce,CuO, system (26) have 
shown that a solid solution only exists up to x-O.2 and with increasing 
x the a-axis increases whereas the c-axis decreases (Figure 2~). Only 
samples within a narrow range of Ce composition (O.l4<x<O. 17) show 
superconductivity after the nitrogen anneal and the maximum in 
T,(24K) occurs at x=0.15. Above T, the resistivity exhibits semicon- 
ducting-like behavior. Single crystal studies (27-28) have confirmed 
this narrow range of x for which superconductivity can be achieved, 
but indicate that the semiconducting-like behavior above T, is an 
extrinsic effect. Above T, the resistivity of a crystal is metallic-like 
and linear from 150K to room temperature (Figure 5). The origin of 
the difference between polycrystalline ceramic and single crystal 
samples is beyond the scope of this chapter and is discussed elsewhere 

(28). 
Markert et al. (29) have shown that there is nothing unique 

about Nd, as superconductivity was also found in RE,Ce,,,,CuO, 
compounds with, for instance, RE being Pr, Sm and Eu. A depression 
in T, by magnetic ions is usually observed in conventional supercon- 
ductors. The substitution for Nd by these other rare earths (Pr, Sm, 
Eu) causes a slight depression in T,, which is greater when the 
substituted rare earth is a J=O Van Vleck ion (Eu) (AT,=l2K) rather 
than a magnetic ion (Pr or Sm) (AT,=4K). This indicates that, as with 
the T phase materials, the magnetic nature of the rare earth ion does 
not affect T,. 
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To study the T’ phase stability with respect to the T and T* 
phases four solid solution series were prepared and characterized (30). 
These four series consisted of; Ndl,,_,L~Ce,.,,CuO,, Eulss_&aX 
Ce,,,,CuO,, Nd,.,,_,La,Th,.lSCuOIandNd,.~,_,Y,Ce,.,,CuO,. It was 
observed that upon increasing either the La or Y content the T’ phase 
transforms sharply to the T phase without any evidence of the T* 
phase, and the solubility limits for both the La and Y are increased by 
the presence of the Ce. Upon making these cationic substitutions (La 
or Y) the a and c lattice parameters behave similarly, either both 
increasing (Figure 2d) for La or decreasing for Y (30). In contrast, 
however, T, decreases upon increasing the amount of the substituted 
element, with the exception of the Eu series for which a maximum in 
T, is observed. By analogy to the observations made on the LasCuO, 
system the variation of T, for all the above phases were plotted as a 
function of the in plane Cu-Cu distance and, as with the Sr doped La 
system, there is a threshold Cu-Cu distance for which T, is maximum 
(%%‘A). Thus, in this respect, there is a close similarity between the 
Sr-doped La and the Ce-doped Nd systems. 

The weak dependence of T, on magnetic ion substitutions 
suggests that superconductivity is not directly related to the La-O 
layers. Thus a La,s,Sr,~,, CU~_~M~O+ series in which a magnetic (Ni) 
or a non-magnetic (Zn or Ga) ion was substituted for the Cu was 
studied (31-32). The resistivity temperature dependencies for several 
members of this series are shown in Figure 6. The important feature 
is that both the Ni and the Zn depress T, rapidly such that compounds 
with values of x greater than 0.025 do not superconduct. This sharp 
depression in T, suggests that superconductivity is confined to the 
CuO, plane. Surprisingly, however, T, is depressed faster when M is 
non-magnetic (Zn) than magnetic (Ni), the opposite of what one 
would expect if these were conventional BCS superconductors. 
Magnetic measurements (33-34) indicate that a moment is induced by 
the Zn so that magnetic pair breaking must still be considered as a 
possibility. This would account for the faster decrease in T, for the 
Zn-doped materials. Another possibility which could account for the 
faster decrease of T, with Zn than with Ni is related to the local 
disorder within the CuO, planes, which is expected to be greater (at 
the same x) for the Zn than for the Ni samples since Ni forms the 
same structure over the entire solubility range whereas Zn does not. 

Thus, from studies of cationic substitutions in the T and T 
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phases one finds: 1) that a substitution at the Cu site destroys T, 
independent of whether the substituted element is magnetic or 
non-magnetic and 2) that a substitution at the rare earth site by 
another RE ion of the same oxidation state (+3) does not change the 
formal valence of copper, and thereby T,, whereas a substitution for 
the RE by either a divalent (e.g., Sr) or a tetravalent (e.g., Ce) ion is 
marked by changes in the formal valence of the Cu and thereby T,. 

3.2 YBa,Cu,07 

To understand the reasons why the 123 phase cannot be 
formed with Sr a study of the YBa,_,Sr,Cu,O, series was undertaken 
(35). X-ray analysis showed that single phase materials can be 
obtained from x=0.0 up to only x=1.4. Over this range of Sr substitu- 
tion the tetragonal lattice parameters a and c decrease continuously 
with increasing x, and T, also continuously decreases from 90K at x=0 
to 78K at x=1.4. Beyond x=1.4 the materials are multiphase. 
However, extensive studies of the Sr based 123 system have shown 
that 3d metal impurities stabilize the fully Sr-doped 123 phase (36). 
The Sr substitution results in a reduction of the c-axis (Sr being 
smaller than Ba) and it is possible, therefore, that the repulsions 
between the CuOs planes and chains are less screened. Thus the 
chains and planes will tend to separate. The presence of a trivalent 
charge in one of these layers will compensate for this effect and 
thereby improve the stability of the Sr-doped 123 phase, as is 
observed experimentally. 

Yttrium in the 123 phase can be replaced by most of the rare 
earths, exceptions being Ce and Tb (37). From magnetic measure- 
ments it was deduced that, in all these compounds, the rare earth is 
trivalent and therefore the RE substitution at the Y site does not 
affect the Cu valence. An exception is Pr for which the magnetic data 
suggests the coexistence of trivalent and tetravalent Pr ions. The fully 
RE-doped 123 phases, when prepared under the same conditions of 
temperature and ambient, are orthorhombic (an exception being again 
for Pr which is tetragonal) and their unit cell volumes decrease with 
decreasing ionic radii of the substituted RE (i.e., in going from La to 
Lu). Figure 7 shows that the substitution of a rare earth for Y has little 
effect on the superconducting and resistive properties of the 90K 
material. Above T, the resistivity is metallic-like and linear with 
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temperature. With the exception of La and Pr (data not shown), the 
T,‘s of the fully RE-doped samples lie between 87 and 95K indepen- 
dent of the magnetic nature of the substituted RE. This indicates 
there is little interaction between the RE and the charge carriers in 
these materials. 

The coordination of Ba in the 123 compound is similar to that 
of La in the 2 14 phase. We showed that in the 214 material La can be 
replaced by Ba, thus we could expect the possibility of a RE substitut- 
ing for Ba in the 123. This possibility was examined by studies of the 
RE,+,Ba.&u,O, series (38). In a REBa,_,La,$u,O, series, for 
example, it was shown that single-phase materials can be obtained up 
to x=1. The La substitution results in an orthorhombic-tetragonal 
structural transition (denoted O-T) at x=0.4. The value of x at which 
this O-T transition occurs depends upon which rare earth is being 
substituted. The substitution of a trivalent ion for a divalent ion 
introduces a charge imbalance which, in this system, is compensated 
(for x < 0.4) by a reduction of the formal valence of Cu from 2.3 at 
x=0 to 2.2 at x=0.4. Over the same range of composition T, decreases 
from 90K to less than 4.2K at x=0.4 which indicates a strong correla- 
tion between T, and the formal copper valence. For x greater than 
0.4, the La substitution induces an uptake of oxygen (an effect 
observed for several other cationic substitutions) which also compen- 
sates for a part of the charge imbalance. 

In contrast to the 214 phase, the 123 phase contains both CuO, 
planes and CuO chains leading to two different Cu sites. The Cu in 
the planes (denoted Cu2) is five-fold coordinated whereas the Cu in 
the chains (denoted Cul) is four-fold coordinated. To determine the 
relative role of chains vs. planes in these compounds, substitutions for 
Cu by 3d metals were performed and solid solutions of composition 
YBa,Cu,_,M,O, (M being Al, Co, Fe, Ni, and Zn) were .studied 
(39-41). Figure 8 shows the variation of the a and b lattice parameters 
for these solid solutions. Substitutions for Cu by Fe, Co, and Al result 
in an O-T transition (i.e., a-b) over the range of composition 
O.OS<x<O. 1, whereas the cell remains orthorhombic for the Ni and Zn 
substituted compounds over the entire range of solubility. Al can only 
have an oxidation state of t3. Therefore the similar structural behavior 
for the Fe- and Co-doped materials to those that are Al-doped implies 
that both the Fe and Co are also trivalent in these compounds. This 
was confirmed, for Fe, by Mossbauer measurements (42). Zn is 
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Figure 8: The unit-cell parameters a and b are shown as a 
function of x for the YBa,Cu,_,M,O,_, series with M=Fe, Co, Al, 
Zn and Ni. 
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always a divalent ion and the similar composition dependence of the 
lattice parameters to those of the Ni-doped series suggest that Ni also 
enters these structures as a divalent ion. A debated question is: Which 
of the sites, Cul or Cu2, do these 3d metal substituted elements 
occupy? From simple chemical considerations, and using thermograv- 
imetric analysis (TGA), we deduced that Co and Al occupy the Cul 
sites, that Fe occupies the Cul site at low concentrations and the Cu2 
site at high concentrations, and finally that the divalent Zn and Ni 
ions occupy the Cu2 sites. The Cul site is square planar and it is well 
established that Fe+S or Co+s prefers an octahedral environment. This 
suggests that there may be an uptake of oxygen accompanying this 
cationic substitution. TGA measurements have indeed shown an 
oxygen content which increases with increasing doping content and 
which can be greater than 7. Neutron diffraction measurements 
(43-45) confirm both the uptake of oxygen and the assignments just 
discussed for the 3d metal sites but with some remaining ambiguity 
about the Ni and Zn. A differential anomalous x-ray scattering study 
of the 3d-ion occupancy in YBa,Cus_,M,O,, with M=Fe, Co, Ni and 
Zn has been recently reported by Howland et. al., (46). They observed 
that the Fe and Co atoms predominantly occupy Cul sites whereas the 
Ni and Zn occupy both the Cul and Cu2 sites about equally. 

The substitution for Cu by a 3d metal produces drastic changes 
in the physical properties of the 90K phase, as shown in Figure 9a 
where the T,‘s (as determined by ac-susceptibility measurements)are 
plotted as a function of x for the various series. Independent of the 
magnetic nature of the substituted element, for the trivalent ions (Fe, 
Co, and Al) T, remains constant and equal to 90K up to the O-T 
transition and then decreases continuously to less than 4.2K at x=0.5. 
Upon increasing x further, the compounds become semiconductors 
and simultaneously antiferromagnetism associated with the Cu ions 
develops. In contrast to this behavior, for the divalent substituted Ni 
and Zn ions T, decreases markedly, even at low x. 

How T, varies with x and the maximum solubility range (x) for 
a specific 3d metal differs from group to group. These differences 
simply arise from the synthesis history of the samples (47). We 
illustrate this point in Figure 9b where we show the variation of T, as 
a function of x for a series of samples prepared at 970°C and 920°C. 

Note that increasing the annealing temperature increases the T, 
dependence upon x and also reduces the solubility range. This is also 
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inductively, are reported as a function of x for the YBa,Cu,_, 

%P7-, series with M= Fe, Co, Al, Zn, and Ni in (a). In (b) a 
processing effect (annealing temperature) on T, is shown for the 
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consistent with our inability to substitute Ga for Cu in the 123 at 
temperatures of 970°C whereas others were able to achieve this 
substitution at 920°C. However, a general result is that (independent 
of the synthesis history) at small x we observe a sharper decrease in T, 
for the divalent ions than for the trivalent ions. This implies that T, 
is more affected when the doping occurs in the CuO, planes than in 
the CuO chains and therefore that superconductivity is confined to the 
CuO, planes. 

To confirm this point, neutron diffraction measurements were 
performed on several members of the Co-doped 123 series in order to 
determine how bond lengths vary with Co content (48). An important 
result, shown in Figure 10, is that upon increasing the doping at the 
Cul site there is a decrease in T, concomitant with a shortening of the 
Cu-04 bond length (04 being that oxygen bridging the Cul chains 
and Cu2 layers) and the Ba ion moving towards the CuO, planes. In 
undoped materials Ba shares its electrons between the Cu2 and Cul 
site containing layers. As the system is doped at the Cul site the 
barium moves towards the CuO, plane and shares more of its electrons 
with the Cu2 than the Cul layers thereby filling the electrical holes in 
the Cu2 layers that are necessary for superconductivity. This would 
result in a depression of T, as is observed experimentally. Or viewed 
differently, as a result of doping at the Cul site the Ba moves towards 
the planes and 04 towards the chains such .that the CuO:, layers 
become isolated (i.e., there is no charge transfer between chains and 
planes) and the material becomes an insulator. Thus, from the 3d 
metal substitutions we unambiguously establish that superconductivity 
is confined to the CuO, layers and show that the CuO chains act as a 
carrier reservoir which provides the electronic coupling between the 
CuO, layers. This disestablished the early belief (simply based on the 
presence of Cu-0 chains in the 90K phase and not in the 40K phase) 
that (1D) linear Cu-0 chains were required to obtain higher T, 
materials among the cuprates. The discovery of the Bi and Tl-based 
cuprates, as discussed next, completely contradicted the need for 
Cu-0 chains for higher Tc’s, since these materials do not contain 
Cu-0 chains and exhibit even higher T:s, greater than 100K. 

3.3 BisSr&a,_rCu,OY 

The Bi system, which contains three phases of general formula 
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BisSrzCa,_ICu,Oy with n=l, 2 and 3 (49), provides another opportuni- 
ty to test the trends established in the previous paragraphs dealing 
with the copper valence, low dimensionality structures, and magne- 
tism. The structure of the Bi compounds can be viewed as a packing 
of CuOs layers interleaved with Ca layers and BiO layers and 
sandwiched between SrO layers and having, in addition, an incom- 
mensurate superstructure. The incommensurability of this structural 
modulation has prevented the complete determination of the structure 
and thereby the location of the extra oxygens. This, of course, impedes 
the understanding of the doping mechanism in these phases. To 
experimentally resolve this structural problem, compounds isostruc- 
tural to the Bi cuprates but with a commensurate modulation are 
needed. This is another reason to study cationic substitutions in the Bi 
system. A complication with this system, compared to the 40K or 90K 
materials, is that there are three layered phases (n-l, 2 and 3) whose 
energy of formation is very close so it is difficult to obtain each phase 
free of stacking faults. This is particularly true for the n=3 phase 
which is always contaminated by n=2 faults (50). For this reason our 
chemical substitution studies have focused on the n=l and n-2 phases. 
As an aid in selecting (based on crystal-chemical factors only) the 
kind of cationic substitutions that have any chance for success we go 
back to Figure 1 and emphasize the structural similarities between the 
Bi compounds and the previously discussed T, T’ and 123 phases. 

A striking similarity between the Bi and 123 phases is that the 
site occupied by Ca in the n=2 Bi phase is similar to that occupied by 
Y in 123 which suggests that Ca can be replaced by a RE in these 
materials. Single phase Bi,Sr,Ca,_, RE,CusO, materials with RE being 
most of the rare earths (exceptions are La, Pr, and Nd) were indeed 
synthesized for values of x ranging from 0 to 1 (51-53). Attempts to 
increase x (RE content) above 1 failed, which indicates that the rare 
earth substitution is limited to the Ca site. Magnetic measurements on 
the fully RE-doped Bi phases (x=1) have shown that the inverse 
susceptibility temperature dependence follows a Curie-Weiss law 
(Figure 11). From this data values of the magnetic moment per RE 
atom were determined and observed to be similar to those expected for 
free trivalent RE ions indicating, therefore, that the rare earths 
substituted for Ca in these materials exist as trivalent ions. Also 
deduced from the above fit were values of the paramagnetic Curie 
temperature (0,) for each of the RE-doped Bi compounds. The value 
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Figure 11: The inverse susceptibility temperature dependence is 
shown for several members of the Bi,Sr,REsCu,Ol,+, series. Data 
were collected in a field of 1OkG. The inset shows a comparison 
of the 8, values for the RE-doped 90K and RE-doped Bismuth 
n=2 phases. Note the excellent agreement. 
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Figure 12: Lattice parameters (a), cell volumes and TGs (b), 
copper valences and oxygen contents (c) are shown for composi- 
tions in the Bi,Sr,Ca,_,TmXCu401e+,, series. 
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of 0,reflects the magnetic interaction between neighboring atoms and 
depends strongly upon the crystallographic site occupied by the RE. 
The inset of Figure 11 shows the values of 8, obtained for both the 
RE-doped 123 and RE-doped Bi series. Note that the values are 
similar which confirms the crystallographic site similarity occupied by 
the RE in the 123 and in the Bi-based materials. Chemical analyses 
and TGA measurements have shown that, as a RE is substituted for 
Ca, additional oxygen is added to the structure with approximately one 
half oxygen added for each added rare earth (See Figure 12c for the 
Tm series). The formal valence of the copper, upon the RE substitu- 
tion, remains constant and equal to 2.14 at low x (Figure 12~) and 
then, beyond x=0.5, drops continuously to reach 2.05 at x=2. Over the 
same composition range T, remains constant at low x (Figure 12b) and 
then drops sharply around x-l to become less than 4.2K at x=1 5. At 
x=2 the materials are semiconductors. The similarity of this curve to 
that depicting the Cu valence changes is striking and supports the 
general belief that T, is related to the amount of Cu III. The fully rare 
earth substituted samples are semiconductors, even though the formal 
Cu valence is greater than 2. This indicates that for each system there 
is a threshold value for the copper formal valence for which T, is 
maximum. We note also that the non-superconducting fully RE- 
doped Bi phases are isostructural (to the superconductors) and show a 
structural modulation that is non-commensurate. This clearly demon- 
strates, contrary to early conjecture, that in these materials the 
modulation has nothing to do with superconductivity. 

Another structural similarity which exists between the 
crystallographic Sr site in the Bi phase, the Ba site in 123, and the La 
site in the T phase is that they are all nine-fold coordinated. We 
previously discussed how, in the 123 system, Ba can be replaced by a 
RE. This would again lead to the expectation that Sr can also be 
replaced by a RE in the Bi phase. Single-phase materials having 
compositions Bi,Srs_, L a, CuO, with x-0 up to x-l and RE=La, Pr and 
Nd were made and characterized (52,54). As previously noted these 
phases still show the structural modulation and for each added rare 
earth there is half an oxygen added to the structure. The compound 
evolves with increasing x from superconducting at 10K to non-super- 
conducting, even though at x=1 the formal valence of the Cu is still 
greater than 2. 

Finally we discuss a 3d metal substitution at the Cu site in the 
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Bi phases. We immediately recognize that in the n=l Bi phase the Cu 

is six-fold coordinated as in the T phase, that in the n-2 phase the Cu 

is five-fold coordinated, and that in the n-3 phase the Cu is both 

five-fold and four-fold coordinated as in the 123 phase. From studies 

done on the 90K and 40K materials we know that the 3d metals do not 

(or barely so) substitute for five-fold coordinated Cu, but they do 

substitute for six-fold coordinated Cu as well as for square planar Cu. 

In the latter case the substitution was found to be possible only if 

accompanied by an uptake of oxygen such that the 3d metal ended up 

to be octahedrally coordinated. Thus, based on these observations, we 

first focus on the n=l phase and indeed find that single phase 

Bi,Sr,(M,Cu)O, materials with M being Fe, Co and Mn can be 

prepared in bulk polycrystalline form or as single crystals using the 

corresponding 3d-metal oxide in excess (55-57). It is required that the 

atmosphere be more reducing as one moves down to the lightest 3d 

metal such that the Bi,(Sr,Ca),MnO,, phase forms only with a nitrogen 

ambient at temperatures of about 1000°C. 

In the n=2 phase the Ca planes (free of oxygen) are sandwich- 

ed between the CuO, planes in which the Cu is five-fold coordinated. 

Fe or Co ions prefer to be six-fold coordinated. One way to achieve 

this is to replace the Ca by a Sr which will form a SrO layer thereby 

providing the extra oxygen required to produce a six-fold coordinated 

site. With this reasoning we simultaneously substituted 3d-metals (Fe, 

Co or Mn) for Cu and Sr for Ca. There was success in synthesizing 

the Bi phases having n=2 and 3 when M=Fe (58-60) and n=2 when 

M=Co (61), but with Mn neither the n=2 or n=3 phases could be 

synthesized (independent of the ambient or annealing temperature 

used) and only the n=l phase could be formed. It is interesting to note 

that the n=l phase becomes less stable as the ionic radius of the 3d 

metal decreases (in going from Mn to Fe), whereas the opposite is 

observed for the stability of the n-3 phase which is the most stable 

phase in the case of the Fe compound. The formulae of the newly 

synthesized phases obtained through cationic substitutions in the Bi 

compounds at the Cu sites are summarized in Table 1 together with 

the crystal data obtained from either x-ray powder diffraction 

experiments or single crystal analysis. A feature common to all these 

3d substituted phases is that they are isostructural to the parent 

bismuth copper phases, but with the important difference that the 

structural modulation is commensurate. This commensurability 
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Table 1. Crystallographic data are presented for the new phases 
which resulted from a 3d-metal substitution at the copper site in 
the ~1, 2 and 3 Bi-based cuprates. The periodicity of the 
structural modulation (p) is given by bold numbers when obtained 
from single crystal x-ray studies, otherwise the values were 
obtained from TEM studies. 
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allowed the complete crystal structure to be solved for the n=2 Fe 

compound and for the n-l Co and Mn phases. The solution, displayed 

in Figure 13, shows that the distortion associated with the modulation 

originates in the Bi-0 planes and is associated with the presence of an 

extra row of oxygen atoms within the Bi layer (60). (This extra 

oxygen is undoubtedly present in the superconducting cuprates and 

certainly plays an important role in the anionic doping mechanism for 

these materials, but that is beyond the scope of this chapter.) These 

3d-metal substituted phases, although they are non- superconducting, 

show interesting physical properties such as a novel magnetic 

behavior. The compounds with M-Co or Mn, for instance, are 

antiferromagnets but with their magnetic susceptibilities as a function 

of temperature (Figure 14a) peaking sharply and indicating a hidden 

ferromagnetism. In fact, Bi,Ca,MnO,+, (Figure 14b) behaves like a 

classic ferromagnet at low temperatures. These Mn-doped Bi com- 

pounds (n-l) can be grown as large crystals free of intergrowths (since 

higher n intergrowths do not exist for Mn, or are very difficult to 

make). Studies on such crystals may elucidate the magnetic behavior 

and thus, by extension, superconductivity in the cuprates since several 

theories have claimed that superconductivity and magnetism are 

related in these high T, oxides. 

4.0 DISCUSSION 

From the study of cationic substitutions in the La, Y, and 

Bi-based cuprates a large amount of data has been obtained that we 

now try to systematize in order to develop the most prominent trends. 

It is clear that the presence of CuOs planes is an essential 

feature required for superconductivity in these oxides. However, 

superconductivity can be achieved only if the chemical entity inserted 

between these planes allows them to electrically communicate. This 

is, for instance, the role played by the chains in the 123 or by the 

double Bi-0 layers in the Bi compounds. 

A substitution for Cu by Fe, Co or Mn in the Bi,Sr,CuO, 

phase produces a drastic change in the transport properties, in 

particular an electronic transition from superconducting to semicon- 

ducting for Fe or Co or to insulating for Mn. This indicates that the 

presence of 3d metal oxygen layers is not, by itself, sufficient for 
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Rocksalt Bridging 

( Bi,Sr,Fe20y) 

Figure 13: Two planar arrangements for the oxygen atoms, 
designated here rocksalt and bridging (perovskite), are shown in 
(a). The crosses refer to oxygens in rocksalt positions. In (b) are 
shown sections of the structure at z=O.O6 through the Bi layer for 
the BisSrsFesO,, phase (note that the Bi atoms form chains running 
along the a direction). The oxygen positions are shown in detail. 
Note that there is one oxygen inserted at the bridging position for 
every 10 rows of Bi atoms. In (c) the Bi-Bi distances are plotted 
with the same scale along x as in (b). 
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Figure 14: In (a) is shown the variation of the susceptibility with 
temperature for a Bi,Ca,MnO,+, crystal obtained while warming 
the sample in a field of 500G after having cooled the sample in 
zero field. The magnetization vs. field curve measured at 10K on 
the same sample is shown in (b). 
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superconductivity. In BisSrsCuO, the Cu 3d levels mix with the 0 2p 
levels such that the electrons collectively give rise to metallic behavior. 
In moving from Cu to those 3d-metals to the left in the periodic table, 
the energy difference between the 3d levels and 0 2p levels progres- 
sively increases so that the resulting orbital overlap decreases produc- 
ing a localization and thereby a semiconducting or insulating behavior. 
Thus, what is important for superconductivity is to have a 3d metal 
whose 3d states are strongly hybridized with the 0 2p levels and that 
is the very special role played by Cu. We note that in the other classes 
of high T, oxides (the bismuthates) there is also a strong hybridization 
between the Bi 6p and 0 2p levels. 

To better understand the dependence of T, with respect to 
cationic substitutions we distinguish between those substitutions in the 
CuOz planes and those not in the CuO, planes. 

We found that the T,‘s of the out-of-CuOs-plane substituted 
cuprates are nearly insensitive to any chemical substitutions (whether 
or not the substituted element is magnetic) which do not modify the 
average charge balance (e.g., RE for La in the 40K system, RE for Y 
or Sr for Ba in the 123 system). They are, however, extremely 
sensitive to those substitutions that create a charge imbalance and 
thereby modify the formal valence of the Cu through charge transfer 
(e.g., Sr for La in the 40K system, La for Ba in the 90K system or RE 
for Sr or Ca in the Bi system). Thus the formal valence of copper is 
very important for superconductivity. There is an optimum value for 
the Cu formal valence of copper which is different from system to 
system with a value of 2.15, 2.33, and ~2.14 for the La, Y, and Bi 
based cuprate phases. Any cationic substitution that leads to a 
deviation of the copper formal valence from the values just quoted 
results in a decrease in T,. Furthermore, the non-superconducting 
behavior of the Bi,Sr,RECu,O, compounds which contain 0.1 Cu 
(III), or of the non-superconducting LaCuO, phase which contains 
only Cu (III), indicates that the presence of Cu (III) in a cuprate does 
not a priori imply superconducting behavior. 

In the La l~ssSrO.lsCul_,MXO, (M=Ni, Zn) system T, is 
destroyed for values of x greater than 0.025. The replacement of 
0.025 Cu(2.15) by 0.025 Zn(I1) or Ni will not change the formal 
valence of Cu by more than 0.004 if we assume that the Zn and Ni do 
not affect the oxygen content in these materials (as indicated by TGA 
measurements). However, even though no change in the formal copper 
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valence is involved, the T, of an in-CuOs-plane substituted cuprate 
phase is extremely sensitive to any substitution and independent of the 
magnetic nature of the substituted element. This is a clear difference 
between these new high T, oxides and the old conventional BCS 
superconductors which are extremely sensitive to magnetic impurities. 
Recall that in the 40K phase, for instance, the substitution of 
diamagnetic Zn for Cu induces a magnetic moment so that, at present, 
we cannot rule out the magnetic pair breaking argument as the origin 
of the depression of T,. A large number of experiments, however, 
suggest that the presence of a local structural disorder is the more 
likely possibility for the depression in T, that is observed as soon as 
the chemistry of the CuO, planes is affected. 

In the superconducting La, Y, and Bi-based compounds the 
formal valence per Cu is greater than 2, and a linear relation between 
T, and the number of Cu(II1) (i.e., number of holes) for all of these 
oxides has been established by muon spin resonance (62). In these 
high T, oxides the carriers are holes, and thus called p-type supercon- 
ductors, and it was postulated that only cuprates with holes (oxidized 
Cu) as the carriers could be superconductors. Thus, observations in the 
Nd-Ce-Cu-0 system in which superconductivity is achieved by 
reducing the Cu (i.e., by giving electrons) are very important. The Ce 
doped neodymium materials are called n-type superconductors. Recent 
Hall measurements on superconducting Nd,asCe,~,,CuO, single 
crystals show a positive Hall coefficient and may be considered 
contradictory to the above distinction. However, we show next, by 
discussing Figure 2, that this distinction is unambiguous from a 
chemical point of view. 

Figure 2 summarizes the variation of the tetragonal lattice 
parameters a and c for four series of compounds. Two series, 
La1~eREt,sSr,,sCu04 and La,_,Sr,CuO,, adopt the T crystal structure 
whereas the two other series, Nd,_,Ce,CuO, and Nd,_,La$uO,, 
adopt the T’ structure. Note that, independent of whether it is the T 
or T’ phase, when no charge transfer is involved both the a and c 
lattice parameters change in a similar way either increasing (Figure 
2d) or decreasing (Figure 2b). In contrast, for the Sr-doped series or 
the Ce-doped series the a and c axes change in an opposite direction. 
For the Sr series a decreases and c increases whereas the opposite is 
observed for the Nd-doped series. The variation of the c-axis in this 
system can be understood based on the ionic radius of the dopant vs. 
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that of the substituent. In the RE-doped T-phase series, for instance, 
as the ionic radius of the substituent decreases one would expect a 
decrease in both the c and a axes as is observed. In the Sr-doped La 
phase the La is 8-fold coordinated. The ionic radii of an 8-coordinat- 
ed La and an 8-coordinated Sr are 1.3A and 1 &A respectively and 
thus the replacement of the La by a larger ion, Sr, is expected to 
increase both the c and a axes. The data show that only c increases. In 
the T’ phase the Nd is 8-fold coordinated and thus the replacement of 
Nd (1.25A) by a smaller Ce ion (1.11 A) is expected to decrease both 
the c and a axes. Only a decrease of c is observed. Finally, when Nd 
is replaced by a larger La ion (1.25A vs. 1 JOA) one would expect an 
increase of both the a and c axes as is observed experimentally. Thus, 
based on ionic radii considerations alone, one can explain satisfactorily 
the variation of the c axis for all the series and the variation of the a 
axis only for those series for which the hole or electron concentration 
is not affected. This indicates that charge transfer plays a key role in 
the variation of a for both the Sr-doped and Nd-based phases. It was 
shown by Whangbo et al. (63) that the in-plane Cu-0 bonds have an 
antibonding character in the CuO, layer x2-y2 bands. The substitution 
for La+’ by Sr+2 corresponds to removing electrons from the x2-y2 
bands. Thus, the removal of an antibonding electron would be 
expected to decrease the Cu-0 bond length and thereby the a axis as 
is observed. In contrast, the replacement of Nd+S by Ce+4 corresponds 
to adding electrons into the antibonding band orbital so that a 
lengthening of the Cu-0 bond, and thereby of the a axis, is expected 
and is observed. Thus we have demonstrated that the variation of the 
a-axis ( i.e., the in-plane Cu-Cu distance) is consistent with the T 
phase being doped by holes (p-type) and the T’ being doped by 
electrons (n-type). 

Finally we recall that in the Sr-doped system the maximum T, 
is achieved for a Sr content of 0.15, which corresponds to a formal 
valence per Cu of 2.15 (i.e., 0.15 holes per Cu). In the Ce-doped 
system the maximum in T, (24K) is achieved for a Ce content of 0.15, 
which corresponds to a formal valence per Cu of 1.85 (i.e., 0.15 
electrons per Cu). Thus, a maximum T, occurs in the n-type materials 
at the same electron concentration as the hole concentration in the 
p-type materials which produces a maximum T, and indicates a 
doping symmetry. The symmetry between the n-type and p-type 
materials is further reflected in Figure 4 where we have shown that 
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for each system the T, dependence upon the in-plane Cu-Cu distance 
is similar, but with a difference that the critical distance at which T, 
is maximum is different for the two systems. Thus, from a chemical 
point of view the n-type materials are identical to the p-types, but 
there is a significant electronic difference in that the carriers are 
electrons and not holes. The T’ superconducting materials (n-type), 
to a certain extent, can be viewed as a mirror image of the supercond- 
ucting T materials (p-type). which leads to the possibility of mirror 
images of the 123 and Bi phases. Thus far we have failed in this 
direction. 

In summary, we demonstrated that cationic substitution studies 
done on known compounds can be a powerful tool to use to answer 
important crystal-chemical questions (e.g. the origin of the modula- 
tion in the Bi phases), to synthesize new phases (e.g., Fe, Co or Mn 
bismuth phases) and, to establish general phenomenological trends that 
will contribute to a better understanding of the factors that give rise 
to the existence of superconductivity in these new materials (the 
electron-type superconductors, for instance, stand as a serious test for 
new or existing theories). Although this chapter has only addressed 
cationic substitutions, the reader should be aware that important 
chemical issues are also addressed by looking at the anion sites in 
these materials (changes in oxygen content, fluorine substitution). 
Finally, we wish to leave the reader with the view that solid state 
chemistry is a powerful and fascinating science not only because of 
the novel materials with exciting properties that have been, or will be, 
produced but also because the results are essential for testing theoreti- 
cal models. 
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The Chemistry of High T, in the Bis- 
muth Based Oxide Superconductors 
BaPb,_XBi,O, and Ba,_,K,BiO, 

Michael L. Norton 

1 .O INTRODUCTION 

Rarely in the study of superconducting oxides does one 

encounter the beautifully colored materials observed among the 

bismuthates. They vary in color from red to yellow-gold to irrides- 

cent blue. These changes in color reflect the powerful changes in 

electronic properties brought about through chemical modification of 

these systems. They also belie the unexpected complexity of these 

“simple” perovskite materials. 

It has been remarked that the bismuthate materials are so 

simple that, if we cannot understand the mechanism of superconduc- 

tivity operative in them, then we have no hope of understanding the 

more complex cuprates. Throughout this chapter we will find that 

incontrovertible evidence for one mechanism or another has not been 

forwarded, despite considerable research on the part of many capable 

scientists. The available data concerning preparation, physical and 

electronic properties, and theories pertaining to these materials will be 

considered here, and their import for researchers pursuing the 

synthesis of these or even higher transition temperature (T,) ceramic 

materials will be highlighted. We may begin our study of these 

materials by reviewing the idealized structures and stoichiometries, 

and their impact on the physical properties. 

347 
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2.0 THEORETICAL UNDERPINNINGS OF BISMUTHATE RE- 

SEARCH 

The simple or idealized perovskite 

Figure 1. 

structure is shown in 

l * 
00 
0 I3 

Figure 1: Representation of the ideal Perovskite structure. 

This structure or a variant of it, is adopted by a large number 

of compounds with stoichiometries 1:1:3 or ABO,. The compound is 

considered to be very simple in that the unit cell only contains 5 

atoms, l/8 of an A atom at each of the eight cell corners, one B atom 

at the center of the cell, and six halves of 0 atoms, one in the center 

of each face in the cell. The crystal generated from this unit cell is 

then considered in a polyhedral description as consisting of a regular 

array of BO, or MO, octahedra joined by sharing 0 atoms at the 

vertices. A two dimensional view of this metal-oxygen framework is 

presented in Figure 2. 
In the two nonstoichiometric compounds which are the focus 

of this chapter, BaPb,_,Bi,O, and Ba,_,K,BiO,, the A lattice sites are 

occupied by Ba or by a mixture of Ba and K, respectively. The B sites 

are then occupied by a mixture of Pb and Bi in BaPb,_,Bi,O,, and by 

Bi only in Ba,_,K,BiO,. 

Let us consider the impact of doping (variation in x) in these 
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Figure 2: Metal-oxygen sublattice present in ideal perovskite. 

materials. We may consider both families as originating from the 

doping of the bronze colored compound BaBiO,. In this end member, 

normal chemical valence considerations would lead us to consider the 

Ba ion as +2, the 0 atoms as -2 leaving the Bi ion with a very high 

formal charge or valence of +4. Whereas this is a common oxidation 

state (although not exceedingly stable) for Pb, it is highly unstable for 

Bi. Bi’s most stable cationic states are +3 and +5, where +5 is not 

notably stable. In order for the Bi ion to satisfy the requirements of +4 

average valence, yet remain in stable oxidation states, two of these 

fictitious +4 ions must disproportionate into one +3 and one +5 ion. 

These two different bismuth ions must necessarily have different ionic 

radii, with the radius of the more reduced, and electronically 

polarizable +3 ion being the larger of the two. In our simple model of 
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the perovskite unit cell we are now faced with a problem. When the 
occupants of the B site in two adjoining unit cells are not the same 

size, then the unit cells are not the same size. Thus, for BaBiO,, we 

necessarily cannot have the simple perovskite structure (assuming the 

charge disproportionation discussed above). It was such reasoning that 
lead to the discovery that the unit cell structure of BaBiO, contains 

two sizes of Bi (l), a large and presumably electron rich ion, and a 

smaller, presumably highly electronegative ion. Of course the 

chemist’s valence assignments do not and cannot represent actual 

electronic charges on the ions, especially in these highly covalent (or 

semicovalent) systems any more than the valence of +4 of carbon in a 

saturated hydrocarbon denotes its charge. The inequivalence of the 

two types of Bi ions are, however, well predicted by this chemical 

bookkeeping. 
In a simplification of this structure we could view the 

structure of BaBiOs as consisting of a three dimensional array 

composed by alternately linking large and small octahedra at their 

corners. This material, even though it is a mixed valence compound, 

is not conducting at room temperature. An understanding of this 

property is essential to the understanding of the insulator to metal 

transition brought about by doping, and has great relevance to the 

superconducting properties of the materials as well. Of course 

conductivity involves the transfer of at least one electron from, in this 
case, one metal B site to another B site, through an intervening 0 site. 

The geometry diagramed in Figure 1 in which nearest neighbor metal 

ion coordination polyhedra are joined at vertices may be contrasted 
with other systems in which the octahedral polyhedra are joined at an 

edge or a face. Such edge or face sharing allows direct overlap of the 

metal orbitals, and conduction bands formed via this geometry have 

little if any nonmetal character. Some oxygen character of the 

conduction bands may be required for high T,, and this may explain 

the central importance of the perovskite structure in this field. 

Electron transfer can require large excitation or activation energies if 

a large reorganization of the lattice is required to accommodate the 

new valence arrangement. In this particular example, a transfer of one 

electron from a large, electron rich metal site to a small, electrophilic 

ion would yield a transition from a configuration in which all 6 of the 

oxygens nearest the small ion would suddenly have to expand against 
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the 6 neighboring octahedra. The associated compression of these 

neighboring octahedra would mean that their excess charge would 

have to move to nearby octahedra. Thus, a large perturbation of the 

lattice, viewed most simply as a local volume fluctuation, could only 

be stabilized by a complete reversal of the valencies of every Bi ion in 

the crystal. Although such fluctuations certainly occur locally, the 

observation of two sizes of ions by the neutron diffraction experi- 

ments (1) does indicate that the valency of the Bi ions is locked in. A 

static, periodic distortion of the lattice traps the charge carriers in 

their places. Because the charge alternates from one Bi to the next in 

a periodic manner, this end member is said to display a charge density 

wave (CDW) phase or structure. 

The identification of the valence of the B site ion through the 

determination of the size of the octahedra, or the metal-oxygen bond 

length, leads directly to an understanding of the concept of electron- 

phonon coupling. Bismuth ions in small octahedral cages of oxygens 

must be low in electronic volume. Bismuth ions in the larger cages, 

i.e. displaying larger bond lengths, have a larger number of outer 

electrons. If we consider a vibrational mode in which all 6 oxygen 

atoms move in and out with respect to the central Bi ion, then we see 

the possibility for the octahedra surrounding a Bi ion to change from 

that appropriate for a +3 ion (large) to the small size appropriate for 

a +5 ion. This oscillation in size can be called a breathing mode, and, 

when these motions occur in a solid they are called phonons. If charge 

can flow into and out of the central ion position following this 

breathing motion, then the charge motion, which may be very fast 

(almost instantaneous) is correlated with the atomic motions, which are 

considered slow in comparison with electronic transition times. This 

correlation is the physical expression of electron phonon coupling. 

The above phonon type is only one of many available to the perovskite 

structure, but it well demonstrates the possibility of strong electron 

phonon interaction (EPI) in oxygen coordinated materials. In fact, we 

could consider the static CDW observed in BaBiO, to be the result of 

electron trapping by an overly strong electron phonon interaction. 

The static CDW could be called a frozen phonon, since it is not a 

freely oscillating oxygen breathing mode. 

As was mentioned above, the motion of one electron in these 
systems affects the motion of other electrons in the system. There- 

fore, the electron - phonon interaction can be said to mediate electron 
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electron interactions, and particularly pairing interactions in 

superconducting systems. 
In the solid solution series BaPb,_,Bi,O,, where Pb atoms are 

substituted for Bi atoms present at the B sites in the parent compound 

BaBiO,, a transition from the CDW or semiconductor state to a 

metallic state is observed at approximately x = .35 or for approximate- 

ly 65% Pb occupation of the B site in the ideal perovskite structure (2). 

Obviously Pb substitution has lead to a decrease in the self trapping 

(or carrier freeze out) in this material. One contribution that this lead 

substitution makes is that it disorganizes the charge disproportionated 

bismuth centers, thus weakening their phonon mediated physical 

interactions with each other. Aside from simply physically separating 

and insulating the Bi ions from each other, the Pb ions have another 

significant effect. Because on the average the majority of the 

neighboring B site ions about each Bi ion will be Pb, the average local 

lattice parameter will also be that of a +4 ion. This pseudo substrate 

or lattice strain effect could be expected to influence the two types of 

Bi in opposite manners: the +5 and +3 cells would both tend toward 

the average size of a +4 ion. This would decrease the atomic reorgan- 

izational energy required for electron transfer, and may be the source 
of delocalization or of the insulator to metal transition in this material. 

Equivalence of all Bi sites has been demonstrated in the supercon- 
ducting composition with x = .25 via EXAFS studies (3). These Bi 

octahedra are not the same size as the Pb octahedra, however. 

We may now consider the impact of doping or substituting K 

atoms into the Ba sites in the parent BaBiO, material. Since the total 

valence of the A + B sites must remain constant (+6), the valence of 

the B site ion (Bi) must compensate any loss of valence at the A site. 

For every K added into the lattice, one Bi must change to a higher 

valence state. Since +4 valence is not reasonable in the CDW phase, 
we must consider that for every two K ions inserted, one +3 valence 

Bi is converted into a +5 ion. K substitution then leads to a lattice 

which becomes more disordered as K concentration goes up, and again 

the self trapping energy must decrease. At a critical concentration, 

the material becomes metallic (the electrons become delocalized). 

Although the precise value of this composition has not been well 

determined, it is clear that the CDW or distortion amplitude changes 

rapidly as a function of K substitution (4). In view of the fact that the 

concentration of bismuth ions, which, as described above, have a very 
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strong electron-lattice interaction, is very high in Ba,_,K,BiO,, it is 

understandable that it might display physical properties (i.e. a higher 

T,) reflecting this stronger interaction. 

We may now consider the most basic form of the relationship 

between lattice properties and one of the most important physical 

properties of the bismuthates, the superconducting T,, as derived 

from the theories of Bardeen, Cooper and Schrieffer: 

Tc - TD em W/Kef) 

where: T, = superconducting transition temperature 

TD = Debye temperature of solid 

Kef = effective electron-electron attractive force (5). 

From a consideration of this simple formula we can understand the 

purpose of much of the research to characterize the bismuthates, as 

well as the research aimed at discovering materials with higher 

transition temperatures. We can also understand why the bismuthates 

have been the center of considerable attention after their discovery 

since their properties (discussed below) seem to conform poorly to the 

theoretically expected parameters. From the formula we see that the 

transition temperature is proportional to the Debye temperature of a 

solid. This is meant to indicate that the higher the frequency of the 

lattice vibrational mode coupling to electron motion in the solid, the 

more times per second the electron-electron interaction is “renewed”. 

This yields a stronger total electron-electron interaction, which means 

that it is more stable against disruption by thermally excited phonons 

or lattice vibrations. The chemist has two ways to control or adjust 

vibrational frequencies, since they are dependent upon both the spring 

constant (i.e. the bond strength), and the mass (i.e. the molecular 

weight) of a harmonic oscillator. Metal atoms with variable valence 

yet high charges can be used to produce strong bonds. Since lighter 

atoms have higher vibrational frequencies, materials containing 0, N, 

C or B are favored candidates for displaying reasonably high T,‘s, 

assuming that these are the atoms in the structure which provide for 

the electron-phonon coupling interaction through their vibrations. K,, 

represents the exponential dependence of T, on the coupling of 

electron motion with the mode driving superconductivity. The 
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frequency, as well as the type of mode are the most important 

chemically manipulatable aspects of a superconducting material. 

The discussion so far has been based upon the idealized 

perovskite structure. At this point we may consider the real crystal 

structures observed in these materials. 

3.0 CRYSTALLOGRAPHY 

The crystallography of these systems certainly reflects the fact 

that the electronic and bonding properties are much more complex 

than the simple models provided in the previous discussion. 

An overview of the crystallographic findings in the BaPb,_,- 

B&O, system has been published by Batlogg et al. (6). The structure 

changes as a function of x or mole fraction Bi. From the pure lead 

end member BaPbO, to x = .05, the compound displays an orthor- 

hombic structure. From .05 to .35 the compound is a tetragonal 

superconductor with its highest T, near x = .25. From the metal to 

insulator composition of x = .35 until x = .95 the material adopts an 

orthorhombic structure. All compositions from x = .95 including the 

pure bismuth end member BaBiO, are monoclinic. Such structural 

results have mostly been based upon powder diffraction data. Neutron 

diffraction has been a major force in this research both because codes 

for powder pattern fitting are at a high state of development, and 

because the oxygen scattering of neutrons is more significant than that 

of X-rays. It is, however, possible that greater disorder, perhaps due 

to fluctuations in the compositional homogeneity, is present in powder 

samples than in single crystal samples, especially near the very 

important phase boundaries present in such abundance in these phases. 

This provides strong motivation for the development of crystal growth 

techniques for these temperature sensitive phases. It may be noted 

that samples studied at different facilities may vary in oxygen or even 

Ba/Pb stoichiometry, and that, although the assignment of the 

tetragonal phase to all superconducting compositions is well supported 

by synchrotron studies (7), not all laboratories agree on the symmetries 

present in this composition range (8)(9). 

The development of a low temperature crystal growth 

technique utilizing KOH as a flux by Wignacourt et al. (10) and his 

demonstration of its utility for studying the composition - structure 
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relationships in the Ba,_,K,BiO, system has lead Schneemeyer et al (4) 

to the best structural determinations for single crystal samples. It 

should be noted that these crystals are reported to have large mosaic 

spreads, which is often indicative of compositional inhomogeneity. 

The structural results indicate that the Ba,_,K,BiO, material trans- 

forms from the monoclinic structure of the bismuth end member 

BaBiO, to an orthorhombic structure at very low mole fraction of K 

i.e. for x less than or equal to .05. 

In this orthorhombic structure, superconductivity is not 

observed, and two inequivalent Bi sites are observed. A cubic, but 

non-supercond.ucting specimen has been reported (10) for x = .13. In 

this structure, all Bi sites are equivalent, and a metallic or delocalized 

electronic structure would be expected to exist. This structure 
apparently persists into the superconducting compositions, where it 

has been observed for x = .374 (4) which displays a T, of 30.5 K. A 

cubic phase has also been reported for x = .6, with T, = 34K. The 

limit of this solid solution which may be at or beyond this x = .6 

composition, may be dependent upon synthesis temperature and 

technique. Indications of phase disproportionation at these high x 

values have been published by Jones et al. (11). 

The Ba,_,K,BiO, phase may not be stable under conditions 

used for high resolution transmission electron microscopy (12). This 

could impede studies of domain structures which may be present in 

the “single” crystals that structural research now revolves around. 

In summary, the superconducting compositions appear to have 

a tetragonal structure for BaPb,_,Bi,O,, and a cubic structure for 

Bal_,KXBiO,. Dopant atom ordering has not been reported in 

structural studies. 

4.0 MATERIALS PREPARATION 

4.1 Bulk Growth 

Sleight’s discovery of superconductivity at 13K in polycrystal- 

line samples of BaPb,_,Bi,O, (13) ignited interest in this system. 

The apparent thermal stabilities of the two families, BaPb,_,- 

B&O, and Ba,_,K,BiO, are quite different. Under the normal condi- 

tions of ceramic synthesis, the oxidation states desired in BaPb,_,- 
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Bi,O, are quite readily achieved (14). The synthetic procedure 

reported by Khan et al (15) consists of mixing stoichiometric quanti- 

ties of BaCO,, PbO, and BisO,, firing for 24h at 8OO”C, remixing and 

refiring for 24h at 85O”C, followed by pressing into pellets and air 

annealing for 24h at 930°C. Because of the fluxing action of both Bi 

and Pb oxides, a platinum liner for the alumina crucibles is used to 

avoid impurities and nonstoichiometry. This reaction has been studied 

using thermal analysis by Gilbert et al (16). The simplicity of powder 

production enabled immediate preliminary studies of Ba substitution 

by K, Cs, Rb, Na and Sr by Sleight (17), and later Sr (18)(19) and Sn 

(19) substitution were studied in more detail. 

It was obvious from the beginning (20)(21) that powder 

synthesis is not so simple for Ba,_,K,BiO,, which displays two types 

of thermal instability. First, the K content of Ba,_,K,BiO, grown in 

an open system is strongly affected by the time-temperature parame- 

ters of the sample preparation. Both high temperatures and long time 

firings can lead to products quite different from their nominal 

(original) stoichiometries. A second form of instability revolves 

around the oxidation state of Bi, which is mixed in the desired 

product. It has been shown that firing the material at temperatures 
above 450°C results in the reduction of the oxygen content of the 

material and thus of the Bismuth oxidation state (22). An optimized 

synthesis resulting in single phase materials maintaining nominal K 

content has been suggested (22). This consists of mixing stoichiomet- 

ric quantities of BaO, KO,, and dried Bi,O, and firing in dry nitrogen 

gas at 700°C for 1 h. Ramping rates are not important since a sample 

of reduced oxygen content is the desired result. This material is then 

annealed in oxygen for 4h at 45O”C, followed by a slow cooling to 
room temperature. A similar procedure for making dense ceramics 

has been published (23). The two step synthesis strongly resembles the 

preparative procedures used for YBa,Cu,07, where a low temperature 

anneal is required to reach stoichiometric oxygen contents. The 

thermal instability of these two high T, materials is no coincidence, 

and represents the instability of the bonding states involved in the 

materials’ cohesion and in their superconductivity. 

4.2 Crystal Growth 

There are two major types of crystal growth for these materials 
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with variable oxidation states, synthetic crystallization and recrystal- 

lization. The techniques used for the preparation of Ba,_,K,BiO, fall 

into the former category, while those producing BaPb,_,Bi,O, fall into 

both categories. The methods used to produce BaPb,_,Bi,O, will be 

considered first, in the order of increasing difficulty of harvesting 

undamaged single crystals. 

A hydrothermal technique operating at 450°C has been shown 
to yield samples with narrow transition temperature widths (24)(25). 

Growth times on the order of 3 days were found to yield crystals lmm 

in diameter. 

A higher temperature (-900°C) technique involves use of the 

molten metal halides as a flux (26). Growth from KC1 under slow 

cooling conditions for times on the order of one week produced 

crystals on the order of lmm in diameter (27). The small size of the 

product crystals in the above experiments is a result of the limited 

solubility of the product in the flux. The advantages include mild 

conditions of product separation, and ease of control of product 

stoichiometry. 

The technique in which excess PbO, and B&O, are used as a 

solvent has been shown to yield quite large crystals, almost 1.5 cm on 

an edge (28). Crystals grown on the surface are often [loo] oriented, 

and may be used without freeing from the surrounding solidified melt. 

Smaller crystals can be obtained from the crucible by decantation, 

followed by highly destructive excavations. Although poor control of 

stoichiometry is possible utilizing this technique the high solubility 

and large product crystal size makes it the preparative method of 

choice for preparing BaPb,_,Bi,O, for many characterization methods. 

Because of the instability of the high oxidation states in Bal_,- 

K,BiO,, and the fact that oxidation processes (annealing methods) 

generally result in disintegration, or at least produce highly stressed 

crystals, low temperature methods should produce the best single 

crystalline samples for research. KOH, first used as a flux in this 

system to grow crystals with x = 0.13 by Wignacourt et al (lo), is 

currently the flux of choice. The x range has been extended to -0.374 

displaying T, of -3OK by Schneemeyer et al in a more detailed study 

of the growth and symmetry of this system (4). Even higher Tc’s 

(34K) and higher K contents (x = 0.6) have been reported by Jones et 

al. (11). This technique utilizes dissolution of the component oxides 

in KOH. At this point in the synthesis of Ba,_,K,BiOs, the average 
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nominal oxidation state of Bi is raised from +3 (its state in B&O,) to 

“+4” via air or 0, oxidation. The limited solubility of Ba,_,K,BiO, 

then drives crystal growth. Alternative interpretations of the 

precipitation phenomena observed have been forwarded (4). The 
synthesis of large crystals is usually slow because of the kinetics of air 

oxidation, and because of the large number of spontaneous nucleation 

sites available. These difficulties are ameliorated by use of low 

temperature molten salt isothermal electrochemical deposition, in 

which the oxidation process and average metal oxidation state are 

under potential control, and the nucleation area is readily limited (29). 

4.3 Thin Film Preparation 

Although bulk superconducting wire for superconducting 

magnets represents the largest commercial utilization of low T, 
materials, it is expected that oxide materials will make their earliest 

impact as electronic materials in the form of thin films. Because 

BaPb,_,Bi,O, is the more mature material, many techniques for thin 

film preparation have been reported. The earliest studies (30-32) 

found that rf-diode sputtering from stoichiometric targets resulted in 

nonstoichiometric films unless relatively high background gas 

pressures were utilized. The rf-sputtered films reported in most 

studies require the use of nonstoichiometric targets, and post deposi- 

tion annealing of the amorphous or microcrystalline films in oxidizing 

atmospheres enriched in PbO (33-38). Superconducting as deposited 

single crystalline thin films have been prepared by planar rf magne- 

tron sputtering on SrTiOs substrates (39). In this study a thin molten 

flux layer of lead and bismuth oxides is suggested to aid epitaxial 

growth. 

One technique which has produced thin, but not epitaxial films 

of BaPb,_,Bi,O,, and which shows good promise is the use of laser 

evaporation methods (40). Since the compound is efficiently trans- 

ported stoichiometrically from the target to the substrate at a high rate 

and does not require a vacuum, this method may be superior to 

sputtering techniques. 

The thermal instability of Ba,_,K,BiOs compounds makes it 

desirable to utilize low temperature deposition techniques. Use of a 

three cell evaporation source coupled with oxygen, ionized by an 

electron cyclotron resonance source and accelerated toward the 
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growing film and neutralized, has been reported by Enomoto et al. 

(41). This technique requires a substrate temperature of 500°C. A 

lower temperature growth of the related material (Rb,Ba)BiO,, at 

3OO”C, has been reported through the use of molecular beam epitaxy 

(42). Epitaxial thin films on MgO and SrTiOs have been obtained via 

both of these metal beam based techniques. 
Techniques utilizing spray on of precursors or chemical vapor 

deposition offer considerable competition as cost effective methods of 

producing films and should be pursued. 

5.0 PHYSICAL PROPERTIES 

Because these materials are the first examples of highly 
oxidized nonstoichiometric ceramic oxide superconductors, the 

determination and optimization of the physical properties has been a 

major technical and scientific challenge. The observed properties, and 

the impact of chemistry on them are reviewed here. 

5.1 Electrical Transport Properties 

Although the superconducting properties of these materials are 

of major interest at this time, future applications of these materials 

may depend upon utilization of the dramatic changes in electrical 

properties accompanying stoichiometric changes in these solid 

solutions. Particularly interesting are the ferro-, ferri-, piezo- and 

paraelectric properties displayed by the insulating phases in BaPb,_ 

XBi,O,, and presumably in Bal_,KXBiO, (43-45). Epitaxial composites 

of these two materials could be expected to display complex properties 

uncharacteristic of any single composition. 

In the region of superconducting compositions in BaPb,_,- 

B&O,, oxygen vacancies have been found to decrease T, (46)(47). 

This has definite implications for preparation of high T, material, but 

also indicates that the T, may be tuned to any desired transition 
temperature below the maximum T, by careful technological treat- 

ments. 

One of the features first observed in BaPbl_,Bi,O,, and now 

known as a hallmark of bulk ceramic superconductors is the appear- 

ance of grain boundary Josephson junctions. One of the most 
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convincing demonstrations of this effect in bulk material, a reentrant 

superconducting resistive transition, has been reported by Lin et al 

(48). The bulk ceramic compound can be considered to consist of 

weakly coupled superconducting grains. The conductivity of the grain 

boundaries is a function of temperature, resulting in a transition of the 

resistive state of the material from superconducting to resistive as 

temperature is lowered while the majority of the material remains in 

the diamagnetic, superconducting state. Such transitions are not 

observed in all samples, but such grain boundaries are present in most 

samples of the material, and can strongly affect the critical property 

data obtained from macroscopic experiments. The destruction of 

these weak links, or a chemical explanation such as loss of oxygen may 

be responsible for the decrease in diamagnetic response observed after 

crushing BaPb,_,Bi,O, (49). 

In view of the fact that these materials have relatively large 

coherence lengths, the critical current density obtained for a grain 

boundary free single crystalline film of BaPb,_,Bi,Os on SrTiOs [ 1001 

(39) of 2.5 X 10’ A/cm2 at 4.2K in zero magnetic field should be 

taken as a minimum. The large coherence length means that the 

electron-electron pairing interaction is active over relatively great 

lengths, allowing pairs to interact with lattice defects. Since the 

critical current in such materials is usually not an intrinsic property, 

but an extrinsic property, dependent upon the types and densities of 
material defects, much larger critical currents are expected of the 

higher T, material Ba,_,K,BiOs, especially after effective pinning 

mechanisms and defects are identified. 

Activated, or hopping conductivity would, of course not be 
expected to be an intrinsic property of these metallic materials, as 

demonstrated for single crystalline films (39). 

Compositional homogeneity may strongly impact the observed 

properties of bulk material. Often the fact that T, is a sensitive 

function of composition (the maximum T, for BaPb,_,Bi,O, is 

observed at 13K (13) for x = 0.25, and a T, of 34K is found for x = .6 

in Ba,_,K,BiOs (11)) means that the width of the resistive transition 

can be used to determine the uniformity of the product. Use of the 

resistive T, onset to characterize these solid solutions, especially in 

bulk form can lead to errors due to stoichiometric nonuniformity. The 

results of Tomeno and Ando (50) who have reported that T, remains 

constant at 29K for x values from 0.28 to 0.44 in Ba,_,Rb,BiOs, are 
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based upon magnetic data, and the disparate behavior of this com- 

pound series from that of BaPb,_,Bi,O, and Ba,_,K,BiO, is not 

readily explained. 

5.2 Magnetic Properties 

A comparison of the magnetic properties of BaPb,_,Bi,O, and 

Ba,_,K,BiOs has been published recently (51). The data were 

obtained through magnetic studies of single crystals rather than by 

monitoring the electrical resistivity of the materials as a function of 
magnetic field intensity. Therefore, these critical magnetic field 

determinations are free from the artifacts usually introduced by grain 

boundaries in measurements taken on bulk materials. Although the 

H,, slopes for BaPb,_,Bi,O, vs Ba,_,K,BiO, are different: -2.2 vs 4.5 

Oe/K, the H,, slopes appear to be quite similar and near 5.5KOe/K 

(51). Of course, the 20K difference in T, between the materials yields 
much higher critical fields for Ba I_XK,BiO, at any given temperature. 

5.3 Optical and Infrared Properties 

The CDW stabilized energy gap, i.e. the disproportionation of 

Bi+4 into Bi+3 and Bi+5, present in BaBiO, (52) gives rise to one of the 

most important optical features of these materials and its understand- 

ing is central to the development of a mechanism for high T, in them. 

Early studies indicated a collapse of the gap for superconducting 

compositions in BaPb,_,Bi,O, (15). More recent studies indicate the 

coexistence of the gap and superconductivity indicating the possibility 

that the CDW, the oxygen breathing mode, and the electron phonon 

coupling may combine to yield the observed Tc’s (53). 

A second optical property allowing determination of electron- 

ic properties of these materials is the plasma frequency, or the onset 

of a collective excitation of the free or metallic electrons in a metallic 

material. The plasma frequency has been shown to increase with 

increasing doping and T, in the metallic ranges of BaPbl_,Bi,03 (54) 

and in Ba,_,K,BiO, (41). Carrier mass (0.67 m,) and carrier densities 

of 4.5 x 102cme3 for BaPb,_,Bi,O, with x = .25 have been determined 

through analysis of the reflectivity and plasma edge (54). These 

results have been shown to be consistent with theoretical calculations 

of the optical properties by Mattheiss (55) and Sofo et al (56). 
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One of the most important features in the IR region of the 

spectrum should be the appearance of the superconducting energy gap. 

The higher transition temperature materials should display larger 

values for the gap if they are BCS superconductors. The gap observed 

for BaPb,_,Bi,O, has been shown to agree with the BCS prediction 

(57). 
Raman spectra indicate that phonons are coupled to electronic 

states in BaPb,_,Bi,O, (53) and in Ba,_,K,BiO, (58). These studies do 

show a strong electron - phonon interaction is present in the super- 

conducting phases, but do not prove that these modes are responsible 

for high T, driven by a phonon - only mechanism. 
Tunneling Spectroscopy has revealed electron - phonon 

coupling strengths for optical phonons in Ba,_,K,BiO, which suggest 
that phonon mediated coupling is responsible for superconductivity in 

this system (59). 

5.4 Specific Heat 

Measurement of the specific heat at T, should yield quite 

informative data. Information can be gained about the binding energy 

of the electrons in the Cooper pairs as mediated by electron-phonon 

coupling ( in the BCS theory). 

The original specific heat experiments on BaPb,_,Bi,O, by 

Methfessel et al (60) immediately raised the prospect that an unusual 

mechanism was operative in this newly found system. Their finding 

of no heat capacity anomaly at T, could actually have a number of 

possible interpretations, including: an impurity phase giving rise to 
superconductivity, a non-phonon mechanism, or some new form of 

conductivity. 

More recent measurements have shown (61)(62) that the 

problem with the experiment was that the thermal effect at T, is 

actually very small. In fact, after the true heat had been determined, 

research was (and still is) directed toward finding out why the T, is so 

high (63). The Sommerfeld parameter or electronic specific heat 

parameter appears to be identical (l.SmJ/mol K2) in BaPb,_XBi,O, 

(63) and in Ba,_,K,BiO, (64). From specific heat measurements, then, 

BaPb,_,Bi,O, appears to be a strong coupling (63) and Ba,_,K,BiO, 

a weak coupling superconductor with a coupling parameter of -0.35 

(64). This result is surprising when one considers that the T, of the 
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latter is 20K higher than that of the former. 

5.5 Pressure Effects 

The dependence of T, on pressure is studied for a variety of 

reasons. In a chemical sense, bond lengths are shortened, and orbital 

interactions are increased. The volume decrease leads in principle to 

a rise in carrier density. In reality, however, not only do vibrational 

frequencies change, but crystal structure and symmetry are often 

affected by high pressure. Numerous materials undergo semiconduc- 

tor to metal phase transitions as a function of pressure. Increasing 

pressure can often be considered analogous to a decrease in tempera- 

ture. 

One may then expect that, in materials as complex as the 
bismuthates, the observed pressure effects are complex. The phase 

transformations apparently observed in BaPb,_,Bi,O, via Mossbauer 

(65) as a function of temperature can most likely also be driven by 

pressure. Some indication of these transitions can be observed in the 

very high pressure room temperature measurements of Clark et al. (66) 

on BaPb,_,Bi,O,, and Sugiura and Yamadaya (67) on BaBiO,. 

In BaPbl_,Bi,O, with the optimum composition (x = 0.25), T, 

is suppressed smoothly by the application of pressure up to 15 kbar 

(68). However, in BaPb,_,Bi,O, with x = .20, T, rises with pressure 

at a rapid rate (10e4 K/bar) from 0 to 4 kbar (69). From 4 kbar to 20 

kbar, T, decreases uniformly at -3 X 10m5 K/bar, as calculated from 

figure 2 in reference 69. The rate of decrease of T, with pressure is 

the same for both compositions. Room temperature resistivity data 

taken as a function of pressure for the x = .2 material indicates an 

apparent electronic phase transition at 4 kbar, accompanied by a sharp 

rise in the resistivity of the sample. Such a rise indicates a stronger 

interaction between the electron current and a dissipative excitation. 

Although the T,‘s observed in the two materials differ, the similarity 

of the slope of the dT,/dP curves indicates that the supercondtictivity 

mechanism is the same for all compositions of BaPb,_,Bi,O,. This 

study would also appear to support the contention that the x = .25 

composition is the optimum material in the BaPb,_,Bi,O, system. 

It is exciting that the results of studies on Ba,_,K,BiO, 

indicate a positive pressure dependence of T, (70). Unfortunately, the 

range of the materials measured (Tc’s = 16K to 25K) did not include 
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the higher T, (30K) materials, and the pressure coefficient of T, 
drops quickly as the T, of the material at zero pressure increases. The 

study of this coefficient as a function of x and T, would indicate 

further directions toward higher T, materials. A saddle point of this 

coefficient within the currently known x values would indicate that 

attempts to apply isotropic lattice pressure would not significantly 

raise T,. The cubic (Ba,_,K,BiOs) materials may not be as susceptible 

to phase transformation as BaPb,_,Bi,O,, suggesting that a larger 

range of pressure may be applied. In a phonon - only mechanism, this 

could increase vibrational frequencies, effecting significant increases 

in T, before a maximum is observed. 

5.6 Isotope Effects 

In the first order of BCS theory, one would expect that the 

transition temperature one observes for a material is dependent upon 

the frequency of the phonon most strongly coupled to the ensemble of 

superconducting electrons. This would mean that by changing the 

mass of an important component atom in the system to a lower mass, 

while keeping the bond strength constant, one could raise T, of a 

material because the phonon would now have a higher frequency of 

oscillation. While just such an effect has been found in numerous 

systems, it is not always observed, and usually is only rigorously 

calculated after the experimental result has been obtained. In the 

simple model, T, should vary as M-“, where M is the reduced mass of 
the phonon, and a is 0.5 for a purely’ phonon mechanism (71). If 

breathing modes of oxygen octahedra play a major role in the 

superconductivity as has been suggested (72), substitution of 018 for 

01’ should result in a decrease in T,. It should be noted that the 
preparation of these materials is difficult, and homogeneity is seldom 

obtained in bulk samples. In view of these synthetic chemical 

difficulties, it is not surprising that a variety of results have been 

reported. For BaPb,_,Bi,O,, a = .22 (73) and > .5 (71) have been 

reported. For Ba,_,K,BiO,, isotope effects of 0.21 (73), 0.41 (74), and 

0.35 (75) have been reported. An isotope effect is always observed, 

and any true isotope effect reflects the interaction of the phonon 

system with the superelectrons. Although the smaller isotope effects 
may be interpreted as supportive of non-phonon mechanisms, they 

may also be explained within the phonon mechanism (76). It does not 
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appear that these measurements have settled the question of mecha- 

nism. 

6.0 THEORETICAL BASIS FOR FUTURE BISMUTHATE RE- 

SEARCH 

In contrast to the copper containing high temperature oxide 

superconductors, the bismuthates appear much simpler, possessing 

tetragonal (BaPb,_,B&O,) or cubic (Ba,_,K,BiOs) perovskite struc- 

tures. Not only are the structures of the bismuthates less complex than 

those of the cuprates, but the electronic situation seems to be more 

comprehensible also. Because the ground stat? of the bismuthates is 

diamagnetic, rather than displaying the antiferromagnetism of the 

cuprates, the concern that a magnetic interaction is driving the 

superconductivity to such high temperatures may tentatively be ruled 

out (77). Even without the added complexity of invoking a magnetic 

mechanism to drive superconductivity in this system, one must 

consider whether the mechanism is all phonon, all nonphonon, or a 

mixture of both. At this time it cannot be said that a consensus has 

been reached on the mechanism operative in these systems. The 

evidence for and against these mechanisms has been discussed here. 

To some extent, the availability of higher quality samples, specifically 

chemically well characterized single crystals and thin films, would 
resolve some of the problems involved in sorting intrinsic from 

extrinsic properties when comparing the results of different research- 

ers. At this point, two crucial questions, present from the first 

moment of research on these materials remain. “What is the nature of 

the charge carriers involved in High T,?“, and “What is the pairing 

mechanism?” 

It would seem that the carrier identification would be readily 

resolved by experiment. In fact, numerous experiments have found 

the carriers to be electrons in BaPb l_XBiXO, (78)(79), the carrier 

concentration and T, readily scaling with Bi content until a CDW 

decreases the carrier density. This interpretation is well supported by 

a magnetic susceptibility study (80). Even though the parent com- 

pound BaBiOs is a hole type semiconductor (81), the carrier type has 

been shown to be n or electronic in character (75) in Ba,_,K,BiO,. 

In order to investigate possible similarity (82) to the more 
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complex Cu containing p type systems, hole type carrier mechanisms 

are being investigated intensively, both experimentally (83) and 

theoretically (56), to discover hole subbands. The observed hole 

concentration does not, however, scale well with T, (83). The 

electronic carrier concentrations observed have been quite low (84) 

and have brought about significant questions about why T, is SO high 

at such low densities. Actually, these questions are poorly founded, 

considering the experimental situation, where the maximum T, has 

been found to scale inversely with carrier density (85) (allowing that 
each system has its optimum carrier density). The necessity of low 

carrier concentrations should be a recognized cornerstone of all high 

T, research, in that electron trapping by a global phase transformation 

will be precipitated in systems with strong electron - phonon interac- 

tions when the carrier density is high. The associated loss of a phonon 

coupling mode necessarily decreases the T, of the material. Of course, 

electronic screening effects are also reduced at low carrier concentra- 

tions. 

The second question has been found to be unexpectedly hard 

to answer. These materials involve covalency effects to a much 

greater extent than the intermetallic superconductors, and band theory 

may not be ideally applicable to them. There are unresolved questions 

of low temperature phase transitions in BaPb,_,Bi,O, (65) which may 

have analogs in the Ba,_,K,BiO, system, although current X-ray 

diffraction studies have not observed them (86). Calculations 
concerning the dynamics of the electron - lattice interaction cannot be 

performed without precise structural information. Yet few experi- 

mental tools for obtaining structural dynamics data exist. Even the 

static structure of BaPb,_,Bi,O, and Ba,_,K,BiO, may have more 

short range order than has previously been suspected. A superlattice 

structure has been observed in BaPb,_,Bi,O, single crystals (25), long 

after it was inferred from Mossbauer studies (65). It has already been 

shown for the BaPb,_,Bi,O, system that electronic structure calcula- 

tions lacking a realistically detailed structural model (87) do not model 

experimental reflectivity results (88) well. Even more recent calcula- 

tions do not lead to a clear specification of the superconducting 

mechanism (89). Two of the ordered superlattice structures proposed 

for Ba,_,K,BiO, and used for electronic structure calculations (90) 
would introduce two dimensional character into the structures, thus 

bringing the bismuthates into closer analogy to the Cu superconduc- 
tors. 
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The mechanisms proposed as responsible for high T, in the 
bismuthates range from bipolarons (91) to purely phonon (92-97) to 

purely electronic. Favored electronic mechanisms utilize electronic 

excitations (73), excitons (89)(98) or plasma excitations. These 
materials may be of a transitional, or hybrid type, and a stronger 

signature of unconventional mechanisms may become evident in 

higher T, materials. It was once thought possible to simply use T, as 

an indicator of mechanisms, but, noting that a phonon-only mecha- 

nism has been predicted to yield a T, of 230K for metallic hydrogen 

(99), we must look for other signatures. 

Perhaps the best guideline to use in designing high T, materials 

is to look for electron localization mechanisms, as suggested by Sleight 

(100). The random disorder suggested by Jurczek (101) for BaPb,_ 

xBi,O, may be responsible for its low Hall mobility of 3.0 cm2/V*s 

(39) which is unusually small for a nontransition metal oxide conduc- 

tor. The ferroelectric phase transition observed in the bismuth 

containing parent compound BaBiO, at 643K (102) certainly is a 

strong indicator that this system possesses a strong mechanism for 

charge localization and hopefully means that a higher T, can be 

coaxed out of a related system. 

From the above discussions, it is clear that the major contribu- 

tion of theory in guiding future experimental work is the demand it 

places for high quality empirically determined data. Theory has 

rarely, if ever, contributed to a rise in T,, and, without a clearly 

defined mechanism, the contributions of theory to the pursuit of high 

T, remains low. 

7.0 APPLICATIONS 

The rather low critical current densities expected in bulk 

samples of these granular superconductor materials (103)( 104), and 

their relatively low magnetic critical fields (50)(78)(105)(106), allied 

with the relatively low T,‘s observed would appear to hinder develop- 

ment of superconducting applications for these materials. Even the 

critical current of 5 X lo5 A/cm2 observed for single crystalline thin 

films (39) is now considered low for a superconductor at 4.2K. 

However, when considering the applicability of a material to a task, 
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several important factors must be weighed. These include, but are not 

limited to: ease of fabrication, energy gap, dimensionality, materials 

compatibility aspects, toxicity, transition temperature and critical 

parameters. It may be found that the bismuthates have properties 

which are hard to emulate with any other materials. 

For example, a low critical current density has been shown 

useful in using BaPb,_,Bi,O, as a microwave switch. The transmission 

of 2.8 GHz microwaves through a polycrystalline thin film was 

switched on in less than 30 ns via a high current pulse (107), resulting 

in short microwave pulses. 
Another example is the preparation of highly sensitive optical 

detectors using BaPb,_,Bi,Os (108)(109) suitable for IR and Visible 

light communications system applications. In this application, 

polycrystalline, rather than single crystalline films are required. The 

granularity introduces Josephson Junctions (JJ), the properties of 

which are strongly modified by optical signals. The low reflectivity 

of BaPbr_,Bi,Os, due to its low carrier density, allows it to couple 

efficiently with the optical input, whereas most superconductors have 

high reflectivity. It should be noted that JJ’s spontaneously form in 

oxide superconductors, and that materials modification and specifica- 

tion of these JJ’s may well be requested of materials researchers in the 

near future. Such three dimensional, secondary structural engineering 

will present a tremendous challenge. The observed detector rise time 

of less than 10-l’ s may make this challenge attractive. 

The most exciting property of these materials is that thin 

polycrystalline films can behave as two dimensional Josephson Tunnel 

Junction Arrays (110) displaying remarkably good electromagnetic 

coupling (111) both as emitters and receivers. Alternating current to 

direct current conversion has been observed in bulk samples (112), but 

the thin film geometry allows use of one film as a radiation emitter, 

and another film as the receiver (111). 

With the additional possibility of electrostatic coupling and 

charging of grain boundaries to modify the properties of the JJ’s (48), 

it is attractive to consider the use of these JJ’s in microelectronics, 

perhaps for on chip optical or microwave Josephson Junction 

communications. 
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8 .O CONCLUSION 

As a prototypical perovskite superconductor system, the 

bismuthates have taught us much about the preparation and character- 

ization of ceramic materials. These materials have inspired searches 

for means of experimentally identifying non-phonon mechanisms of 

superconductivity. The bismuthates have already matched the high T, 

(28K) predicted for them in 1982 by Gabovich et al. (113). Certainly 

two dimensional analogs of these perovskites already exist (114), and 

superconducting ones will be synthesized. The greatest challenge these 

materials present at this time is whether T, can become an appreciable 

fraction of the phase transformation temperature of BaBiO, (643 K). 

Perhaps this will lead us to truly high temperature superconductivity. 
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Crystal Chemistry of Superconduct- 
ing Bismuth and Lead Oxide Based 
Perovskites 

Robert J. Cava 

1 .O INTRODUCTION 

The discovery of high temperature superconductivity (1) in 
copper-oxide based compounds has changed the course of current 
research in solid state physics and materials science. Since the 
earliest 30-40K superconductors based on Las_,(Ca,Sr,Ba),CuO,, 
many new superconducting copper oxides have been discovered, 
with ever increasing chemical and structural complexity. Enough 
is currently known about the copper oxide based superconductors 
that certain structural, chemical and electronic generalizations can 
be made that apply simply to even the most complex known 
materials. These are: 1) The superconductivity occurs within 
two-dimensional copper-oxygen arrays based on the joining of 
CuO, squares at their oxygen corners to form infinite CuO, planes; 
2) The superconducting CuO, planes are separated by charge 
reservoir layers which act to control the charge on the supercon- 
ducting planes (through chemical doping) either through the 
transfer of holes, or, recently, electrons, (2) to some optimal 
concentration dependent in detail on the overall structure; 3) The 
electronic band at the Fermi level is one which is highly hybrid- 
ized due to the similarity in energy between copper 3d and oxygen 
2p states (3) and (4) the superconductivity occurs in all cases at the 
doping level where an originally antiferromagnetic insulator loses 
its local moments and becomes metallic. 
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With T,‘s now having reached 120K, very few, if any, are 
arguing in favor of conventional electron-phonon coupling for the 
microscopic pairing mechanism in copper-based superconductors, 
especially in light of the surprisingly small changes in T, with 
oxygen isotope substitution (4). Many have been drawn to the 
apparent relationship between antiferromagnetism and superconduc- 
tivity and proposed magnetic origins for the pairing (5). Others 
point to the special hybridization of the Cu-0 bond and the 
observed variable bond-charge (commonly referred to as variable 
formal copper valence) and propose electronic origins for the 
pairing (6). The questions are far from resolution at the present 
time. 

Relatively few oxide superconductors were known before 
1986. Most had low Tc’s or otherwise unsurprising properties. 
One, however, BaPb,,Bi,,O,, (7) (discovered in 1975) with a T, 
of 12K, was recognized by some to be anomalous due to its 
surprisingly low density of states at the Fermi level. In 1988 we 
showed that the related compound Ba.,K.,BiO, displays a supercon- 
ducting temperature near 30K, a T, higher than that of conven- 
tional superconductors and surpassed only by copper containing 
compounds (8). As is true for the copper-oxide based supercon- 
ductors, its T, is especially high when compared with those of 
conventional superconductors with similar densities of states (9). 
These high T, bismuth (lead)-based oxide compounds are different 
from the copper oxides for two reasons: 1) superconductivity 
occurs within the framework of a three dimensionally connected 
bismuth (lead)-oxygen array, and 2) there is no local or enhanced 
magnetism present in the chemical system, either in the supercon- 
ductor itself or in the nonsuperconducting undoped (insulating) 
compounds. On the other hand, the two classes of materials are 
quite similar in that the Fermi level involves a strongly hybridized 
band (10) overlapping the Pb 6s, Bi 6s and 0 2p levels. Further, 
the Bi-0 bond charge is similar in variability to that of Cu-0. In 
analogy with the superconductivity-antiferromagnetism relationship 
in copper oxides, superconductivity in the Bi(Pb) based oxides 
occurs on doping away from an end member which is a “charge 
ordered” (charge density wave), not spin ordered, insulator. 
Recently, we have discovered another member of this family, 
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BaPb,,Sb~,,O,, to have a low (3SK) T,, extending the range of 

Tc’s within a single structure type to approximately one order of 

magnitude (11). 

These materials are classical perovskites, a structure type 

which is the basis for many compounds of crystallographic and 

physical interest. The ideal undistorted perovskite has stoichiome- 

try ABO,, and consists of a three dimensional array of equally 

dimensioned “BO,” octahedra sharing corner oxygens with each 

other. The “A” atom is at the center of the large resulting cavity 

and is coordinated to 12 oxygens. This ideal structure is shown in 

Figure 1. Small rotational relaxations of the octahedra about their 

shared corners are common. When this occurs, the ideally cubic 

symmetry becomes lower, and the elementary cell volume of 

approximately 4 x 4 x 4 angstroms increases in integer multiples 

(12). There are many well known derivatives of the basic 

perovskite in which different A site or B site atoms are ordered 

in cavities or octahedra of different sizes also yielding increased 

elementary cell sizes. For the superconducting Bi and Pb based 

perovskites, the correct carrier concentration for the occurrence of 

superconductivity is obtained by randomly mixing atoms of 

different charge on either the A or B type sites. 

This chapter will describe primarily the crystal chemistry 

and crystallography of the superconducting compounds in this 

family. I begin with descriptions of the basic compounds BaBiO, 
and BaPbO,. Next, the Ba(Pb,Bi)O, solid solutions, which have 

been studied in some detail, and the relatively new Ba(Pb,Sb)O, 

system are described. Finally, I describe what is known about 

(Ba,K)BiO,, which, although it is a material of considerable 

importance, is not completely characterized as of yet because of 

the difficulties in materials preparation and crystal growth. 

2.0 BaBiO, 

In many respects, this is the most interesting member of 

this family of compounds. For mixtures of the metal oxides with 

ratios between 1:3 and 3:l BxBi, it is the only ternary compound 

to form (13). This is in considerable contrast to the analogous 

BaO:PbO system where the compounds Ba,Pb,O,, and BasPbO, 
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Figure 1: The ideal undistorted ABO, perovskite array. The A 
atoms are the large circles inside the cavity made of the BO, 
octahedra. The octahedra consist of a central B atom surrounded 
by 6 oxygens at the corners of an octahedron, generally represent- 
ed by the geometric figure shown. 
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have been observed in addition to BaPbO,. In fact, rather than 

forming the members of the Ruddesden - Popper series (com- 

pounds of stoichiometry A,B,_,O,,_s) as is common in many 

perovskite based chemical systems, the ABO, type perovskite forms 

for Ba:Bi ratios between 1:l and approximately 3:l. This occurs 

because Ba can apparently be accommodated in the B site resulting 

in solid solutions of the type BaBi,_,Ba,O,_B for 0 I x < 0.5. The 

ordered compounds with smaller divalent alkaline earths such as 

BasSrBi0s.s are well known. This tendency for even the largest A 

type cations (excluding the large alkalis) to go into the octahedral 

sites severely limits the accessibility of solid solutions involving A 

site doping. The most obvious way to add electrons to BaBiO,, 

for instance, by La substitution for Ba, does not work because La 

goes on the B site. 

In metal oxides Bi occurs most commonly, and in fact 

almost exclusively, as Bis+. With the electronic configuration of 

the Bi atom [Xe]4f145d1’6s26ps, the trivalent ion leaves the 6p shell 

empty and the 6s2 lone pair. This lone pair is stereochemically 

active resulting in Br “+-O coordination geometries which are not 

regular. Even when in the presence of an oxygen environment 

where 6 neighbors would be possible, the coordination is strongly 

distorted to accommodate the lone pair. 
There are relatively few oxides known where Bi is clearly 

5+, having been stripped of the 6s2 lone pair. These require a 

strongly chemically oxidizing environment, as is found for high 

ratios of electropositive elements (alkalis, alkaline earths) to Bi, e.g. 

in Na,BiO, (14). The electronic configuration of BiS+ is closed 

shell and thus both Bi3+ and Bi’+ are expected to be electronically 

stable. The same is certainly not true for the intermediate valence 

“Bi4+” where the highly unfavorable 6s’ configuration would be 

expected. 

In the context of other Bi oxides, then, the unusual nature 

of BaBiO, can be appreciated fully. In the conventional chemistry 

and valence counting of oxides, with oxygen and barium assuming 

the expected fixed valences of 2- (filling the oxygen 2p shell) and 

2+ (emptying the Ba 6s shell) one would then expect BaBiO, to 

contain Bi in the 4+ valence state. Even looking at this compound 

from the point of view of the one-electron band structure 

calculations, the same result is expected. Thus BaBiO, is expected 
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to be a metallic conductor with one delocalized electron. In fact 
BaBiO, is an insulator with a band gap of 2eV (15). The inherent 
instability of the 6s1 electronic state for Bi is the origin of the 
difficulty. 

In fact the charge configuration in BaBiO, has been the 
matter of some controversy in the past mostly because some 
experimental probes appear to reflect the presence of a uniform 
Bi4+ valence state. Those results, however, have suffered from 
oversimplified interpretation. The most detailed information about 
the charge state of Bi in BaBiO, has come from analysis of the 
crystal structure. This analysis, described in some detail below, 
shows that there are indeed two types of Bi atoms in BaBiO,, with 
different effective charges greater and smaller than +4. This 
picture of “charge disproportionation” is now generally accepted; 
that is that “BaBiO,” is best represented as Ba,Bi4+SBi4-60,, with 
6 w 0.5-l. This reflects the electronic instability of Bi4+. In that 
way BaBiO, is analogous to other materials well known to display 
charge density waves (in which the electronic charge is modulated 
about some mean value in real space in the crystal) such as occurs 
for TaS, and K,MoO, (16). As in those materials, the charge 
modulation results in the localization of carriers and the subsequent 
result of electronically insulating rather than conductive properties. 
The case of BaBiO, appears to be relatively special, however, in 
that the coupling of the electronic charge to the atomic crystal 
lattice is relatively strong and a considerable structural distortion 
results. 

The ideal simple cubic perovskite has a crystallographic cell 
of approximately 4 x 4 x 4 angstroms (a,), with one ABO, formula 
unit per cell, crystallographic spacegroup Pm3m. At ambient 
temperature, BaBiO, is of monoclinic symmetry, space group 12/m, 
with approximate lattice parameters a=6.02, b=6.07, c=8.50, 42a, 
xf2a, x 2 a,), 8=90.2” and four BaBiO, units per cell (17)(18)(19). 
The cell axes are related to the simple perovskite by the matrix 
(a’,b’,c’)=( 1,l ,O/ T,l,O / 0,0,2) (a,b,c). Inspection of the cell 
parameters shows that the distortions from cubic dimensionality are 
actually quite small, a situation that holds for all members of this 
family. The subtle nature of the dimensional distortions has led 
to considerable controversy concerning the “true” symmetry of 
BaBiO, and especially the solid solution series BaPb,_,B&O,. 
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However, careful modern structural refinements, especially 

employing powder neutron diffraction, have yielded the most 

definitive results. 

There have been several careful structural studies on 

BaBiO,, but I will employ in this discussion the most recent set by 

Chaillout et al. (19) because the results illustrate the remarkable 

strength of the electronic-structural coupling in this compound. In 

spite of the relatively small dimensional distortions from cubic, the 

internal arrangements of the atoms differ from the ideal positions 

significantly. With respect to the simple cubic perovskite cell, the 

ideal atom positions in Pm3m are A:(1/2,1/2,1/2), B:(O,O,O), 

0:(0,0,1/2; 0,1/2,0; l/2,0,0). Referring to theJ2a xJ2a x 2a cell 

of a BaBiO, the expected ideal positions are: Ba:( l/2, 0, l/4), Bi: 

(O,O,O; 0,0,1/2), and 0:(0,0,1/4; l/4,1/4,0). In the monoclinic 

spacegroup 12/m displacements from these ideal positions can occur 

and the two types of Bi and 0 sites become structurally and 

chemically distinct. 

Chaillout et al. discovered that there are actually two 

polymorphs of BaBiO, at ambient temperature. Table 1 presents 

structural data and bondlengths from their paper illustrating the 

very subtle differences between the two polymorphs. Firstly, with 

the ideal undistorted perovskite atomic coordinates in mind, 

inspection of table 1 shows that the displacements of the atoms 

from those coordinates are small but highly significant compared 
to experimental precision. Comparison of the data for the two 

polymorphs shows extremely small but significant differences. 

These differences are most easily considered physically by 

inspection of the Bi-0 bondlengths shown in the table. For the 

type 1 polymorph, produced when BaBiO, is synthesized or heat 

treated below 8OO”C, the two distinct Bi sites have significantly 

different Bi-0 bondlengths. The Bil site is surrounded by 6 

oxygens at an average distance of 2.258(2) angstroms, and the Bi2 

site has 6 oxygen neighbors at 2.136(2) angstroms average. For the 

type 2 polymorph, synthesized or heat treated at 1125”C, the two 

distinct Bi sites have nearly identical Bi-0 bondlengths, at 2.208(4) 

and 2.187(4) angstroms average for Bil and Bi2, respectively. 

Figure 2 presents the crystal structure of the type 1 polymorph. 

There are several important points to appreciate about this 

result. Firstly, of course, one has to admire the skill of the 
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Table 1: Crystallographic Data for the Two Ambient 
Temperature Polymorphs of BaBi03, 

from Reference 19 

Parameter 

: 

C 

P 
Ba(ww) 

X 

Bi 1 (&I,O) 
Bi2(0,0,1/2) 

Ol(x,o,z) 
X 

02~xz,y,z~ 

X 

Y 
Z 

Bond Lengths 
Bil-01 
Bil-02 

Bil-0 Avg 
Bi2-01 
Bi2-02 

Bi2-0 Avg 

“Valences” 
Bil 
Bi2 

Type 1 

6.1796(l) 6.1804(2) 
6.1337(l) 6.1347(2) 
8.6632(2) 8.6650(3) 

90.169(3) 90.095(6) 

0.5043(5) 0.5023(8) 
0.2483(7) 0.2461( 14) 

0.0608(4) 0.0590(5) 
0.2582(6) 0.2513(15) 

0.2615(4) 0.2612(8) 
0.2515(10) 0.241 l( 12) 

-0.0338(2) -0.0332(2) 

2.267(5) 2.207(13) 
2.254(4) 2.209(7) 
2.258(2) 2.208(4) 
2.129(5) 2.186(13) 
2.140(4) 2.187 (7) 
2.136(2) 2.187(4) 

3.49 3.85 
4.42 4.01 

Type 2 
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BoBi 

2.13 

94.2” b 

Figure 2: The crystal structure of BaBiO,. The ordered charge- 
disproportionated larger and smaller BiO, octahedra are illustrated, 
as are the tilts of the octahedra about their shared corners. 
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experimentalists in detecting such a fine difference between the 

two polymorphs. Secondly, casual inspection of the difference in 

bondlengths of the Bil-0 and Bi2-0 octahedra in the type 1 

polymorph, 0.122(2) angstroms, might mislead one into thinking 

that the charge state at the two sites was not very different. From 

simple electrostatics, the more highly charged Bi atom will have a 

smaller octahedron than that of the more weakly charged Bi atom. 

How much different the charge states are can actually be put into 

relatively quantitative terms and expressed as a Bi “valence”. The 

“valences” of the cations in oxides are commonly calculated 

following the work of Zachariesen and Brown, (20)(21) where the 

valence is merely taken as the sum of all the bond strengths 

between the cation and its surrounding oxygens. The bond 

strength for each individual bond is calculated from the bondlength 

and a bondlength bond-strength relationship of the type v=(Ro/R)” 

where Ro and n are determined by standardizing to compounds 

where valences and bondlengths are unambiguous. When applied 

to the type 1 polymorph of BaBiO, then, as shown in Table 1, one 

finds effective valences of approximately 3.5+ for Bil and 4.5+ for 

Bi2, quite a significant charge separation (see also ref. 22). The 

same is not true for polymorph 2, where the effective valences are 

near 4 and not significantly different from each other. 

As Chaillout et al. pointed out, it is not appropriate to view 

the type 1 polymorph as containing charge disproportionated Bi4*6 

and the type 2 polymorph as containing a uniform Bi4+ valence 

state. Both polymorphs are in fact large band gap insulators. 

Rather, the type 1 polymorph (see Figure 2) is one where the 

more highly charged Bi and more weakly charged Bi are ordered 
in the Bi2 and Bil sites. The type 2 polymorph still contains more 

highly charged and more weakly charged Bi but they are position- 
ally disordered so that on the average both Bil and Bi2 sites have 

a size which reflects the average 4+ valence. Similar kinds of 

order-disorder phenomena are of course common for perovskites 

with two chemically distinct atoms on the small cation sites, but 

BaBiO, is unusual in that the order-disorder phenomena are 

associated with different charge states of the same ion. The fact 

that this can occur suggests the presence of a very strong elec- 
tronic-structural coupling. 
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There have been countless discussions by workers in the 
field of high T, superconductivity concerning the “true” valence 
state of the copper, bismuth, and oxygen atoms in these materials. 
Whereas it is not appropriate to take a rigid view of valence as 
might pertain to completely ionic compounds, it is clear that the 
valences referred to in the above discussion do in fact have a 
physical meaning, even if somewhat more general than the simplest 
view might suggest. The problem, of course, is that there are both 
metal s and oxygen p states at the Fermi level, and therefore the 
bonds of interest are far from ionic. The holes in the oxygen p 
states which occur indicate that the oxygens are not strictly in the 
02- valence state (as is assumed in valence calculations), and 
therefore that the fractional valences assigned to the cations 
actually represent a fractional charge in a covalent bond shared by 
both the metal and oxygen atoms. Therefore calculated “valences” 
actually represent differences in the amount of charge involved in 
the Bi-0 or Cu-0 bonds. In the case of BaBiO, the difference in 
charge in the bonds between Bil, Bi2, and their oxygen neighbors 
is calculated to be 1 electron/Bi, (4.5-3.5) a very significant charge 
ordering. 

The existence of ordered and disordered polymorphs of 
BaBiO, implies the existence of an ordering transition temperature. 
This must be higher than 800°C where the type 1 polymorphs in 
the Chaillout et al. study were synthesized. The transition from 
disordered to ordered states must, however be extremely sluggish, 
as cooling at 6”/minute of the disordered polymorph from 1125°C 
through 800°C did not give rise to the ordered polymorph. 
Nonetheless Chaillout et al. attribute a DTA signal at 860°C on 
heating and 801°C on cooling (at 2”/min) in air to this transition. 
Many phase transitions have in fact been reported for BaBiO,. A 
first order monoclinic to trigonal transition has been reported (23) 
to occur at 405K. Structure refinement of the trigonal phase 
indicated that the two distinct Bi sites are maintained, with exactly 
the same degree of charge ordering, and that the transition merely 
involves a change in the tilts of the BiO, octahedra. A later 
structural study found BaBiO, to be cubic by 900K (24). The 
trigonal to cubic transition has been reported to be in the range of 
temperature 750-800K (23). Dielectric anomalies have been 
reported to occur in the temperature regions 750-7OOK, 450K, and 
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250-300K (25)(26). (The dielectric constant of BaBiO, has been 

reported to be very large, implying that that material is a ferro- 

electric, results that are apparently not universally accepted (23).) 

It is not at all clear that a “cubic” average structure represents a 

truly uniform Br “+ charge state for BaBiO, at high temperatures. 

It could of course merely reflect a completely disordered arrange- 

ment of highly charged and weakly charged BiO, octahedra with 

no tilting about their shared oxygens. Chaillout et al. in fact 

propose that the transition they observe at 800°C (1075K) is the 

one associated with the Bi4+ to Bi4*” charge disproportionation. 

The sequence of phase transitions is, apparently: 

MELT 107SK 750K 405K 

CUBIC CUBIC TRIGONAL MONOCLINIC 

SF BP B14 
335 

BP 

111 Tilt 110 Tilt 

However, considerably more research will be necessary to clarify 

the nature of these transitions. 

As might be expected, BaBiO, can display a considerable 

range of oxygen stoichiometries. There does not appear, however, 

to be a continuous solid solution between BaBiO, and BaBiO,.,, 

where all the Bi would be Bi’+. Several carefully done studies 

have obtained essentially the same results (27)(28). For tempera- 
tures below 7OO”C, the phases occurring in equilibrium are 

. 
BaBiO,_6, 0 5 6 I 0.03, BaBiOss, and BaBrO,.,,, with two-phase 

regions for intermediate oxygen contents. The first phase is 

isostructural with BaBiO,. The more oxygen deficient phases, 
although perovskites, differ significantly in structure from BaBiO,. 

Their crystal structures have not yet been determined. 

Finally, a few brief comments on the synthesis of BaBiO,. 

Powdered materials are apparently easily prepared from stoichio- 

metric mixtures of Ba(NO,),, BaCO, or BaO, with Bi,O, or 
BiONO, by heating in either air or oxygen at temperatures above 

800°C. BaBiO,_6 apparently melts congruently in air or oxygen 

near 1125”C, and single crystals of considerable size can be grown 

(19). Small single crystals have also been grown hydrothermally 

from BaO,, Ba(OH),‘8H,O and B&O, at 700°C under a pressure 
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of 300 MPa (23). Oxygen deficient BaBiO, has been prepared 
either by heating at high temperature in reducing environments, 
(27)(28) or at low temperatures by the Zr-metal gettering technique 

(29). 

3.0 BaPbO, 

Lead is a particularly interesting atom from the point of 
view of the crystal chemistry of perovskites because it can form 
compounds where it occupies either the large cation or the small 
cation site. This is because of the vast difference in the sizes and 
coordination geometries of the two stable valence ions Pb2+ and 
Pb4+ in oxides. Adjacent to Bi in the periodic table, elemental Pb 
has the electronic configuration [Xe] 4f145d”6s26p2. In the stable 
divalent state, the 6s2 lone pair is left and can be stereochemically 
active generally resulting in coordination environments with oxygen 
strongly distorted from perfect symmetry. The large Pb2+ ion 
forms in the A perovskite site when combined with small highly 
charged cations and is an integral part of a large number of 
perovskites of great practical interest for their ferroelectric 
properties such as the PbZrO, - PbTiO, family of compounds. In 
compounds which are strongly chemically oxidized, such as those 
which form with alkali or alkaline earth ions, lead assumes a 4+ 
valence state and is a stable closed shell ion. As with Bi, the 
intermediate valence state (for Pb it is 3+) where there might be 
an unpaired 6s electron, is highly energetically unfavorable. The 
4t state is assumed by Pb, for instance, in perovskite derived 
compounds like BaPbO,, Ba,PbO,, SrPbOs and Sr2Pb04. 

The BaPbO, perovskite has been studied with considerably 
less vigor than has BaBiO,, probably because its crystal structure 
and electrical properties appear to be easily explained by conven- 
tional arguments. Although early crystallographic studies 
suggested that the symmetry of BaPbO, was cubic (30-33), a 
careful study by Shannon and Bierstedt established the true 
symmetry at ambient temperature to be orthorhombic (34). The 
distortion from cubic symmetry is very small, with the true unit 
cell containing 4 elementary perovskite units, with cell axesx2a x 
/2a x 2a that of the basic perovskite, as for BaBiO,, with unit cell 
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lengths reported by Shannon and Bierstedt as a=6.024(1), b=6.065- 
(l), and c=8.506( 1) angstroms. The volume per ABO, unit in 
BaPbO, is 78 A3 compared to 82 A3 in BaBiO,. Although a 
primitive unit cell was first assigned, subsequent neutron diffrac- 
tion studies showed the orthorhombic cell to be body centered 

(35)(18). To date, there have been two refinements of the crystal 
structure of BaPbO, by powder neutron diffraction (35),(18). 
Neutron diffraction is necessary to determine the positions of light 
atoms such as oxygen in the presence of heavy atoms such as Ba 
and Pb, as the neutron scattering amplitudes are all roughly equal 
and not a function of atomic number. The resulting atomic 
positions are summarized in Table 2. Each of the references 18, 
34 and 35 employs a different set of orientations for the crystallo- 
graphic cell axes. The table adopts the assignments of reference 
18 such that comparison to the structure of BaBiO, and the 
Ba(Pb,Bi)O, solid solutions is most easily made. To compare 
Shannon and Bierstedt’s axial assignments to those employed in 
table 2, transform via (a,b,c)=(O,l,O/l,O,O/O,O,l) (a,b,c) S.B.. The 
transformation from the cell employed by Thornton and Jacobsen 
is (a,b,c)=(O,O, l/ 1,0,0/O, 1 ,O)(a,b,c) T. J.. This transformation has 
been applied to the published data to make the entries in Table 2. 
The positions in the table can be compared to those of the ideal 
perovskite by recalling that in this type of cell the ideal coordi- 
nates would be: Ba:(1/2,0,1/4), Pb:(O,O,O), and 0:(0,0,1/4;1/4,1/4,0). 
As for the case of BaBiO,, the displacements from the ideal 
positions are small but significant. 

As is expected, the crystal structure of BaPbO, displays one 
kind of Pb site and therefore there is a uniform Pb-0 bonding 
charge state (aPb4+“). There are, however, two independent oxygen 
positions allowing the PbOe octahedra to relax from perfect 
symmetry if they care to. At 4.2K the distortion is extremely 
small, with 2 Pb-01 bonds at 2.145(l) and 4 Pb-02 bonds at 
2.150( 1) and intra-octahedral 0-Pb-0 bond angles differing from 
90” by at most 1.4“. This is not a distortion which is significant 
from an electronic point of view. The data at room temperature 
do not display any distortion of the PbO, octahedra, but they 
appear to be somewhat less precise. The structural distortion in 
BaPbO, involves only a tilting of the octahedra around their shared 
oxygen corners. As in BaBiO,, the tilt is about the [l lo] axis of 
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Table 2: Atomic Positional Parameters for 
BaPb03, space group Ibmm 

Parameter 

a* 
b 

Ba(x,i,l,4) 

Pb(i,O,O) 

OlkO,1/4) 

02&,4,z) 
2 

Bond lengths 
Pb-01 
Pb-02 

300K18 

6.0676(3) 
6.0343(4) 
8.5212(5) 

OSOl(2) 

0.048(2) 

-0.025(2) 

2.15 2.145(l) 
2.15 2.150(l) 

4.2K35 

6.063( 1) 
6.007(l) 
8.476(l) 

0.5033(12) 

0.0547(8) 

-0.0313(3) 

* The cell dimensions obtained in reference 34 by X-ray diffraction at 300K, suitably 
transformed, are more accurate than those obtained by neutron diffraction. They are: 
a=6.056( l), b=6.024(1) and c=8.506(1). 
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the simple cubic perovskite. The tilt angle is apparently approxi- 
mately 8” at 300K (lo” in BaBiO,) (18), and appears to grow to 
near 15” by 4.2K (35). Unlike the case for BaBiOs, there appear 
to be no phase transitions reported for BaPbO,, although a 
transition or transitions to higher symmetry structures at tempera- 
tures above 300K should certainly be expected. 

BaPbO, has been prepared in polycrystalline and single 
crystal form by several techniques. Powders can be prepared in 
air at temperatures between 800 and 1000°C from mixtures of 
BaCO, and PbO heated in air over a period of 10 days (35). 
Considerable excess PbO was employed. We found that it could 
be prepared from stoichiometric mixtures of BaCO, and PbOsO, 
in 24 hours of heating in 0, at 825°C with intermediate grindings 
(8). There is one report of synthesis from BaCO, and PbO at 1200 
and 1350°C (34). Those conditions would be in considerable 
disagreement with a published phase diagram (36), which claims 
that BaPbO, melts incongruently in air at approximately 1080°C. 
That diagram shows that solid BaPbO, is in equilibrium with PbO 
rich liquid between 1080°C where it first forms and the eutectic 
temperature of 850°C (BasPbO, is found to melt congruently in air 
at approximately 1280°C). 

Single crystals of BaPbO, can therefore be grown from the 
appropriate PbO rich melt at reasonable temperatures (36). Small 
crystals have been grown from mixtures of Ba(OH),*8H,O, KClO, 
(an oxidizing agent), and PbO heated at 700°C in a sealed tube at 
3kbar external pressure for 24 hours (34). Crystal growth from a 
KF solvent has also been reported, but no details were given (37). 

BaPbO, is a metallic conductor reported to have a resistivi- 
ty of 290@I-cm at 300K and a resistivity ratio of approximately 
4 by 4.2K (34). There has been one report of a superconducting 
transition near 0.5K (37) but that transition was not seen in a later 
study (8). Simple valence arguments would suggest that BaPbOs 
should in fact be a normal valence compound and be an electronic 
insulator like the BaSnO, perovskite. One possible way in which 
carriers could be introduced would be through oxygen deficiency, 
but that has never been observed, and was specifically considered 
and rejected in reference 34. The commonly accepted reason for 
the observation of metallic conductivity is derived from band 
structure calculations (10) which show the presence of the strongly 
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hybridized band at the fermi level involving the energetic overlap 
of Pb 6s and 0 2p states. This broad band is only partly occupied 
by the available electrons and therefore metallic conductivity can 
occur. Thus BaPbO, is not really a “normal valence” compound 
like its ionic insulating neighbor BaSnO,, where such cation-oxygen 
hybridization apparently does not occur. 

4.0 BaPbl_$iXOs 

Because of the chemical similarity of Pb and Bi, and the 
fact that both form perovskite compounds with Ba, a continuous 
perovskite solid solution BaPb,_,Bi,O,, 0 5 x I 1, exists. This 
means that Pb and Bi can be mixed in any proportion, on the 
perovskite B site. The term solid solution is employed because the 
basic structure is unchanged even though the crystallographic 
symmetry, reflecting dimensional and rotational distortions of the 
(BO,) octahedral array, changes from orthorhombic for BaPbOs, to 
monoclinic, for BaBiOs. 

The superconducting composition BaPb,,Bi.,sOs has been 
studied extensively. In addition, the whole solid solution has been 
the subject of considerable research because the transition from the 
metallic, through superconducting, to semiconducting state as a 
function of the Pb to Bi ratio is of great interest to the theoretical 
explanation for the occurrence of superconductivity in this system. 
Bi has one more valence electron than does Pb, so the filling of 
the band at the fermi level changes significantly in the solid 
solution. Because the thrust of this review is crystal chemical, I 
will not describe physical properties in any detail. Several good 
reviews have been written in that regard. (See for instance 
reference 15.) Briefly, in the solid solution BaPb,_,Bi,O,, metallic 
conductivity exists for 0 I x I 0.35, and the materials are 
semiconducting for 0.35 5 x I 1.0. Superconductivity occurs in 
the metallic phase, with an optimal superconducting transition 
temperature of approximately 12K at x=0.25. Note three things 
about this composition: (1) It is a low rational ratio of 3Pb:lBi, 
suggesting that some kind of simple Pb:Bi crystallographic ordering 
might be possible, (2) That T, decreases on both sides of this value 
within a phase that is metallic, that is that the best superconductor 



Superconducting Bismuth and Lead Oxide Based Perovskites 397 

is not right at the metal to semiconductor transition boundary and 
(3) That the optimal superconducting composition is very far in 
electron count from BaBiO,. The latter fact has been a problem 
for theorists attempting to interpret the superconductivity in this 
system based on one electron band calculations (39). In addition 
to the fact that T, is optimal at x=0.25,. there is also a maximum 
in the observed Meissner effect, and a minimum in the supercon- 
ducting transition width (9). This has suggested to some that there 
may be one unique superconducting composition at BaPb.75Bi,,0, 
perhaps due to some kind of Pb:Bi ordering, maybe short range, 
and that other compositions where degraded superconductivity 
occurs, 0.10 I x I 0.35, are only superconducting due to micro- 
scopic Pb:Bi mixing inhomogeneities (9). This is an idea that has 
been much discussed with regard to superconductivity in the 
La,_,Sr,CuO, solid solution (40). At the present time there is not 
a consensus or strong evidence one way or the other for either 
chemical system. The difficulty in detecting such ordering in the 
BaPb,,Bi~,,O, solid solution is that the usual diffraction techniques 
are not sensitive enough to see it. There has been one report (41) 
of anomalous behavior in the x dependence of observed intensities 
of certain X-ray diffraction lines which the authors interpreted as 
being due to partial Pb:Bi ordering. Further research into this 
question is certainly of considerable interest. 

What is the manner in which the BaPb,_,B&O, solid 
solution evolves from a structure in which only tilts of the 
(Pb,Bi)O, octahedra are present to one in which a charge density 
wave (charge disproportionation) changes the sizes of the octahedra 
as well? This is a question that has been addressed by several 
studies, basically by measurement of crystallographic unit cell 
dimensions and symmetry by powder neutron or X-ray diffraction. 
Single crystal studies are not generally much use for answering 
questions of this sort due to the fact that materials such as these 
which are of higher symmetry at their growth temperature than at 
ambient temperature are often heavily twinned. There are at least 
five possible difficulties with the interpretation of symmetry and 
dimensional studies in Ba(Pb,Bi)O,; they are: (1) The dimensional 
and angular distortions from cubic symmetry for the BaPb,_,Bi,O, 
solid solution are very small, meaning that high resolution 
diffraction techniques must be employed. (2) Diffraction peak 
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widths may be broadened at high angles due to inhomogeneities in 
the Pb:Bi mixing in the sample, smearing out subtle diffraction line 
splitting, (3) Studies done at ambient temperature do not necessari- 
ly reflect what is happening near 10K where superconductivity 
occurs (perovskites are well known for their propensity toward 
having phase transitions) (4) Simple dimensional and symmetry 
measurements may miss something of importance, as for instance 
occurs for ordered and disordered BaBiO,, and (5) There may well 
be quenchable phases occurring at high temperatures, with sluggish 
transitions to lower symmetry equilibrium states, resulting in the 
observation of apparently different unit cells at the same value of 
x dependent on the method of sample preparation. 

With those caveats in mind, consider the data which exist 
for BaPb,_,Bi,O,. The first of these, taken from reference 18, are 
re-plotted in Figure 3. These are the results most frequently 
quoted in the literature. They have apparently been obtained 
through interpretation of X-ray Guinier powder films. This 
technique, which has a focusing geometry, is capable of high 
resolution. The authors claim to observe four distinct distortions 
of the perovskite in the solid solution. For BaPb,_,Bi,O,, they 
observe orthorhombic symmetry for 0 I x 5 0.05, tetragonal 
symmetry for 0.1 I x I 0.3, orthorhombic symmetry again for 0.4 
I x I 0.75, and finally monoclinic symmetry for BaBiO,. Although 
the cell volume is a continuous function of x, there is a significant 
discontinuity in the c axis length, which is anomalously large in 
the tetragonal phase. Of course there must be a corresponding 
discontinuity in the area of the a-b plane in the tetragonal phase 
to conserve the continuity in volume. As the tetragonal and 
orthorhombic symmetries reflect differences in the tilts of the 
(Pb,Bi)O, octahedra, the discontinuities in cell axis lengths imply 
discontinuous changes in tilt angles through the orthorhombic to 
tetragonal transition regions. One should view these results with 
caution; the canceling discontinuities which conserve cell volume 
continuity suggest that there may have been a misindexing of the 
powder pattern in the “tetragonal” phase. The most obvious error 
would be misassignment of 001 type reflections. If that is true 
then the new cell in the “tetragonal” region is actually orthorhom- 
bit, with a’=(c/2) l J2, b’=b, c’=(b/2) l J2. The data have been 
plotted for this cell assignment in Figure 4. Note that the continu- 
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Figure 3: Crystallographic cell dimensions and symmetries for the 
BaPbl_,Bi,O, solid solution at 300K, from reference 18. 
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Figure 4: Crystallographic cell dimensions and symmetries for the 
BaPb,_,Bi,Os solid solution at 300K, data from reference 18 with 
cell re-assigned. 
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ity of tilt angle across the solid solution has been restored. 
A second study of the complete BaPb,_,BkO, solid solution, 

published in 1985, does not report the same symmetry variations 
(42). Their results for the crystallographic cell parameters and 
symmetries at 25°C are re-plotted in Figure 5. The results have 
been obtained by powder diffraction on an X-ray diffractometer. 
These authors find that there are only two structural regions for 
BaPb,_,B&O,. The material is orthorhombic with a BaPbO, related 
structure, for 0 I x < 0.9, and monoclinic, related to BaBiO, for 
0.9 5 x I 1. There is no change to tetragonal symmetry for 
compositions near the optimal superconducting composition 
(~~0.25). Although the c axis length varies linearly in composition, 
there are subtle changes in slope for a and b vs. x. There are no 
axial discontinuities. Note that these results are virtually identical 
to the reassigned data from reference 18. The method of synthesis 
of the powder samples employed in the study was not described in 
any detail, but the final treatment was at 800-900°C in 0, for 4 
hours. Presumably this was not the whole synthetic procedure, as 
one would not expect single phase material to be obtained from 
starting oxides or carbonates in such a short anneal at such low 
temperatures. Thus, one cannot determine whether the difference 
between these results and those of Cox and Sleight is due to the 
temperature or procedure of synthesis or error in the determination 
of the crystallographic symmetry from the diffraction data. 

This latter result has been corroborated by at least one 
other report (41) of the crystallographic symmetry of the BaPb,_,- 
B&O, solid solution in the concentration range 0 I x I 0.4. For 
polycrystalline samples prepared by an undisclosed route, the 
symmetry was found to be orthorhombic at 20C over the entire 
composition range x I 0.4 through the interpretation of data 
obtained on a powder diffractometer. (In this study and the 
previous diffractometer study, deconvolution of the Kal and Kas 
components of the Cu radiation employed was necessary to 
properly interpret the diffraction data). The authors make an 
additional very interesting observation, that is that the degree of 
orthorhombicity, i.e. how much a and b differ, has a distinct 
minimum in the solid solution BaPb,_,Bi,O, near x=0.2, where the 
orthorhombicity is very small. The identical effect can be seen in 
the data in Figure 5, with a and b most nearly equal near the 



Superconducting Bismuth and Lead Oxide Based Perovskites 401 

Oda et. al. 
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Figure 5: Crystallographic cell dimensions and symmetries for the 
BaPbI_,Bi,Os solid solution at 300K, from reference 42. 
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composition x=0.25. The proximity of this minimum in the 
structural distortion of the perovskite solid solution to the optimal 
superconducting composition is either a coincidence or a reflection 
of coupled origins for both phenomena. The minimum in orthor- 
hombicity reflects a small minimum in the tilt angles of the 
(Bi,Pb)O, octahedra about their shared corner oxygens. 

It is possible that both orthorhombic and tetragonal 
symmetry forms of Ba(Pb,Bi)O, exist in the superconducting 
composition region. The symmetry at room temperature in this 
composition region would then be sensitive to preparative condi- 
tions, which are not sufficiently described in any of the reports to 
come to an unambiguous understanding based on current evidence. 
Several groups, in fact, have claimed to have produced both 

tetragonal and orthorhombic superconducting BaPb.7,Bi.,,0, 
(43),(15). One of these groups (43) claims that the distinction is 
related to the incorporation of small amounts of Pb2+ (a few 
percent) on the Ba2’ site in the orthorhombic phase. More careful 
study of this issue might be of interest. It is not clear, however, 
that the symmetry is of much relevance to the superconductivity 
(both orthorhombic and tetragonal materials are superconducting) 
as the difference reflects merely a difference in the direction of 
the tilts of the octahedra, and not a significant difference in the 
magnitudes of the tilts. Even the magnitudes of the tilts may well 
be irrelevant to the superconductivity. 

There have been a few reports of structural phase transi- 
tions above and below ambient temperature for compositions in the 
superconducting region. For samples which are orthorhombic at 
ambient temperature, a transition to cubic symmetry occurs 
between 360 and 410°C for 0 I x < 0.4 (41). The transition is 
second order. There is another transition, at temperatures near 
2OO”C, to a state of intermediate symmetry, perhaps tetragonal. 
This transition is apparently first order, and, if strongly hysteretic, 
could account for the existence of both tetragonal and orthor- 
hombic ambient temperature phases. A second order orthorhombic 
to monoclinic transition has been reported to occur for supercon- 
ducting BaPb.r,Bi,,Os at 160K (42). The monoclinic cell is claimed 
to be different from that of BaBiO,, in this case with cell 
parameters of a=6.041, b=6.074, c=8.528, q=90.31” at 8K. This 
apparent transition to a low symmetry structure is of interest if it 
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reflects something more than just a change in the tilts of the 
octahedra, and is worthy of detailed structural study. Dielectric 
anomalies at low temperatures observed (25) in BaPb,_,Bi,O, for 
0.1 I x I 0.5 correlate well to the proposed orthorhombic to 
monoclinic transition. The anomalies vary between approximately 
150 and 250K, with a distinct minimum in temperature near x=0.3. 
Dielectric anomalies are also reported to occur for compositions in 
the nonsuperconducting region. Although the transitions are 
diffuse, the data suggest that there is a structural transition below 
ambient temperature for samples in which x > 0.5. The transition 
inferred is just below ambient temperature for BaBiO, and 
decreases to approximately 50K by x=0.5. 

Keep in mind that BaBiOs is a charge disproportionated 
insulator which becomes superconducting through doping with Pb. 
By reference to the ambient temperature phase diagram of Cox and 
Sleight, most have assumed that the charge disproportionation in 
BaPb,_,Bi,Os disappears for x < 0.9, inferred from the monoclinic 
to orthorhombic transition composition. Other mechanisms, then, 
such as Pb:Bi ordering, or a very short range ordered CDW, have 
to be invoked to explain why superconductivity does not occur for 
x just barely lower than 0.9. If the dielectric anomalies below 
room temperature for x > 0.5 represent an orthorhombic to 
monoclinic (charge disproportionation) transition, then the picture 
changes: the CDW is not destroyed for low Pb doping. Further 
work on this apparent transition would be. of interest to the 
superconductivity in this system. This is in contrast to most of the 
other symmetry changes, which may be relevant only from a 
geometric point of view. 

The crystal structure of superconducting BaPb.wBi.,,O, has 
been determined for tetragonal symmetry material at 300K (18), 
and at high temperature (718K) for the cubic form (44) (Table 3). 
The latter is an ideal undistorted perovskite with unit cell a=4.31 
angstroms. The Pb/Bi-0 octahedron is regular with 2.16 angstrom 
bondlengths and 180” 0-Bi/Pb-0 inter-octahedra bond angles. The 
ambient temperature tetragonal material is distorted from the ideal 
structure by an 8” twist of the octahedra about one pseudo cubic 
[ 1001 type axis (the tetragonal c axis). The Pb/Bi-0 octahedra are 
essentially completely regular, with two bondlengths of 2.15 and 
four of 2.16 angstroms. There is relatively little unexpected about 
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Table 3: Atomic Positional Parameters for 
BaPb.75 Bi.25 03 

300K’* 718Ka 

a=4.311(4) Cell a=6.0621(4) 
c=8.6090(8) 

Symmetry 14/mcm 

Ba (l/2,0,1/4) 

BiiPb (O,O,O) 

01 (0,0*1/4) 

02 (1/2-X,&0) 
x=0.2165(1) 

Bond Lengths 
Bi/Pb-01 2.15 
Bi/Pb-02 2.16 

Pm3m 

(l/2,1/2,1/2) 

(O,O,O) 

(0,0,1/2) 

2.155(3) 
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these structures. It is interesting, however, that the Pb-, Pb/Bi-0 
bondlengths in BaPbOs and BaPb,sBi,sO, are virtually identical 
and that only the direction (not the magnitudes) of the tilts of the 
octahedra has changed. The molecular volume for BaPbOs, 78.00 
As, is slightly (1.4%) smaller than that of BaPb,,Bi,,O,, 79.09 AS. 
It is not clear what the driving force for the change in tilt system 
is as Bi is introduced into BaPbOs. Further detailed crystallographic 
study in the BaPb,_,Bi,Os solid solution, especially ‘near lOK, 
would be of considerable interest. 

As has been described earlier, BaBiOs is known to display 
a wide range of oxygen stoichiometry variation, and BaPbO, is 
relatively fixed in oxygen content. The superconducting composi- 
tion BaPb,,Bi.,,O, apparently displays an intermediate kind of 
behavior. It has been convincingly shown by several groups that 
oxygen deficient BaPb,,Bi,,O, has strongly degraded properties 
(43)(45)(46). The work was done on both thin films and bulk 
materials, generally by varying the p0, in the sputtering process 
or heating at high temperatures in a dynamic vacuum. Detailed 
chemical or structural work has not been performed. From a 
simpleminded point of view, based on the behavior of the 
endmembers, one might expect the maximum possible oxygen 
deficiency obtainable to be BaPbl_,BiXOs_,~,, which is in fact 
observed in bulk materials for 0 5 x I 0.5 (43). 

The earliest physical property studies on BaPb,_,Bi,O, were 
performed on polycrystalline ceramics. The synthetic techniques 
employed were not in general described in detail. The materials 
can be synthesized, for example, from stoichiometric mixtures of 
BaCO,, B&O, and PbsO, heated in 0, at temperatures greater than 
850°C. Synthesis at temperatures in excess of 1000°C is not 
favorable due to volatilization of Pb oxides. A good technique for 
obtaining high quality polycrystalline samples is through hot-press- 
ing prereacted powders (900°C, 0,) at 1000°C under 300 bars 0, 
pressure (47). 

Considerable effort has been expended in growing single 
crystals of compositions in the solid solution, with particular 
emphasis on the superconducting composition. A variety of 
methods have been employed, all flux type, as the solid solution 
members are not congruently melting. There have been a few 
detailed reports on growth of single crystals from melts in the 
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BaO-PbO,-B&O, ternary system (48)(49). Crystals of sizes greater 
than 2mm on an edge can be obtained, with TE’s near 11K. 
BaPb,Bi.,O,, for instance (49), can be grown from a melt of 
initial composition 15 mol% BaO, 70 mol% PbO, and 15 mol% 
B&O,, in a platinum crucible. After soaking at 1050°C for 10 
hours, the melt is slow cooled to a temperature near 825°C and 
held for 30 hours. The melt is decanted off. When the geometry 
is such that the top of the crucible is 10°C hotter than the bottom, 
relatively large crystals are obtained at the top surface of the melt. 
Alternately, superconducting Ba(Pb,Bi)Os can be obtained from a 
KC1 melt (50). In this method, prereacted powder of composition 
BaPb.sBi.,O, is mixed with KC1 in a 1:9 to I:19 weight ratio, 
heated to 1000-l 150°C for several days in a tightly covered 
platinum crucible (to prevent volatilization of KCl) and then cooled 
to 800°C at 3”C/minute. Plate-like crystals are grown at the top 
and sides of the melt, with superconducting transitions near 11K. 

5.0 BaPb,_$b,O, 

Antimony is directly above bismuth in the periodic table, 
with electronic configuration [Kr]4d1’5s25ps. The valence electrons 
are therefore in the 5 sp shell as opposed to the 6 sp shell. 
Nonetheless antimony and bismuth display similar lone-pair 
stereochemistry. The 3+ and 5+ valence states are strongly 
preferred, with the 5s2 lone pair configuration for 3+, and a highly 
unfavorable 4+ valence state. Amusingly, Sb,O, .exists but contains 
distinct Sbs+and Sb5+ ions. The 5+ valence state of antimony is 
very stable in oxides in the presence of electropositive elements 
from the left side of the periodic table. In fact Sb’+ is virtually 
always found in such compounds, in relatively regular octahedral 
coordination with oxygen. This is in distinct contrast to the 
behavior of Bi, which is virtually always (with the notable 
exception of BaBiO,) Bis+ under the same chemical conditions. 
Thus the compound Ba,BiSbO,, an ordered perovskite isostructural 
with BaBiO,, is claimed (17) to contain I@+ and Sb’+. In that 
compound, the Sb5+-0 octahedra have bondlengths of 2.00(l) 
angstroms and the Bt “+-O octahedra have bondlengths of 2.30(l) 
angstroms. Because Sb strongly favors the 5+ valence, the BaBiO, 
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like perovskite analog BaSbO, is not known to exist. 
It is interesting to consider the similarities and differences 

among ions in this part of the periodic table from the point of 
view of ionization energies. Table 4a compares the ionization 
energies (51) for removing electrons from Sn, Sb, Pb and Bi in 
comparison to the early transition metals of comparable valence Ti 
and V. There are several features to note in a comparison of this 
sort. Firstly, the ionization energies for Sb and Bi in the valence 
states of interest, 3+, 4t, and 5t, are remarkably similar to each 
other (and different from those of V), suggesting that their 
tendency to form 5t and 3t ions in oxides, respectively, may have 
to do with some other difference, maybe the relative differences 
in extent of the 5sp and 6sp orbitals. Sn and Pb are also 
somewhat similar (Sn has configuration [Kr]4d1’5s25p2) to each 
other and to Sb and Bi in the valence range of interest (2+,3+,4+). 
Since band structure calculations show that Bi, Pb and 0 form a 
broad strongly hybridized band at the Fermi level in the Ba(Pb,- 
Bi)O, perovskites, the table suggests that the same should be true 
in the first approximation for Sn and Sb. Finally, the tendency 
toward instability of intermediate valence states, which clearly 
drives the charge disproportionation in BaBiO,, can also be 
deduced from the ionization potentials, and is shown in Table 4b 
(6). For the early transition metal ions Ti’+and V4+ there is no 
gain in energy in a disproportionation of the type 2M” ---, M”-l t 
M”+l, and so one would not expect a “skipping” of the valence n. 
For the ions in this family of superconductors, the fact that the 
valence electrons are in 5 or 6 p and s states means that such 
disproportionation is energetically favorable. This tendency is very 
large for Bi and Sb, but is also large for Sn and Pb, as seen in the 
table. 

There has been only one report to date on superconductivi- 
ty in the BaPb,_Sb,Os perovskite series (11). From BaPbO,, 
where no superconductivity is observed, T, rises to approximately 
3.5K for x=0.25-0.3 and drops rapidly to below 1.5K for larger 
values of x. Because the BaSbO, perovskite does not exist, a 
complete solid solution is not expected. The limiting Sb concen- 
tration appears to be x=0.5. The electronic properties have not 
been studied in any detail, but the visual appearance of the 
materials suggests considerable changes within the solid solution 
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Table 4a: Ionization Potentials for 
Selected free Atoms” 

Atom I II 
Ionization Potential 

III IV V 

Ti 6.82 13.58 27.49 43.27 
V 6.74 16.50 30.96 49.10 69.3 
Sn 7.34 14.63 30.50 40.7 13 
Sb 8.64 16.53 25.30 44.20 56.0 
Pb 7.42 15.03 31.94 42.32 
Bi 7.29 16.69 25.56 45.30 56.0 

Table 4b: Tendency Toward Valence Skippin@, 
Expressed as AE=IP”+‘+IP”-‘- ZIPa 

Ion AE 

F ls9 2.1 
Sn3+ -5.6 
Sb4+ -7.1 
Pb3+ -6.5 
Bi4’ -9 
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series. Powdered BaPbO, is dark brown in color, with the 
addition of as little as 0.05 Sb the color changes to blue-black 
which deepens continuously as the Sb content increases. Between 
x=0.3 and 0.4 the materials become metallic purple in color and 
are dull black by x-0.5. 

Preliminary measurements indicate that the symmetry of the 
crystallographic cell changes with Sb content. Single crystals of the 
superconducting composition BaPb,,Sb,,Os were found to be 
tetragonal at room temperature, with a = 6.028 and c = 8SllA. 
The orthorhombic t, axis of BaPbO, (a = 6.024, b = 6.065, c = 
8.506) appears to decrease in a continuous manner and the c axis 
appears to increase continuously as x increases from 0 to 0.25. 
Thus the preliminary data suggest a continuous change in the tilt 
of the octahedra with Sb content. For Sb contents near x=0.4 the 
symmetry becomes cubic with a cell parameter a = 4.254A. By 
x=0.5 the symmetry again becomes lower, with a pseudocubic cell 
parameter a = 4.248A. As in the case of the BaPb,_,BkO,, the 
symmetry changes are very subtle. Further higher resolution 
measurements are necessary to bring the understanding of the 
crystallography of this system to the same level that is presently 
available for BaPb,_,Bi,O,. Detailed structural study of BaPb,_,- 
Sb,O, has not yet been reported, and therefore metal-oxygen 
bondlengths are not available. However, for a “cubic” cell at x=0.4 
the Pb/Sb-0 bondlengths, (the octahedra are not tilted), would be 
a,/2=2.13 angstroms, similar to the 2.16 angstrom bondlengths 
reported in superconducting BaPb,,Bi,,O,. 

What is the valence of Sb in these compounds? In the 
foregoing discussions, the similarities and differences in the 
chemical behavior of Bi and Sb in oxides have been described. 
Keep in mind that the best superconducting composition for both 
the BaPb,_,Bi,Os and BaPbl_,$bXOs solid solutions occurs for 
x=0.25, suggesting a similar electronic charge donation to the 
energy band at the Fermi level for both Bi and Sb. For the 
BaPbOs-BaBiO, solid solution, both endmembers contain the active 
cations in a 4+ average valence state. There are no discontinuities 
in crystallographic cell volume that would suggest a sudden change 
in the Bi valence in the BaPb,_,Bi,Os solid solution as a function 
of x, and therefore the average effective charge may be Bi4+ for 
all x. There has not, however, been a microscopic measurement 
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of the effective charge state of Bi, and there could of course be 

some kind of gradual change in effective charge not apparent in 
the measurements thus far performed. The fact that both solid 

solutions are the best superconductors at x=0.25, the fact that the 
unit cell volume follows the behavior expected for a solution of 

Ylb4+” in BaPbOs, and the fact that the analogous solid solutions 
BaPb,_,M,Os, M-Ta, Nb and V, could not be synthesized, led us 

to conclude (11) that Sb is acting in the same electronic fashion as 
is Bi when doped into BaPbO,. None of these arguments are 

based on microscopic evidence, however. Fortunately Sb is an 
atom whose effective valence can be probed by Mossbauer 

measurements, and a more microscopic picture can be expected to 
emerge in the near future. Some inferences may also be made for 

the BaPb,_,Bi,Os superconductor through those results. 

The BaPb,_,Sb,Os compounds were synthesized in polycrys- 
talline form from starting materials BaCO,, PbsO, and Sb,O,. 

Treatment was at 825 to 850°C for 20 hours with several interme- 

diate grindings. Higher temperature synthesis or long time, low 
temperature annealing in 0, degraded the samples. Single crystals 

were grown from a PbO based flux. Starting composition of the 

melt was 48.1 gm PbO, 13.5 gm BaCO, and 1.45 gm SbsOs. These 

were mixed, placed in a covered Pt crucible and heated to 1150°C 
for a 3 hour soak after which the melt was cooled to 750°C at 
4O/hour, annealed there for 24 hours and then pulled from the 

furnace. 

6.0 Ba,_,&BiO, 

The idea behind this solid solution is simple enough. 
Starting from BaBiO,, the substitution of Pb for Bi removes 

electrons from the system, as Pb is one element to the left of Bi 
in the periodic table. Obviously, electrons can also be removed 

from the system by substitution of K+’ for Ba2+. If we suppose 

that the key to the occurrence of superconductivity in BaPb.7,- 

Bi,,Os is related to the special charge fluctuations in Bi, then, in 
analogy to the copper oxides, a material with solely the active 

component on the electronically active sites should be a better 

superconductor. For the Ba,_,K,BiO, solid solution, Bi is formally 
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oxidized as x increases. At the optimal superconducting composition 
x=0.4, T, exceeds 30K, making this material the highest T, 

compound known which is not based on copper oxide. 

The chemistry of this material turns out to be highly 

nonconventional, a fact which apparently prevented its discovery 

in the early days of research on Ba(Pb,Bi)O,. Superconductivity 

at 22K was first observed in the Ba-K-Bi-0 system (38) in 

samples in which accidental melting resulted in trapped bubbles 

which acted to prevent the volatilization of K,O in parts of the 

sample. Those results were apparently not reproduced elsewhere. 

Conventional synthesis from nitrates, oxides or carbonates 

in air or oxygen does not result in the production of superconduct- 

ing materials. Using an exotic synthetic technique, we were able 

to observe superconductivity reproducibly, isolate and characterize 

the superconducting phase, and increase its T, to 30K. The 

superconducting compound Ba.,K.,BiO, was prepared from fresh 

BaO, KO, and B&O, reacted in silver tubes which were sealed by 

mechanical crimping, and sealed in turn inside of evacuated quartz 

tubes. The reaction was carried out at 675°C for 3 days. Most 

satisfactory results were obtained when significant excess KO, was 

present in the starting mixture. The crimped silver tubes leak very 

slowly during the course of the reaction. This is not a very well 

controlled process and is therefore not completely satisfactory: 

perfectly sealed silver tubes made by welding did not work. The 

material after a successful 675°C synthesis is dark red or brown in 

color and is oxygen deficient Ba.,K.,BiO,_,, with a powder 

diffraction pattern characteristic of a highly distorted perovskite 

structure such as is observed for oxygen deficient BaBiOs_,. The 

correct oxygen content was obtained by annealing in flowing 

oxygen at 475°C for 45 minutes. The resulting powder is 

blue-black in color, with a simple cubic perovskite unit cell. 

Later neutron diffraction studies on materials prepared with a 

475°C oxygen post anneal (53) showed the compound to have a full 

stoichiometric oxygen content (x=0). The Rb analog Ba.,Rb+,BiO, 

superconducts near 29K when prepared in the same manner. 

Superconductivity is not observed for Ba,_,Na,OBiO,; it is not 

clear that the Na enters the compound. 

A different synthetic route was later reported (53). Using 

the same starting materials and synthesis temperature the initial 
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reaction was performed in flowing N, for 1 hour, followed by the 
same low temperature oxygen anneal which we had reported. 
Excess alkali was not employed. The success or failure of this 
method is very sensitive to the starting materials but because it 
does not involve reactions in sealed tubes (which can explode) it 
is considerably more straightforward than the one we initially 
employed. Neither of the methods yields perfect materials every 
time, although they are often quite good. In particular, sample 
homogeneity is a problem, especially with regard to the Ba/K 
distribution and oxygen deficiency. 

Very small single crystals of the Ba,_,K,BiO, perovskite 
have now been grown from both hydrated and anhydrous KOH 
fluxes (54)(55). Both types of growth are very low temperature 
processes. For the hydrated fluxes, crystal growth occurs at 360°C 
in air out of a Ba(OH), ? 8H,O, B&O,, KOH mixture, with the 
crystals precipitating out of solution as the melt slowly dehydrates. 
The potassium content of the crystals is relatively low, and they 
are not superconducting. Growth from anhydrous KOH can also be 
performed in air by slow cooling through a higher (but still quite 
low) temperature range of 400-475°C. The crystals obtained by 
the anhydrous growth are at the present time larger than those 
obtained from hydrated fluxes, but neither technique as yet has 
yielded crystals of sufficient size for many desirable physical 
property measurements. As in the synthesis of bulk materials, 
careful attention must be paid to controlling the Ba:K ratio. Due 
to the low synthesis temperatures, the oxygen contents of the 
crystals appear to be satisfactory, and superconducting materials 
with T,‘s in excess of 30K have been obtained. Both crystal 
growth techniques are not entirely reliable: often there can be no 
crystal growth at all. 

The single crystals thus far prepared are too small for many 
physical property measurements. Also, the two techniques 
described for preparation of powders result in fine grained (and 
not sintered) materials which are also not appropriate for many 
measurements. A different technique, however, was recently 
developed which produces near theoretical density polycrystalline 
pellets (56). Stoichiometric mixtures of BaO, KO, and B&O, are 
mixed and melted in N, gas and quickly quenched onto a copper 
block under the N, atmosphere. The process must be performed 
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quickly to prevent excessive volatilization of K,O. The solidified 
quenched button is then annealed in N, at 700°C and finally at 
425°C in 0,. Superconducting transitions are generally in the 
neighborhood of 27K, but the high density of the resulting 
polycrystalline pellets lends these materials to certain physical 
property measurements which are not possible for the other 
materials. Note that for all synthetic methods requiring the use of 
BaO, great care must be taken to handle the BaO in an environ- 
ment protected from air, as adverse reactions with air occur very 
quickly. 

All of the bulk synthetic methods reported involve a low 
temperature (350-475”(J) oxygen post synthesis anneal to obtain 
materials with optimized superconducting properties. This is due to 
the fact that, as in BaBiO,, there is a wide range of oxygen 
deficiency possible for the (Ba,K)BiO, perovskites. As in the case 

. 
of BaBrO,+ the oxygen deficient materials are highly distorted, 
low symmetry perovskites, but their crystal structures have not yet 
been studied. One report deals with the oxygen content of 
Ba,K,BiO,_B explicitly (57). The superconducting composition 
(S=O) begins to lose oxygen at 300°C when heated in N,, attaining 
a relatively stable oxygen content S-O.69 by 700°C. This corre- 
sponds to the presence of Bi’+ only, and must have a very 
interesting highly distorted crystal structure due to the very large 
number of oxygen vacancies present (even more than the S=O.5 
maximum in BaBiO,_,). Oxidation of this material is reported to 
result in decomposition if temperatures in excess of 450°C are 
employed. The optimal oxidation temperature is probably right at 
450°C; we reported initially that 475°C appears to work better 
without decomposition. 

As for the B site substituted materials, the evolution from 
the charge density wave bearing insulator Ba,_,K,BiO, at x=0.0 to 
the superconductor at x=0.4 is of great relevance to understanding 
the mechanism for superconductivity. Some aspects of the physical 
properties of the solid solution are well established. Optical 
absorption measurements on thin films of Ba,_,K,OBiO, have 
shown that the materials are CDW insulators until a composition 
x=0.35, where there is an insulator-metal transition (58). The 
optical gap decreases with increasing K content within the 
insulating phase. The optimal superconducting composition, x=0.4, 
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is just beyond the insulator-metal boundary. One report of a 
lower optimal doping concentration was incorrect (53), and has 
been retracted (59). Although the solid solution extends at least to 
x=0.5, the superconducting properties degrade for x > 0.4. There 
are several reports of a 34K T, in a multiple phase materials, but 
those results have not yet been generally confirmed (60)(52). 

The crystallographic properties of the Ba,_,K,BiO, solid 
solution perovskites have been studied by several groups. All now 
agree (8)(55)(59) that the superconducting composition Ba,K,BiO, 
is a simple cubic perovskite with one formula unit per cell, 
a,=4.287A at 300K (Ba and K disordered in the (l/2,1/2,1/2) sites, 
Bi in the (O,O,O) sites and 0 in the (0,0,1/2), (l/2,0,0) and 
(0,1/2,0) sites). This composition remains cubic even at tempera- 
tures below T,, and does not undergo any structural transitions that 
increase the cell volume, e.g. through octahedral twists that would 
multiply cell constants by integer values (59)(61). The Bi-0 bond 
distances are then simply a,/2 = 2.14 angstroms at 300K, and 
shrink less than 0.01 angstrom by 10K. The octahedra are 
perfectly regular with 0-Bi-0 bond angles of 180”. These bond 
distances are very similar to those found in superconducting 
BaPb.,,Bi,,O, and BaPb,,Sb,,O,. The B site doped superconduc- 
tors, as described, have 0-Pb/M-0 angles which differ from 180” 
by 8-10”. 

There is at present, however, no agreement on the manner 
in which monoclinic BaBiOs evolves into cubic Ba,K ,BiO,. In 
this case, as for BaPb,_,Bi,O,, the disagreements may’ be due to 
differences in the synthesis techniques for the materials studied, or 
experimental errors due to very subtle differences in the symme- 
tries and atomic positions. The first descriptions of the structural 
evolution in the solid solution came from single crystal X-ray 
diffraction studies done on single crystals prepared in the fully 
oxidized form near 400°C. These studies found that Ba,_,K,BiO, 
evolves through orthorhombic symmetry at x-O.04 to cubic 
symmetry at the very low K content x=0.13 (54)(55). Thus the 
cubic phase region would extend from approximately x=0.1 to x 
>0.4. The x=0.13 sample is not superconducting. Based on these 
data, the insulator to metal transition at x=0.35 is not reflected in 
a change in symmetry at ambient temperature, into which one has 
to read that although the structural signature of the CDW in 
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Ba,_,K,BiO, is gone by x=0.13, the insulating properties are not 
gone until a much higher doping level is achieved. These results 
can be reconciled if the BaBiO, type CDW exists only on a very 
local scale (in a cluster of a few Bi atoms) or if a different kind 
of CDW with a different, smaller lattice distortion (with very weak 
diffraction effects) occurs for 0.1s x 5 0.35. One group proposed 
that they had found such a distortion based on electron diffraction 
(62), but another study showed that the observed superlattice was 
actually induced by the electron beam (63) and was not due to a 
charge density wave. The superlattice was also not seen by 
neutron diffraction experiments which specifically looked for it 
(59). Thus if one considers only the data from single crystals, the 
electronic and structural signatures of the CDW cannot be recon- 
ciled. 

An alternative picture has evolved from the study of 
polycrystalline materials prepared from the 700 C/N,, 425 C/O, 
synthetic procedure (59). Note that since these materials are 
synthesized at higher temperatures and in a reduced oxygen content 
state they could in principle be different from the single crystals. 
The phase diagram was carefully studied by powder neutron 
diffraction for Ba,_,K,BiOs for temperatures between 10 and 
473K, for xr0.5, the K solubility limit, At ambient temperature, 
the phases for Ba,_,K,BiOs are as follows: monoclinic BaBiO, type 
for ~~0.1; orthorhombic, for 0.1~ x 5 0.25; and cubic for 0.3~ x 
5 0.5. Although the monoclinic -> orthorhombic -> cubic sequence 
is observed as for the single crystals, the compositions where the 
symmetry changes occur are at significantly higher K concentra- 
tions. In Figure 6 the data for the variation of cell parameters 
within the solid solution have been replotted for comparison to the 
data for BaPb,_,Bi,Os. Several features are of note: there are no 
discontinuities in unit cell lengths across symmetry boundaries, 
implying smooth changes in tilt angles and bondlength readjustment 
as a function of K content, the cell volume changes continuously, 
as expected, and, finally, as for all the members of this family, 
the dimensional distortion from cubic symmetry is very small. The 
data for the evolution of the system at 10K are of considerable 
interest. The monoclinic phase exists for x ~0.1, the orthorhombic 
phase for O.l<x<O.35, and the cubic phase for 0.45x10.5. At low 
temperatures, then, a crystallographic change from orthorhombic to 
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Figure 6: Crystallographic cell parameters and symmetries at 300K 
for the Ba,_,K,BiO, solid solution re-plotted from reference 59. 
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cubic symmetry is observed exactly where the physical properties 
indicate that the CDW disappears and superconductivity appears. 
Thus a detailed understanding of the crystal structure of the 
orthorhombic phase is important for understanding the evolution 
of the physical properties. 

It is precisely in the structure of this orthorhombic phase 
where the published reports differ most significantly. The proposed 
crystal structures are presented in Table 5. Both groups report a 
body centered orthorhombic cell with J 2a, x J2a, x 2a, lattice 
parameters. In the proposed spacegroups, however, the positional 
distortions from the expected ideal positions are very different. In 
the structure proposed by Schneemeyer et al. from single crystal 
X-ray data (55) there are two inequivalent Bi sites in which the 
Bi-0 bond distances are modulated in an unusual manner. The 
structure would consist of alternating elongated and squat (BiO,) 
octahedra with either 4 long and 2 short or 4 short and 2 long 
distances, with 180” 0-Bi-0 bond angles. There are several 
difficulties with the structure to be noted inTable 5 which suggest 
that confirmation of this structure by another group should be 
performed before it is generally accepted. They are: (1) none of 
the atom positions deviate from those of the ideal perovskite by 
more than 2 standard deviations, (2) the thermal parameters for the 
oxygen atoms are unusually large and (3) the agreement between 
observed and calculated structure factors (“RI’ in Table 5 = 6.2%) 
is considerably larger than the value the same group obtained for 
the structure of Ba+,K,BiO, (R=2.2%) under the same experimental 
conditions. 

Pei et al. looked at the structure of the orthorhombic phase 
of Ba,_,K,BiOs powders by time of flight powder neutron diffrac- 
tion (59). Neutron diffraction intensities should be considerably 
more sensitive to oxygen atom positions than are X-ray diffraction 
intensities for compounds such as this. The structural parameters 
at 300K for x=0.1 and x=0.2 are presented inTable 5. The crystal 
structure is the same as that of BaPbO, (Table 2) with small 
differences in cell parameters and atomic coordinates. The 
refinements show that the atoms are displaced from the ideal 
positions by many standard deviations, and the thermal parameters 
for the oxygen atoms make physical sense. The crystal structure 
is one in which relatively regular Bi-0 octahedra (Bi-0 distances 
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Table 5: Proposed Structural Models for Orthorhombic 
Bal,K,Bi03 at 300K 

Parameter 

X 

: 

C 

Symmetry 

Ba/K 

Bil 

Bi2 

01 

02 

R 

RE 

x 

Schneemeyer et. a.L5’,* 

0.04 

6.1374(S) 
6.1?98(5) 
8.6628(7) 

1mmI-n 

(l/2,0,@ 
z=O.253(2) 

(O,O,O) 

(O,O, l/2) 

(O,O,z) 
z=O.244(4) 

B=7.3 

kY *o> 
x=0.254(4) 
y=O.260(6) 

B=5.6 

6.2% 

Pei et. al.” 

0.1 0.2 

6.1578(2) 
6.1262(2) 
8.6569(2) 

6.1280(5) 
6.1040(4) 
8.6286(6) 

Ibmm Ibmm 

(GO, l/4) 
x=0.0504( 1) 

(x,0,1/4) 
x=0.0507(2) 

(O,O,O) (O,O,O) 

(GO, l/4) 
x=0.0527(6) 

B=1.3 

(x,0,1/4) 
x=0.047( 1) 

B=l.O 

(1/4,1/4J) 
z=-0.0265(3) 

(l/4,1/4,2) 
z=O.O 116(7) 

B=2.0 B=2.0 

7.8 9.6 
3.4 3.3 
2.3 2.9 

* The cell of Schneemeyer et. al. has been transposed to the usual setting of axes a > 
b and the labels of the oxygen atoms have been switched to conform to the standard 
labels. 
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of 2.19 and 2.17 angstroms at x=0.1) are tilted such that the 
0-Bi-0 bond angles differ from 180” by approximately 8-9”. The 
authors specifically tested the model of Schneemeyer et al. against 
the neutron data and found that the agreement was not satisfacto- 
ry. Note, however, that there may be room for improvement of the 
Ibmm structural model, as the ratio of the agreement between 
model and data to that expected from statistics alone (x=R/R,, 
Table 5) is larger, particularly at x=0.2, than is generally considered 
to be indicative of a perfectly refined structure (x12). 

Looking at the crystal structure of the orthorhombic phase, 
then, we have the same difficulty in Ba,_,K,BiO, that we have in 
BaPb,_,Bi,O, in correlating crystal structures and the insulator to 
metal transition. If we accept the orthorhombic structure of 
Schneemeyer (55) et al. and the cubic x-O.13 structure of Wignaco- 
urt (54) et al., then the structural signature of the CDW has 
disappeared long before the appearance of superconductivity. If 
we accept the orthorhombic structure of Pei (59) et al., which 
appears to extend all the way to the insulator-superconductor 
composition, then again there is also no reconciliation between 
structural and physical properties, as the orthorhombic structure 
contains only tilted octahedra, and has no sign of maintaining the 
charge disproportionation found in BaBiO,. Thus one has to 
invoke ideas such as the “local CDW” proposed for Ba(Pb,Bi)s. Pei 
et al. have proposed (59) that the orthorhombic structure is actually 
an average over positionally disordered larger and smaller (charge 
proportionated) BiO, octahedra exactly as was proposed by 
Chaillout et al. for type 2 BaBiO,, resulting in a neat picture 
which correlates structure and properties. It would be of consider- 
able importance to confirm that picture through an alternative 
characterization technique. It would be truly remarkable if the 
great similarities in the structures of orthorhombic BaPbOs and 
Ba,_,K,BiO, were only skin deep, and the underlying basic 
structural principles (e.g. uniform charge vs. disordered charge 
disproportionated) were fundamentally different. 

7.0 CONCLUSION 

The perovskites Ba,K,BiOs, BaPb,sBi.ssOs and BaPb.7s 
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Sb.,,O, are superconducting oxides with critical temperatures of 30, 
12, and 3SK. They are strongly related both structurally and 
chemically. Detailed study and comparison of their physical 
properties may help to understand the origin of their superconduc- 
tivity. Even BaPb,,Sb,,O,, with its relatively low T,, can be 
considered as a high temperature superconductor, as its electronic 
density of states at the Fermi level is extremely low, similar to 
that of conventional superconductors with T,‘s of only a fraction 
of a Kelvin (64). Figure 7 presents a composite T, vs. electron 
count diagram for all 3 systems. Starting at the right with the end 
members BaBiO, and the imaginary “BaSbO,“, the partial substitu- 
tion of Pb for Bi or Sb on the B site, or of K for Ba on the A 
site, results in the removal of electrons from the perovskite. The 
diagram illustrates the obvious fact that the B site substituted 
materials are optimal superconductors at the same electron count, 
but the Sb compound is superconducting at a significantly lower 
temperature. This count is considerably different from that of 
Ba.,K.,BiOs which has had significantly fewer electrons (about half 
that of the others) removed from the end member. Nonetheless, the 
large amount of doping required to induce superconductivity, 0.4 
electrons removed per bismuth, is very large compared to what is 
expected from the band structure calculations. 

Although the basic chemistry and crystallography of these 
compounds is relatively simple, there are many subtle but very 
important crystal chemical characteristics which make them a 
challenge to understand. Some of these characteristics have been 
unambiguously determined, and some have not, as has been 
described in the foregoing. There is considerable room for further 
work. In addition to more detailed characterization of the 
materials already known, it would be of interest if more members 
of this family could be discovered. The controversy over whether 
they are conventional superconductors, or operate via a new 
superconducting mechanism is bound to rage for many more years. 
One of the most pleasurable roles of the solid state chemist in this 
field is to come up with new materials which challenge the ideas 
of the theoretical physicists. 



Superconducting Bismuth and Lead Oxide Based Perovskites 421 

50 

40 

;z 30 
- 

8 

20 

40 

0 

I I I I 

GENERAL PHASE DIAGRAM 
(FROM MANY GROUPS) 

(Ba,K) BiO, 

Q 
I 

Ba(Pb,Bi)03 

SQ 

Ba (Pb,Sb) O3 

I I 

BaPb03 

“KBiO; 

COMPOSITION 

BaBi03 

“BaSbOJ” 

Figure 7: Composite Tc vs. electron count diagram for the 

BaPb,_,Bi,O,, BaPbl_,B1,O, and Bal_,K,BiO, perovskites. 



422 Chemistry of Superconductor Materials 

ACKNOWLEDGEMENT 

I would like to acknowledge the collaboration of many 

colleagues at Bell Laboratories and elsewhere, and especially the 

very fruitful collaboration with B. Batlogg, J. Krajewski and W. F. 

Peck, Jr. I would also like to thank J. Jorgensen for providing the 

results of Pei et al. (Ref. 59) prior to publication. 

8.0 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

REFERENCES 

J. G. Bednorz and K. A. Muller, 2. Phys. B64:189 (1986). 

Y. Tokura, H. Takagi and S. Uchida, Nature 337:345 (1988). 

See, for instance, L. F. Mattheiss, Phys. Rev. Lett. 58:1029 
(1987); Jaejun Yu, A. J. Freeman and J.-H. Xu, Phys. Rev. 
Lett. 58:103 (1987). 

See for instance, B. Batlogg et. al., Phys. Rev. Lett. 58:2333 
(1988); L. C. Bourne et. al., Phys. Rev. Lett. 58:2337 (1988). 

See, for instance, P. W. Anderson, Science 235 (1987) 1196; 
J. R. Schrieffer, X. G. Wen and S. C. Zhang, Phys. Rev. 
Lett. 60:944 (1988). 

See, for instance, C. M. Varma, Phys. Rev. Lett. 61:2713 
(1988); W. A. Little, in Novel Superconductivity, eds. S. A. 
Wolf and Z. Kresin, Plenum, (1987) p. 341. 

A. W. Sleight, J. L. Gillson and P. E. Bierstedt, Solid State 
Commun. 17:27 (1975). 

R. J. Cava, B. Batlogg, J. J. Krajewski, R. Farrow, L. W. 
Rupp, Jr., A. E. White, K. Short, W. F. Peck, Jr. and T. 
Kometani, Nature 332:s 14 (1988). 

See, for instance, B. Batlogg, Physica, 126B:275 (1984); K. 
Kitazawa, S. Uchida and S. Tanaka, Physica 135B:505 
(1985). 

See, for instance, L. F. Mattheiss and D. R. Hamann, Phys. 
Rev. B28:4227 (1983). 

R. J. Cava, B. Batlogg, G. P. Espinosa, A. P. Ramirez, J. 
J. Krajewski, W. F. Peck, Jr., L. W. Rupp, Jr. and A. S. 
Cooper, Nature 339:291 (1989). 



Superconducting Bismuth and Lead Oxide Based Perovskites 423 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

A. M. Glazer, Acta Cryst. B28:3384 (1972). 

R. Scholder, K.-W. Ganter, H. Glaser and G. Merz, Zeit. 
Anorg. Allg. Chem. 3 19:375 (1963). 

B. Schwedes and R. Hoppe, Z. Anorg. Allg. Chem. 393:136 
(1972). 

See for instance, S. Uchida, K. Kitazawa and S. Tanaka, 
Phase Transitions, 8:95 (1987). 

See, for instance, “Low Dimensional Conductors and 
Superconductors”, D. Jerome and L. G. Caron, eds., NATO 
AS1 Series B, Physics Vol. 155, Plenum Publ. Co., NY 
(1989). 

G. Thornton and A. J. Jacobson, Acta Cryst. B34:351 
(1978). 

D. E. Cox and A. W. Sleight, Proceedings of the Conference 
on Neutron Scattering, Gatlinberg Tennessee (1976), pp. 
45-54, edited by R. M. Moon; available from National 
Technical Information Service, Springfield, VA 22 161. 

C. Chaillout, A. Santoro, J. P. Remerka, A. S. Cooper and 
G. P. Espinosa, Sol. St. Comm. 65:1363 (1988). 

W. H. Zachariesen, J. Less Common Metals, 62:l (1978). 

I. D. Brown and Kang Kun Wu, Acta Cryst. B32:1957 
(1976). 

N. K. McGuire and M. O’Keefe, Sol. St. Comm. 52:433 
(1984). 

D. E. Cox and A. W. Sleight, Acta Cryst. B35:l (1979) 

H. Kusuhara, A. Yamanaka, H. Sakuma and H. Hashizume, 
Jpn. J. Appl. Phys.: (1987, 88?) 

V. V. Bogatko and Yu. N. Venevtsev, Sov. Phys. Sol. St. 
25:859 (1983). 

E. G. Fesenko, E. T. Shuvaeva and Yu. I. Gol’tsov, Sov. 
Phys. Cryst. 17:362 (1972). 

R. A. Beyerlein, A. J. Jacobson and L. N. Yacullo, Mat. 
Res. Bull. 20:877 (1985). 



424 Chemistry of Superconductor Materials 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

Y. Saito, T. Maruyama and A. Yamanaka, Thermochem. 
Acta 115:199 (1987). 

C. Chaillout and J. P. Remeika, Sol. St. Comm. 56:833 
(1985). 

R. Hoppe and K. Blinne, 2. Anorg. Allg. Chem. 293:251 
(1958). 

G. Wagner and H. Binder, 2. Anorg. Al/g. Chem. 297:328 
(1958) and 298:12 (1959). 

R. Weiss, C. R. Acad. Sci. 246~3073 (1958). 

T. Nitta, K. Nagase, S. Hayakawa and Y. Iida, J. Amer. 
Ceram. Sot. 48:642 (1965). 

R. D. Shannon and P. E. Bierstedt, J. Amer. Ceram. Sot. 
53:635 (1970). 

G. Thornton and A. J. Jacobson, Mat. Res. Bull. 11:837 
(1976). 

K. Oka and H. Unoki, Jpn. Journal Appl. Phys. 23:L770 
(1984). 

V. V. Bogatko and Yu. N. Venevtsev, Sov. Phys. Sol. St. 
22:705 (1980). 

L. F. Mattheiss, E. M. Gyorgy, and D. W. Johnson, Jr., 
Phys. Rev. B37:3745 (1988). 

Werner Weber, Jpn. J. Appl. Phys., 26: Supplement 26-3: 
981 (1987). 

See, for instance, D.R. Harshman, G. Appeli, B. Batlogg, 
R. J. Cava, A.S. Cooper, G.P. Espinosa, L.W. Rupp, E.J. 
Ansaldo, and D.L. Williams, Phys. Lett. Comments, 63:1187 
(1989) 

L. A. Shebanov, YV. Ya. Fritsberg and A. P. Gaevskis, 
Phys. Stat. Sol. A77:369 (1983). 

M. Oda, Y. Hidaka, A. Katsui and T. Murakami, Sol. St. 
Comm. 55:423 (1985). 

Y. Enomoto, M. Oda and T. Murakami, Phase Transitions 
8:129 (1987). 



Superconducting Bismuth and Lead Oxide Based Perovskites 425 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

G. Heger, G. Roth, C. Chaillout, B. Batlogg, To be 
published. 

A. P. Menushenkov, E. A. Protasov and E. V. Chubunova, 
Sov. Phys. Sol. St. 23:2155 (1981). 

Minoru Suzuki and Toshiaki Murakami, Sol. St. Comm. 
53:691 (1985). 

Troung D. Thanh, A. Koma and S. Tanaka, Applied 
Physics, 22:205 (1980). 

Akinori Katsui, Jpn. Jnl. Appl. Phys. 21:L553 (1982). 

A. Katsui, Y. Hidaka and H. Takagi, J. Cryst. Growth 
66:228 (1984). 

Akinori Katsui and Minoru Suzuki, Jpn. Jnl. Appl. Phys. 
21:L157 (1982). 

Handbook of Chemistry and Physics, Chemical Rubber 
Company Press, Inc., Boca Raton, Florida (1981) 

S. Kondoh, M. Sera, F. Fukuda, Y. Ando and M. Sato, Sol. 
St. Comm. 67:879 (1988). 

D. G. Hinks, B. Dabrowski, J. D. Jorgensen, A. W. Mitch- 
ell, D. R. Richards, Shiyou Pei and Donglu Shi, Nature 
333:836 (1988). 

J. P. Wignacourt, J. S. Swinnea, H. Steinfink, and J. B. 
Goodenough, Appl. Phys. Lett. 53:1753 (1988). 

L. F. Schneemeyer, J. K. Thomas, T. Siegrist, B. Batlogg, 
L. W. Rupp, R. L. Opila, R. J. Cava and D. W. Murphy, 
Nature 335:421 (1988). 

D. G. Hinks, A. W. Mitchell, Y. Zheng, D. R. Richards 
and B. Dabrowski, Applied, Phys. Lett. 54:1585 (1989). 

D. G. Hinks, D. R. Richards, B. Dabrowski, A. W. Mitch- 
ell, J. D. Jorgensen and D. T. Marx, Physica C 156:477 
(1988). 

H. Sato, S. Tajima, H. Takagi and S. Uchida, Nature 
338:241 (1989). 

Shiyou Pei, J. D. Jorgensen, B. Dabrowski, D. G. Hinks, D. 
R. Richards, A. W. Mitchell, J. M. Newsam, S. K. Sinha, 
D. Vaknin and A. J. Jacobson, Phys. Rev. B 41:4126 (1990) 



426 Chemistry of Superconductor Materials 

60. N. L. Jones, J. B. Parise, R. B. Flippen and A. W. Sleight, 
J. Sol. St. Chem. 78319 (1989). 

61. R. M. Fleming, P. Marsh, R. J. Cava and J. J. Krajewski, 
Phys. Rev. B38:7026 (1988). 

62. Shiyou Pei, N. J. Zaluzec, J. D. Jorgensen, B. Dabrowski, 
D. G. Hinks, A. W. Mitchell and D. R. Richards, Phys. 
Rev. B39:8 11 (1989). 

63. E. A. Hewat, C. Chaillout, M. Godinho, M. F. Gorius and 
M. Marezio, Physica C. 157:228 (1989). 

64. B. Batlogg, R. J. Cava, L. W. Rupp, Jr., G. P. Espinosa, J. 
J. Krajewski, W. F. Peck, Jr., and A. S. Cooper, Physica 
Cl393 (1989). 



11 

Structure and Chemistry of the 
Electron-Doped Superconductors 

Anthony C. W.P. James and Donald W. Murphy 

1 .O INTRODUCTION 

One of the most interesting recent developments in the 

field of high-temperature superconductivity has been the discovery 

of the electron-doped systems Nds_,Ce,CuO, (0.15rx10.18) (l), 

Nd,_,Th,CuO, (x-0.15) (2), Nd,CuO,_,F, (x-0.18) (3), and the 

corresponding Pr, Sm and Eu systems. These materials can all 

show magnetic transitions to bulk superconductivity above 20K; in 

some cases the onset of the resistive superconducting transition is 

as high as 27K. They differ from all other high-T, cuprate 

superconductors in that superconductivity is induced by electron 

doping; i.e.,by aliovalent substitutions in the T’-NdsCuO, structure 

(4) that lower the average copper valence below Cu2+. This 

reduction of copper has been confirmed by thermogravimetric 

analysis and redox titration. It is especially important in view of 

the fact that there is only one crystallographic site available to 

copper in the T’-Nd,CuO, structure; if the superconductors are 

single-phase and retain the T’-Nd,CuO, structure, then all the Cu 

in these materials must be reduced below Cu2+ with far-reaching 

implications for theories of high-T, superconductivity in cuprates. 

This situation would be quite different from that in, for example, 

Pb2Sr2YesCa,&usOs (T,=70K) (5), in which the average copper 

oxidation state is +1.8, but the copper ions are in two different 

crystallographic sites: linearly coordinated Cul+ and sheets 

427 
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containing Cut*‘+, with the latter actually responsible for the 
superconductivity. 

If the superconductivity in Ndl~ssCe,,,sCuO, and related 
systems is really due to overall reduction of copper by electron 

doping, then it would supply good evidence for theoretical models 

that predict an essential symmetry between the electronic properties 

induced by electron- and hole-doping in layered cuprates. Full 

evidence for such theories would still be lacking because, as we 

shall see, there is still no single layered cuprate that can be made 
superconducting by both hole- and electron-doping. 

The purpose of this chapter is not to address the continu- 
ing controversy about the electronic nature of the electron-doped 

superconductors, but rather to review the crystal chemistry of the 
T’-Nd2CuOl system and give practical details on how to prepare 

crystallographically pure electron-doped superconductors in ceramic 

or single-crystal form with high Meissner fractions. 

2.0 THE T’-Nd,CuO, STRUCTURE 

The T’-Nd,CuO, structure, on which all of the electron- 
doped superconductors are based, is shown in Figure 1 along with 

the related T-La2CuOl (K,NiF,) and T* structures. The T and T 

structures can be regarded as intergrowths of infinite, flat CUO,~- 

layers containing Cu in square planar coordination alternating with 

Ln202 2+ layers. In the T-La2Cu0, structure the La2022+ layers 

have the rock salt structure, which results in La having a total 

oxygen coordination number of 9 and places oxygen atoms in the 

apical positions above and below Cu in the CUO,~- sheets, giving 
a tetragonally (Jahn-Teller) distorted octahedral Cu-0 coordination 

sphere. In the case of T’-Nd,CuO,, the Nd2022+ layers have the 
fluorite structure, which results in Nd having a total oxygen 

coordination number of 8 and places the 0 atoms in this layer well 
away from the Cu apical positions. The transition from T to T 

structures on going from La to Pr, Nd, Eu, or Gd is driven by the 

lanthanide contraction; smaller lanthanide ions favour 8-fold over 

g-fold coordination. The smallest lanthanide ions (TbS+-Lus+) and 
the lanthanide-like Y 3+ do not form the T’-Nd2Cu0, structure. 
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Figure 1: The T, T’, and T* structures. 
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Figure 2: Stability fields of the T and T’ structures in rare-earth 
cuprates as a function of average rare-earth ionic radius. Filled 
circles represent T’ phases, open circles represent T phases. 
Asterisk represents P phase. 
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Isovalent substitutions of rare-earth ions have enabled the syste- 

matics of the T-T’ system to be mapped out. Figure 2 shows data 

from several sources (6)(7)(9) showing the transition from T to T 

structures with decreasing average rare-earth ion radius. The 

recently discovered T* phase, an intergrowth of the T and T 

structures (8)(9), occupies a very narrow region between the two 

in cases where the rare-earth ion site is occupied by two ions of 

very dissimilar radii; for example, Lal.,sTb,,e7Cu0,. The stability 

range of the T* structure can be greatly extended by substituting 

Sr for rare-earth ions, as in La,,~sGde~aSru~sCuO, and by applying 

high oxygen pressure. Sr substituted T* phases prepared under 

oxygen pressure are superconducting with T,-2X. Since these are 

clearly hole-doped superconductors they will not be discussed 

further here. 

One very important consequence of the fact that the T and 

T’ structures are layered intergrowths is the existence of a lattice 
mismatch between adjacent layers in both the T and the T 

structures. In LasCuOl CuOs2- layers are compressed by the 

adjacent La,O, 2+ layers, whereas in Nd2Cu0, the CUO,~- layers 
are in tension, hence the unusually short in-plane Cu-0 bond in 

La,CuO, (1.90 A) and the unusually long in-plane Cu-0 bond in 

Nd (1.973 A) compared to the average Cu-0 bond length in Cu(I1) 

oxides of 1.93-1.94 A. The compression of the CUO,~- layers in 

La,CuO, results in the well known orthorhombic distortion of this 

compound at low temperatures (IO), in which the layers buckle to 

relieve compressive stress. The relevance of the lattice mismatch 

to doping behaviour arises from the fact that in both T-La2Cu0, 

and T’-Nd,CuO, the highest-energy electrons are in a band of 

primarily Cu-3d character that is antibonding with respect to 

in-plane Cu-0 interactions (11). Removal of electrons from this 

band by hole doping will tend to shorten the in-plane Cu-0 bond, 
whereas injection of electrons into this band by electron doping 

will tend to lengthen the in-plane Cu-0 bond. It follows that hole 

doping will be favored in the T structure, where the Cu-0 bonds 

are in compression, and electron doping will be favored in the T 

structure, where the Cu-0 bonds are in tension. Relief of 

compressive stress in the Cu-0 plane provides the driving force 
for hole doping in La2Cu0, and explains why hole doping in this 

system is accompanied by a decrease in the transition temperature 
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for the orthorhombic to tetragonal distortion. It also explains why 

electron doping in LasCuO, is impossible. On the other hand, 

tension in the Cu-0 layers means that electron doping is favored 

in the NdsCuO, system. Attempts have been made to hole dope 

NdsCuO, by substituting Sr2+ for Nds+ (12) or Li+ for Cu2+ (13). 

The limiting compositions were found to be Nd,.,Sr,.,CuO,_g and 

Nd2Cu0.85LiO1504-& Both materials show no enhancement of 

conductivity bver Nd,CuO,; oxygen loss has entirely compensated 

for the cationic substitution and there is no net hole doping. 

Thus, it appears that Cu-0 bond length considerations make hole- 

and electron-doping mutually exclusive in layered cuprates. The 

absence of a driving force from bond tension also explains why 

other cuprates containing planar CUO,~- layers cannot be hole 

doped; an example is Cae&$re.rs CuO, (Cu-0 in-plane bond length 

1.931 A) (14). 

3.0 SYSTEMATICS OF ELECTRON DOPING 

Electron doping in T’-Nd2Cu04 can be achieved either by 

substituting a tetravalent ion (Ce4+, Th4+) for Nd’+ or by substi- 

tuting a monovalent anion (F-) for 02-. In the case of Ce 
substitution there is the possibility that the cerium may be present 

in Nd,_,Ce,CuO, as Ce3+ or as some intermediate valence state 

between Ces+ and Ce4+. The fact that the Nd,_,Ce,CuO, unit cell 

contracts as x increases has been interpreted as evidence for Ce4+, 

since the Ce4+ ion is smaller than Nds+; quantitative studies of this 

contraction assuming hard-sphere ionic radii and ignoring any 

change in the Cu-0 bond length as a result of electron doping 

gave a Ce oxidation state close to, but slightly less than Ce4+ 

(15)( 16). XPS studies of the cerium core levels indicate that all of 

the cerium is present as Ce4+ (16)( 17). For thorium substitution, 

where there is no accessible Th3+ oxidation state, the question does 

not arise. The case of fluorine substitution for oxygen in 

Nd,CuO,_,F, is especially interesting; previous attempts to 
fluorinate superconducting cuprates had always been unsuccessful 

because the stability of SrF2, BaF,, and the lanthanide oxyfluorides 

resulted in these phases separating out. Fluorination of Nd, 

CuO,_,F, works (for x 5 0.18) because the Nd2022+ layers have a 
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fluorite structure similar to the distorted fluorite structure of the 

very stable compound NdOF. 
Of the electron-doped systems, the systematics of the Ce 

substituted phases Nd,_,Ce,CuO, have been studied in the most 

detail (18)(19)(20)(21). It appears that crystallographically pure 

ceramic samples of Nd,_,Ce,CuO, can be prepared for all x I 
0.20. The variation in electronic properties and lattice parameters 

with doping level are shown in Figures 3 and 4; the corresponding 

properties of the hole-doped system La,_,Sr,CuO, are given in the 

chapter by Tarascon in this volume. Spin polarised neutron 

diffraction (23) and muon spin resonance (24) have shown that the 

parent compound, NdsCuO,, is an antiferromagnetic insulator with 

localised electrons. Cerium doping results in a rapid increase in 

electrical conductivity and lowering of the magnetic ordering 

temperature until a superconducting region without long-range 

magnetic ordering is reached (x 1 0.14). The superconducting 

region is very narrow; Nds$e,CuO, with x 1 0.18 is metallic but 

nonsuperconducting. The highest T, were seen for compositions 

right at the onset of superconductivity x-0.15. The general 

evolution of electronic and magnetic properties with doping level 

is very similar to that in La,_Sr,CuO,, with two major differenc- 

es: first, several authors have reported a much broader supercon- 

ducting compositional region (0.05<x<O.2) in La,_.&JZuO,, with 

maximum T, in the middle of this region at x=0.15 (lo), and 

second, ceramic superconducting samples of Nd,_,Ce,CuO, are 

never metallic above T,; their normal-state resistivity is generally 

high (-lo-’ Ohm cm) and decreases with increasing temperature as 

shown in Figure 5 for Nd,CuO,_,F,. This contrasts with super- 

conducting single crystals of NdlssCeO.rsCuO,r, in which metallic 

conductivity has been seen in the normal state. 

Less is known about the systematics of the other electron 

doped systems. It has been shown that the cuprates PrsCuO,, 

SmsCuO,, and EusCuO, can all be made superconducting by 

substitution of cerium (7)(19)(21) or thorium (21)(22) for the rare 

earth and by substitution of fluorine for oxygen (3). GdsCuO, 

apparently cannot be made superconducting by electron doping 

(20). The superconducting transition temperatures appear to be 

lower than those for the corresponding Nd systems; for example, 

Sml.8EiCe0.15Cuo, and E"l.86 Ce,.,,CuO, show onset of the resistive 
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Figure 3: Lattice parameters of Nd,_,Ce,CuO, versus x. 
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Figure 4: T, versus x in Nd,_,Ce,CuO,. Crosses represent 
samples that were not superconducting. Data from refs 18,19. 
M=metallic, S=semiconducting, SC=superconducting. 
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TEMPERATURE (K) 

Figure 5: Resistivity of NdsCuO,_,F, versus temperature. (a) x-0; 
sample made in air at 900°C. (b) x=0; sample reduced at 890°C 
under 60 ppm O,N, (c) x-0.1; fluorinated sample after initial 
firing in dry air at 900°C. (d) x=0.18; sample reduced 890°C in 
flowing N, containing 60 ppm 0, and cooled at 300”C/hr (slow 
cooling replaces annealing step). 
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transition at 20K and 21K, respectively (19). Wang et al. have 
studied T, as a function of rare-earth composition in the series 

Nd I 85_xLa,Ce, &u04 (Osxsl) and Eul.,,_,La,&-,,sCuO, (0 I x 
I l.2). They. find a clear maximum in T, in these and other 

systems when rare-earth substitution results in a lattice parameter 

a=3.95 A, corresponding to an in-plane Cu-0 bond length of 1.95 

A (7). For comparison, the optimum Cu-0 bond length for 

superconductivity in the hole-doped La,CuO, based systems is 

1.888 A. 
The thorium substituted system Nd,_,Th,CuO, resembles 

Nds_,Ce,CuO, in its chemical and crystallographic behavior (2). 

The systematics of the fluorine substituted system Nd,CuO,_,F, are 

much harder to determine because of the possibility of fluorine 
loss by hydrolysis during synthesis and the difficulty of measuring 

fluorine content accurately. It is clear that Nd&uO,_,F, has a 

smaller stability range than Nd,_&e,CuO,, the limiting composition 

being approximately Nd,CuO,.,,F,,,, (3)( 19). Hence, in this system 

overdoping into a metallic, nonsuperconducting regime is not 

possible. The superconducting region is quite narrow; no super- 

conductors with ~~0.15 have been made. The reasons for the 

upper limit for F substitution are discussed below. 

The lattice parameters of Nd,_,Ce,CuO, show little 

variation with x. there is a small (-lo/o), apparently monotonic 

shortening of the c axis, which is believed to be due to the smaller 

ionic radius of Ce4+. In the ab plane this effect is counteracted 

by the fact that electron-doping relieves tension in the CuOs2- 

layers, so that there is almost no change at all(-0.1%) in the a axis 

(Figure 3). Several X-ray (15) and neutron (25)(33) powder 

diffraction studies have concluded that the superconducting 

composition is single-phase with an undistorted T’-Nd,CuO, 

structure down to 4.2K and few defects. X-ray diffraction data 

on the thorium and fluorine substituted superconductors also show 

an undistorted T’ structure, with lattice parameters very little 

changed from Nd,CuO,. 

However, at this point we should note that the electron- 

doped superconductors are not strictly single phase. Electron 

diffraction studies on both single crystals and ceramic supercon- 

ducting samples have shown that they almost invariably, contain 

two phases; one phase has the undistorted T’-Nd,CuO, structure, 
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the other exhibits a superlattice modulation of the T’ structure. 

The superlattice reflections in electron diffraction were discovered 
independently by several groups, with differing interpretations of 

the nature of the supercell (25)(26). Measurements made in our 

laboratory have shown that the superlattice modulation is 

characterised by a wave vector q=( l/4,1/4,0) parallel to the CuOs2- 

planes of the T’ structure. The superlattice phase exists in four 

possible variants with its c axis parallel to the four [ 11 l] zone axes 

of the underlying tetragonal lattice (26). The nature and origin of 

the distortion giving rise to the superstructure is still unknown; 

it must be very small since the few superlattice reflections that 

have been seen in X-ray and neutron powder diffraction patterns 

are four orders of magnitude weaker that the principal reflections. 

Some clues are provided by the phenomenology of the superlattice, 

which can be summarised as follows (27): 

1. 

2. 

3. 

Superconducting samples all contain both regions of 

superlattice and regions of undistorted T’ structure, often 

within the same grain. 

Samples quenched from high temperature (1100°C for 

Nd,,,Ce,CuO,, 890°C for Nd,CuO,_,F,J contain little or 
no superlattice. On annealing these samples at 400-700°C 

regions of superlattice form within minutes; this process 

can be observed directly in the electron microscope by 

means of a hot stage. 

Identical regions of superlattice were seen in Nd,_,Ce, 

CuO,, Nd,CuO,_,F,, and undoped Nd,CuO,. We can 

conclude that superlattice formation is not due to substi- 

tuent ordering. It could be due to ordering of oxygen 

defects or interstitials or to charge ordering on copper. 

At present it is not known whether the superlattice or the 

undistorted T’ phase or both are responsible for superconductivity, 

although there are reports that single crystals of NdlssCe,~l,CuO, 

with high Meissner fractions (>60%) do not contain any superlattice 

(28). 
The two-phase nature of all ceramic samples of the 

electron-doped superconductors probably accounts for their less 

desirable properties, including low Meissner fractions in many 

samples, low and nonmetallic conductivity in the normal state, and 
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the difficulty of making good single crystals and thin films. It 

must be taken into account when considering the best synthetic 

route to these materials. It may also explain why superconductivi- 

ty in Nd,_,Ce,CuO, is only seen in the narrow composition range 

0.15~~~0.18, with an abrupt cutoff for ~~0.15. The phase separat- 

ion also means that data from physical measurements in ceramic 

samples of the electron-doped superconductors should be interpret- 

ed with caution; for example, two XPS studies have indicated that 

electron doping gives rise to localised Cu+ ions (16)( 17); this may 
be a result of charge ordering in the superlattice regions and not 

apply to the whole sample. 

4.0 CHEMICAL SYNTHESIS AND ANALYSIS 

The original report of superconductivity in Nd,_,Ce,CuO, 

by Tokura et al. (1) described the synthesis as follows: an initial 

reaction of Nd,O,, CeO,, and CuO in the correct stoichiometric 

proportion at 1150°C in air followed by “reduction” at 900°C in 

flowing argon containing 100 ppm of 0,. Subsequent preparations 

reported in the literature are similar, but the initial reaction 

temperature is usually given as 1100°C with optimum conditions 

for the reduction step variously reported as 1050°C in argon 

containing 100 ppm of 0, followed by 550°C for 10 hours in the 

same gas flow (18), 910°C in flowing CO, for 16 hours (32), 900°C 

in flowing argon for 12 hours (20), 910°C in flowing helium for 

12- 14 hours (21), or an unspecified temperature in a sealed, 

evacuated silica tube in the presence of zirconium metal to act as 

an oxygen getter (33). Reported Meissner fractions for ceramic 

samples are in the range 15-60%. Improved results have been 

reported when the CeO, starting material is freshly made from 

Ce(CO,), by calcining at 900°C (34), and when the initial reaction 

step is carried out over a period of days at 1100°C with intermit- 

tent grinding and pelletising. Both of these procedures result in 

a more uniform distribution of cerium in the product. From the 

published data and our own results the varying reaction conditions 

used to prepare Nd,_,Ce,CuO, can be rationalised as follows: the 

initial reaction step in air must be carried out at a temperature 

as near as possible to the onset of partial melting in Nd,_,Ce, 
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CuO,, which takes place near 1150°C. The high temperature is 

needed because of the refractory nature of CeO, and in order to 

drive the equilibrium 

(1-x/2) NdsCuO, + x CeO, t x/2 CuO = Nd,_,CexCu04 + 42 0, 

all the way to the right-hand side. The reversible nature of this 
reaction requires that samples be quenched after this step to 

prevent reoxidation on cooling. The quenched samples are 
single-phase T’ material by X-ray diffraction. However, samples 

of Nd,s,Ce,,,sCuO, quenched from 1100°C show little or no 

superconductivity. The “reduction” step at lower temperature is 

needed to make strongly superconducting material. It is question- 

able whether much actual reduction takes place in this step; it is 

probably better described as an annealing. Some groups have 
found that the annealing step results in loss of a small amount of 

oxygen (approx. 0.03 oxygens per formula unit), based on iodome- 

tric titration and thermogravimetric reduction data (7)( 18). Others 

report no change in oxygen content (21)(32), and two high-resolut- 

ion neutron powder-diffraction studies have failed to find 

interstitial oxygen in the quenched samples or any change in lattice 

parameters or oxygen content in the annealing step (25)(33). In 
fact, we have found that the reducing conditions can be dispensed 

with completely and replaced by annealing the samples quenched 

from high temperature at 900°C overnight in a sealed, evacuated 

silica tube. Electron diffraction shows that this annealing results 

in a microscopic disproportionation of the material into regions 

with and without the superlattice modulation of the T’ structure 

described above. Clearly, it is one of the phases formed in this 

disproportionation that is responsible for superconductivity, hence 

the need for a final reaction step at temperatures low enough for 

disproportionation to take place, under conditions that prevent 

reoxidation of the Ce-doped material. Since the superlattice 
modulation could be due to ordering of oxygen defects/interstitials 

it may also be possible to improve superconducting properties of 

ceramic Nd 1_85Ceo~15Cu04 by reduction or cycling of oxygen. 

However, as we shall see, the deviations from the ideal oxygen 

stoichiometry of 4.00 in the superconductors are so small that 

systematic studies are difficult. 
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The conditions for the synthesis of the thorium-doped 

superconductor Nd,.,, Th,,,,CuO, are reported to be the same as 

those for the synthesis of Ndls,Ceu&uOl. The final annealing 

step was carried out at 910°C in flowing He. The synthesis of the 

fluorine-doped superconductor Nd,CuOs,,F,~,, is somewhat 
different because the higher mobility of fluoride ions makes high 

temperatures unnecessary for the initial reaction step. In fact, high 

temperatures should be avoided because of the volatility of CuF. 

The starting materials are NdsOs, NdF,, and CuO with the NdFs 

present in slight excess. The best results were obtained with NdFs 

freshly prepared by precipitation, probably because its extremely 

small particle size improves product homogeneity. The initial 

reaction step is carried out at 900°C in dry air for 14 hours and 

results in a mixture containing Nd,CuOs.,F,., with small quantities 

of NdOF and CuO. More fluorine substitution is needed to make 

Nd,CuO,_,F, superconducting; this is achieved by reducing the 

mixture under carefully controlled conditions; typically 890°C for 

14 hours under flowing N, containing 60 ppm of 0,. Figure 6 

shows the results of a study of the stability of Nd,CuO,_,F, as a 

function of oxygen partial pressure (~0,) at 890°C. The pressure 

was controlled by means of an yttria-stabilized zirconia cell that 

could supply potentiostatically controlled ~0,‘s down to lo-’ atm. 

The figure shows that Nd,CuO,_,F, with x>O.l is only stable at 

890°C when the pose 2 x 10m4 atm and that a slow reductive 

decomposition to NdsOs, NdOF, and CusO takes place for ~0~x5 

x lOA5 atm. Hence, superconducting samples can only be made in 

the narrow p0, range indicated. Data obtained at other tempera- 
tures showed that NdsCuO,_,F, with ~~0.1 was stable in a narrow 

but higher p0, range at higher temperature and at lower p0, at 

lower temperature. For this reason, there is no single p0, for 

which the superconducting material is stable at both high and low 

temperature and it is essential to quench samples after the 

reduction step to prevent reoxidation on cooling (29). The relative 

ease with which reductive decomposition takes place in Nd,CuO,_, 

F, limits the maximum level of fluorine doping to x-0.18. 

Reductive decomposition takes place even more readily in Ln, 

CUO~_~F~, where Ln=Sm, Eu, or Gd, with the result that pure, 

superconducting ceramics could not be made in these systems, 

although there are indications of superconductivity in the Sm and 
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Figure 6: Stability versus oxygen partial pressure of Nd,CuO,_,F, 
at 890°C. 
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Eu systems. On the other hand, superconducting Pr,CuO,_,F, can 
be made; it appears to have a lower T, than the Nd compound. 

Samples of Nd&uO,_,F, quenched from high temperature 

(89OOC) are never superconducting (Figure 5). Suitably doped 

samples must be annealed in sealed, evacuated silica tubes at a 

temperature between 300 and 700°C for 2-6 hours to make them 

superconducting; in some cases samples prepared in this way have 

Meissner fractions of over 60%. There is no change in the average 

oxygen content, average copper oxidation state, or X-ray diffrac- 

tion pattern in the final annealing step. As discussed above, the 

annealing induces a microscopic disproportionation of the Nd,- 

CUO~_~F, into two phases, one of which has a superlattice 

modulation of the T’-Nd,Cu04 structure that is nearly invisible by 

X-ray diffraction but clearly seen in electron diffraction. It 

appears that the superlattice in Nd,_,Ce,CuO, is thermally more 

stable than that in NdsCuO,_,F,, since Nd,CuO,_,F, samples 

quenched from 890°C contain no superlattice, whereas Nd,_, 

Ce,Cu04 samples annealed at 900°C have fully formed superlattice 

regions. 

Determination of Ce or Th concentrations in the Nd,_, 

Ce,CuO, and Nd,_,Th,CuO, systems has been done by XPS, flame 

photometry, and refinement of neutron powder diffraction profiles. 

The last method gives a direct measurement of the amount of Ce 

actually substituted for Nd in the structure. However, determina- 

tion of fluorine content in Nd,CuO,_,F, is a more difficult 

problem. Fluorine substitution has virtually no effect on crystallo- 

graphic lattice parameters or X-ray and neutron diffraction peak 

intensities. Fluorine content cannot be determined by the standard 

method of dissolution in acid followed by measurement of F- 

activity with an ion-selective electrode because of interference 

from NdS+. The only analytical technique to have been employed 

is reaction with steam at 900°C in a platinum tube followed by 

determination of the liberated HF, a difficult and inevitably 

inaccurate procedure. The fluorine content has also been measured 

by comparison of 0 and F 2p intensities in XPS (19). Fluorine 

content can be determined indirectly from the average copper 

oxidation state obtained by iodometric titration or thermogravi- 

metric reduction in hydrogen, provided that there are no oxygen 

defects/interstitials present in the structure (see below) and that the 
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sample is completely free from CuO and Cu,O. The latter 

condition is seldom satisfied in real samples. 
The other compositional variable in the electron-doped 

superconductors is the oxygen content. It is well known that 

low-temperature (500°C) oxygenation of LasCuO, results in a 
material of composition La,CuO,+S, where 6~0.13 and the extra 

oxygen occupies interstitial sites in the La,CuO,, giving rise to a 

complex distortion of the structure (30). It is important to know 

the exact oxygen stoichiometry in the electron doped superconduc- 

tors both because oxygen defects and interstitials have an effect on 

the average copper oxidation state and because ordering of oxygen 

defects or interstitials could be responsible for super-lattice 

formation in these materials. There is some disagreement in the 

literature on the subject of oxygen content in the superconducting 

phases, although it appears that any deviation from the ideal 

oxygen stoichiometry of 4.00 is small. One report based on 

iodometric double titration claims that there is interstitial oxygen 

present and that the superconducting phase in the Nd,_,Ce,CuO, 

system 1s Nd,.,, Ceu~,,CuO,, where S=O.O5 (31). Other reports 

based on iodometric titration and thermogravimetric reduction give 

6=-0.01 (7)(32), S=-0.02 (21), and 6=-0.04 (18). Recent high-resol- 
ution powder neutron diffraction studies on superconducting 

Nd,,,Ce,-,,,CuO, have given 6 values of -0.06 (25) and 0.00 (33). 
The fact that the overall oxygen content is near stoichiometric does 

not rule out the possibility that segregation into superlattice/non- 

superlattice regions in these materials is due to oxygen dispropor- 

tionation within the sample, although such a disproportionation 

would be expected to show up in the neutron powder diffraction. 

5.0 SINGLE CRYSTALS AND THIN FILMS 

Very soon after the first report of superconductivity in 

Ndl.8SCe0.15 CuO,, Hidaka et al. succeeded in making superconduct- 

ing single crystals of this composition (35). This achievement was 

soon repeated by others using basically the same technique (36)(37). 

The crystals are grown in air from a CuO flux containing excess 

cerium at high temperature. Typical charges are composed of 

simple oxides with compositions described by Nd:Ce:Cu atomic 
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Table 1. Structural Parameters and Calculated X-ray Powder 
Diffraction Pattern of Nd,_,Ceo,sCuO, (Structural 
Parameter From ref. 25) 

Teuagonal - Space Croup 14bmm a = 3.9469 A c = 12.0776 A 

-_x/a!&? Atom Site zk Bi, (A*) Fractional 
occupiulcy 

Nd 4e 0 0 0.3525 0.32 0.925 
Ce 4e 0 0 0.3525 0.32 0.075 
Cu 2a 0 0 0.48 1 
0 (1) 4c 0 0 1: 0.71 0.99 
0 (2) 4d 0 l/2 l/4 0.49 0.97 

Calculated pattern for CuK, (h. = 1.5418A) 
diffractometer as follows: 

hkl 28 d/A Relative Intensity 

002 14.67 6.039 0 
101 23.72 3.75 19 
004 29.58 3.0194 3 
103 31.75 2.8184 I 100 
110 32.07 2.7909 36 
112 35.43 2.5334 0 
105 43.95 2.0603 3 
114 44.19 2.9495 19 
006 45.04 2.0129 7 
200 45.99 1.9734 27 
202 48.53 1.8758 0 
211 52.38 1.7466 5 
204 55.64 1.6519 3 
116 56.35 1.6326 13 
213 56.96 1.6166 37 
107 58.37 1.5809 ,7 
008 61.41 1.5097 2 
215 65.49 1.4252 2 
206 66.33 1.4092 8 
220 67.07 1.3954 8 
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percentage ratios such as 351055 or 26:2:72. The charge is heated 

to 1300°C in an alumina crucible, held at this temperature for 2-4 

hours and cooled at 2-6”C/hour to lOOO”C, followed by rapid 

cooling. Since the molten CuO has a strong tendency to creep out 

of the crucible at 1300°C the crystal growth is best carried out in 

a tall, narrow crucible which is then placed in a wider and shorter 

crucible; the resulting temperature gradient in the inner crucible 

helps minimise loss of CuO. After this procedure crystals of 

Nd2-x Ce,CuO, can be separated from the residual charge. The 

crystals do not have the same composition as the bulk charge and 
are frequently contaminated by CuO inclusions. Those that contain 

enough cerium still need to be annealed at 900°C in flowing argon 
to induce superconductivity. Superconducting single crystals 

prepared in this way show sharp resistive transitions and metallic 

conductivity above T,. Superconducting single crystals have so far 

been made only in the cerium-doped system. 

There have been some reports of superconducting thin 

films of Nd,_,Ce,CuO, prepared by laser ablation (38)(39). The 

films are prepared from sintered Nd,,,Ce,-,,,CuO, targets on 

heated (lOO)-SrTiOs substrates. Typical conditions are 500°C at an 
ambient oxygen pressure of 10m4 atm, followed by annealing at 

900°C. 

6.0 SUMMARY 

This chapter has reviewed the state of knowledge about the 

electron-doped superconductors approximately one year after the 

discovery of superconductivity in Ndl&e,,,,Cu04. Since then, it 

has been shown that superconductivity exists in the Pr, Sm, and 

Eu (but not Gd) analogs of Nd,s,Ce,~,,Cu04 and in solid solutions 

of these. It has also been shown that electron doping can be 
achieved in these systems by substituting Th4+ for Lns+ (Ln=Nd, 

Sm,Eu) and by substituting F- for 02-. The systematics of Nd,_, 

Ce,Cu04 have been worked out and single crystals in this system 

grown. According to X-ray and neutron diffraction studies, the 

electron doped superconductors have an undistorted T’-Nd,CuO, 

structure with oxygen stoichiometry very close to 4.00. However, 

electron diffraction has revealed that all ceramic superconducting 
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samples are biphasic: they contain regions with the T’-Nd,CuOl 
structure and regions with a superlattice modulation of this 
structure, often within the same grain. It has been shown that the 
final low-temperature annealing step that is essential for the 
synthesis of all electron-doped superconductors has very little 
effect on the overall chemical composition of the materials, but 
is necessary to form the regions of superlattice. The two-phase 
nature of the superconducting ceramics could account for their low 
and non-metallic conductivity in the normal state and for the very 
narrow (0.14<x<O.17) and asymmetric composition range of 
superconducting Nds_,CexCuOl. The two-phase nature of the 
superconducting ceramics also means that the true composition of 
the superconducting phase in this system is unknown, so that it 
still cannot be stated with absolute certainty that reduced copper 
is responsible for superconductivity. Current research in high-re- 
solution neutron diffraction and the preparation of single crystals 
free from superlattice should answer some of these questions. 
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X-Ray Identification and Character- 
ization of Components in Phase 
Diagram Studies 

J. Steven Swinnea and Hugo Steinfink 

The discovery of unusual physical or chemical properties in 

multicomponent systems demands the isolation and chemical and 

physical characterization of the single component which is 

responsible for the observed effect. In many instances the 

resulting search is less than systematic and depends more on 

serendipity than on careful experimentation. As an example, many 

of the early attempts to discover the compound responsible for 

superconducting transition temperatures in the 90K range were 

sometimes haphazard when viewed in terms of synthetic techniques. 

While certainly an exciting event, the discovery of truly 

novel effects in solid state materials is rare. The design of new 

materials that will incorporate desired properties requires careful 

investigation of compounds in a given chemical system. Generally, 

the approach most often used for solid state materials is to mix 

various ratios of starting components, process this mixture in some 

way, usually by heating, to effect reactions among the components, 

and then to analyze the results of the processing step. The 

characterization step in this approach may include, but not be 

limited to, optical and electron microscopy, X-ray diffraction, or 

separation of reaction products on the basis of physical properties. 

The results of the characterization steps then serve as a guide 

towards the synthesis of the desired phase. If starting materials 

appear in the reaction product, the mixture might be reprocessed 

to insure that the reaction has reached equilibrium. If the charac- 

450 
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terization indicates that a new phase or phases are present in the 

reaction product, an attempt is made to obtain them in pure form. 
The information gleaned from. the reaction is used to prepare new 

reaction mixtures or the suspected new phases are culled directly 

from the multicomponent product. This is a laborious, time 

consuming process and the effort can be shortened considerably by 

a systematic approach to synthesis of new materials. The basis for 

this type of approach is the phase diagram and for most solid 
materials X-ray diffraction, supplemented by a variety of other 

techniques, is the tool of choice for identifying components in 

multicomponent mixtures. Recognizing the importance of these 

two subjects, the phase diagram and X-ray diffraction techniques, 

it seems appropriate to review the applicable theories and practices 

before turning to a practical example, the isolation of the high-T, 

superconductor YBasCusOz. 

1.0 THE GIBBS PHASE RULE 

In discussing chemical systems, one must be aware of the 

rules which determine the chemical species that are permitted to 

occur for a given set of conditions. The basic rule governing 

systems which are considered to be in thermodynamic equilibrium 

was first stated by J. Willard Gibbs as early as 1876. The Gibbs 

phase rule relates the physical state of a mixture with the chemical 

species of which it is composed and is given in its simplest form 

as 

PtF=Ct2. 

This relationship holds for any chemical system which is subject 

to variations in temperature, pressure, and proportions of its basic 

components and describes the number of phases P present in terms 

of the system’s degrees of freedom F and the number of compo- 

nent species C. Even though the phase rule is simple in form, it 
is not limited in its ability to describe very complex systems. 

Equilibrium effects arising from the presence of surface tension, 

stress, magnetic fields, etc. can be accounted for by the incorpora- 
tion of additional degrees of freedom into the phase rule. Such 

effects, however, will not be considered in this discussion. 
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We normally think of gases, liquids, and solids as phases. 
In a stricter sense the phases in a chemical system are the 
chemically and physically homogeneous states of aggregation of the 
system which could conceivably be segregated by mechanical 
means. A single phase may be one unit or may consist of finely 
divided subunits. Thus ice is a single solid phase whether it exists 
as a block or is divided into fine chips. Only one gaseous phase 
may exist in a given system as gases are considered to be com- 
pletely soluble in one another. While the liquid phase is usually 
a single phase, some liquids are insoluble or have limited solubility 
in one another, and thus multiple liquid phases are possible in a 
system. Solids with different compositions as well as solids with 
the same composition and different crystal structure are normally 
considered to be separate phases because they can be physically 
separated from one another. 

The degrees of freedom F in the phase rule refer to the 
number of externally controllable conditions of the system which 
must be specified to define uniquely the state of the system at 
equilibrium. In chemical systems the controllable variables are the 
temperature, pressure, and the proportions of the components of 
the system. The degree of freedom has a direct parallel in algebra 
where the “phase rule” is 

F=U-J 

where U is the total number of variables (components) and J is the 
number of independent equations (phases). Thus a system of 
equations such as 

x = 2y + 32 
4x = 7y + 28 

has one degree of freedom even if a variable (and an equation) is 
eliminated. This single degree of freedom indicates that the 
algebraic system is completely determined by arbitrarily selecting 
the value of one variable. 

The number of components in a chemical system is often 
more difficult to determine than the number of variables in an 
algebraic system of equations. Ideally, the number of components 
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is defined as the smallest number of compositional terms capable 
of independent variation in their proportion in the system and 
necessary to describe the composition of each and every phase in 
the system. In elemental systems the number of components is 
obvious. Iron is a one component or unary system, two metals 
comprise a two component or binary system and three metals 
comprise a three component or ternary system. If the substances 
in the system are compounds rather than simple elements, a more 
careful consideration of possible species is necessary to determine 
the number of components. NH&I for instance is considered to 
be a unary system even though the gas phase dissociates into 
discrete NH, and HCl particles. In this system, the gas phase 
always has the overall composition NH&l and upon condensation 
will always give the single component NH&l. Because CaCO, 
dissociates into solid CaO and gaseous CO,, it is part of a binary 
system if a gas phase is present. The single component CaCO, 
cannot properly describe the gas and solid phases in this system 
and the components CaO and CO, must be chosen. 

In most systems the components are chosen so that all the 
phases in the system can be represented by additive proportions of 
the components. The system Na,SO,-SO,-H,O is ternary, all 
known phases being reaction products of additive mixtures of the 
three components. In addition to the simpler additive system is 
the metathetical or reciprocal system in which negative proportions 
must be introduced. An example of this is the system consisting 
of the four solids, BaCO,, Na,S04, BaSO,, and NasCO,. Although 
there are four interacting ions in this system, their proportions are 
not independently variable and thus this is actually a ternary 
system in which any phase may be represented in terms of three 
of the four salts, e.g. pure BaCO, = BaSO, + Na,COs - NasSO,. 

The previous examples help us to understand the nature of 
a component. While the ions in a system are instrumental in 
determining the chemical species possible in a system, they cannot 
be considered components of the system because they are not 
substances which are capable of separate existence in the system. 
Thus it becomes apparent that only true chemical substances such 
as BaSO, above are capable of independent existence and, hence, 
independent variation in proportion and therefore may serve as 
components. 
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Before moving on, it is wise here to note two important 

limitations of the phase rule. The criteria for components only 

prescribe that they be able to represent each phase in the system. 

The phase rule says nothing about how these components may 

combine to give other species and, thus, does not define the 

number or nature of other species in the system. That is, given 
the components CaO and CO,, the phase rule cannot predict the 

existence of the intermediate compound CaCO,. 
In a like manner, the phase rule cannot differentiate 

between global and local equilibrium states. For a given tempera- 
ture, pressure, and composition, there is a minimum value of the 

free energy, the equilibrium state. However, local minima, lying 

at higher values of the free energy, may exist. As the system 

approaches equilibrium, it may become trapped in one of these. 

higher lying minima. Such a state is considered to be metastable. 
To reach the true energy minimum an energy barrier must be 

surmounted. This may not be possible for the given conditions of 

pressure and temperature and the metastable state appears to be the 

equilibrium state. A well known example is the diamond-graphite 

system. At ambient conditions diamond is thermodynamically 

metastable, yet kinetically stable, relative to graphite. It may be 

difficult or even impossible to determine whether a new system 

is in a metastable or equilibrium state. 

2.0 PHASE DIAGRAMS 

While the phase rule itself is a powerful tool in the study 

of phase equilibria, it becomes even more elegant in its graphical 

manifestation, the phase diagram. Phase diagrams provide a 

convenient means for recording exactly which phases of a given 

system are present for a given set of conditions. Because of phase 

rule restrictions, the phase diagrams for unary, binary, and ternary 

systems vary in complexity and are constructed in different 

manners. 

The unary phase diagram is seldom used in solid state 

syntheses. However, the unary diagram forms the basis for the 

phase diagrams of multicomponent systems. Since there are no 

composition variables, the only externally controllable variables in 

a unary system are simply the temperature and pressure. For this 
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reason it is common practice to express the phase diagram as a two 

dimensional plot of pressure versus temperature as shown in Figure 

1. The phase rule for a unary system allows for bivariant, 

univariant, and invariant behavior, and these behaviors may all be 

represented on the diagram. 
Bivariant behavior, for which both temperature and pressure 

are allowed to vary independently, fixes two degrees of freedom 

and restricts the system to a single phase. This is represented on 

the phase diagram as an open area. Since there is only one 

component, there may only be single areas for the liquid and vapor 

phases, but several areas corresponding to solids of different crystal 

structure may exist. 
Univariant equilibrium for which there is one degree of 

freedom, represents the equilibrium between two co-existing 

phases. Since there is only one degree of freedom, choosing a 

value for one external variable, e.g. temperature, determines the 

remaining variable in a dependent manner, and the locus of points 

represented on the phase diagram for univariant behavior must lie 

on a line or curve. Thus the curves on the unary phase diagram 

represent solid-liquid, solid-vapor, solid-solid, and liquid-vapor 

equilibrium. 
Invariant behavior occurs at the intersection of three 

univariant curves. This intersection defines a point at which three 

phases are in equilibrium. At these so called triple or invariant 

points, there are no degrees of freedom and both temperature and 
pressure assume fixed values. 

The unary diagram is used to predict the phase behavior of 

a pure substance undergoing a change in temperature or pressure. 

The effect of heating or cooling a material at a fixed pressure (an 
isobar) is studied by traversing the diagram of Figure 1 horizontal- 

ly. At any given temperature the vapor pressure of the substance 
can be read from the solid-vapor or liquid-vapor curves. In a like 

manner one can study the effect of changes in pressure at constant 
temperature by following a vertical line, an isotherm. 

Because there is an added term, the composition, binary 
systems are inherently more complex than unary systems. In order 

to completely represent the phase diagram of a binary system a 
three dimensional pressure-temperature-composition (P-T-x) 

diagram can be constructed. However, it is a more common 
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Figure 1. Phase diagram for a one-component system with two solid 
phases. 

Figure 2. Phase 
phous system. 
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A Composition B 

diagram for a condensed two-component isomor- 
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practice to present the phase diagram as a two dimensional T-x 
diagram with fixed pressure. 

The appearance of a binary T-x diagram depends on the 
mutual solubility between the two components. An isomorphous 
system is one in which there is complete solubility and can be 
represented by a diagram such as Figure 2. In a condensed, i.e. 
no vapor phase, isomorphous system, there are two single phase 
regions, a liquid L and a solid Q! and a two phase region L+a. 
The single phase regions are trivariant so that all three external 
variables must be fixed to satisfy the phase rule. The two phase 
region must be bivariant according to the phase rule and since the 
two phases must be in physical contact, these are subjected to 
identical temperature and pressure. This implies that once the 
temperature is chosen at the fixed pressure, the composition of the 
solid and liquid phase in equilibrium must also be fixed. This is 
the case and the graphical representation of this equilibrium is the 
tie-line. 

The dotted horizontal line (an isotherm) in Figure 2 is a 
tie-line which connects a-point (a) on the solidus line with a point 
(b) on the liquidus line and passes through the overall system 
composition at x. The compositions at a and b are respectively the 
compositions of the solid and liquid in equilibrium at the given 
conditions. Given the overall composition x one can calculate the 
relative amounts of the solid and liquid phases using the “lever 
principle.” If the total length of the tie-line is taken to represent 
lOO%, then the length xb divided by the length ab represents the 
fraction of solid present and the length ax divided by the length 
ab represents the fraction of liquid present. While the concepts of 
the tie-line and lever principle are rather simple, they are 
powerful tools in the study of phase diagrams and are used 
extensively in the study of equilibrium systems. 

In binary systems in which there is no mutual solubility of 
the two components, equilibrium between two solid phases can 
occur. A region such as this is indicated as QI + /3 on the 
condensed phase T-x diagram depicted in Figure 3. There are 
three single phase regions in this diagram. The solid phase regions 
Q! and B are respectively a region in which a limited amount of 
component B is allowed to dissolve in crystal structure Q and a 
region in which a limited amount of A is allowed to dissolve in /3. 
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A Composition B 

Figure 3. Phase diagram for a two-component system with no 
intermediate compounds displaying limited solid solubility for CY and 
8. 

A Composition 
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L+a L+Y P 

1 I a+y P+r 

II 

B 

Figure 4. Phase diagram from a two component system with one 
intermediate compound, 7, which exhibits peritectic melting and 
displaying limited solid solubility for Q! and 8. 
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The other single phase region is the liquid L. In addition to the 
two phase or+p region, there are two other two phase regions L + 
a! and L + /3. Just as in the isomorphous diagram the solidus and 
liquidus lines are connected by tie-lines of constant temperature. 
In a like manner, the CY + /I region is also considered to possess 
tie-lines joining the two solid-solution or solvus curves. 

In Figure 3 there is a special point at which a liquid of 
composition e is in equilibrium with two solids of composition a 
and b. This is called a eutectic point and is the only liquid that 
can coexist with two solid phases. Notice that the phase rule 
allows one degree of freedom at the eutectic and since the pressure 
has been previously selected, there are no other choices for 
conditions. In other words, three phase equilibrium in binary 
systems occurs at fixed temperature and composition at an isobaric 
section through phase space. The phase diagram indicates that a 
liquid with the eutectic composition will decompose into two solid 
phases upon cooling. This decomposition is called a eutectic 
reaction. Other three phase binary reactions which can occur upon 
cooling are the monotectic in which a liquid decomposes into a 
solid and a second liquid and the eutectoid in which a solid 
decomposes into two new solids. Likewise, decomposition reactions 
may occur upon heating. The possible reactions in this case are 
the peritectic in which a solid decomposes into a solid and a 
liquid, point p, Figure 4, the syntectic in which a solid decomposes 
into two insoluble liquids, and the peritectoid in which a solid 
decomposes into two new solids. 

The presence of intermediate compounds in a binary system 
alters the appearance of the phase diagram. Figure 4 illustrates a 
simple system in which compound 7 forms and decomposes at p at 
a temperature above the eutectic, i.e. a peritectic reaction. Because 
the composition of 7 is fixed, it is represented by a vertical line 
on the diagram and is designated as a line compound. The effect 
of this compound is to divide the solid region Q + p into two new 
regions, 01 + 7 and p + 7, and to add another solid-liquid equilib- 
rium region L + 7. Similar constructions are possible for com- 
pounds which decompose below the eutectic and for compounds 
which are stable at their melting points. 

The construction of a phase diagram in a ternary system 
poses an added difficulty. In this system there are four indepen- 
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dent variables, temperature, pressure, and two compositional terms, 
requiring a four-dimensional diagram. Once the pressure is fixed, 
there are still three variables, and the complete phase diagram must 
be represented by a three dimensional figure. This is normally 
done by assigning the two compositional variables to a plane and 
taking temperature as a perpendicular axis to this plane. The 
composition plane is normally taken to be an equilateral triangle so 
that the proportions of all three components can be read directly. 
The three dimensional figure is then a triangular prism with a 
horizontal section being an isothermal, isobaric composition 
triangle. 

Figure 5 is such a composition triangle. The three corners 
A, B, and C represent the pure components of the ternary. The 
sides of the triangle represent binary combinations of the three 
components. In a full three dimensional representation of the 
ternary diagram the sides become binary T-x diagrams. Interior 
points on the composition triangle represent ternary mixtures or 
compounds. Since an apex of the triangle represents 100% of a 
component and the opposite side 0% of that component, a set of 
equally spaced lines drawn parallel to the opposite side divides the 
triangle into lines of constant composition for the apical compo- 
nent. Constructing parallels for all sides then allows the propor- 
tions of all three components to be read directly from the diagram. 

A more useful method for determining composition allows 
the fractions to be read from the sides of the triangle. Given a 
point on the triangle, one of the components is chosen and lines 
are drawn from the point of interest parallel to the sides adjacent 
to the chosen component. In ‘Figure 5 the point is P, the chosen 
component is B, and the lines FP and GP are constructed parallel 
to the sides BA and BC. This divides the side AC into three line 
segments AF, FG, and GC. The lengths of these line segments are 
then proportional to the amounts of A, B, and C in the following 
manner, xA = GC/AC, xB = FG/AC, and xc = AF/AC. Note that 
the central line segment FG is always a measure of B, the 
component not located on the line. The two outer line segments, 
GC and AF, just as in the case of the two component lever 
principle, always determine the proportion of the components at 
the opposite end of the line, A and C respectively. This construc- 
tion also applies to composition triangles which are not equilateral. 
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Figure 5. The three component composition triangle. 

C 

Figure 6. Phase diagram of a three-component system consisting of 
one binary and one ternary compound. Boundary curves are solid and 
composition lines are dashed. The arrows indicate the direction of 
falling temperature. 
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Consider the triangle ABD and a mixture at P composed of A, B, 

and D. In this case D is a binary compound composed of A and 

C. The component A is chosen and the lines IP and HP are 

constructed parallel to AD and AB. This divides the side DB into 

segments DI, IH, and HB and the proportions are then x,, = 

IH/DB, xn = DI/DB, and x,, = HB/DB. This extension to non- 

equilateral triangles is useful when working in systems in which 

equilibrium is established among compounds in the ternary system 

which do not lie at the apices of an equilateral triangle. 

There are a few other useful properties of the composition 
triangle which should be noted: 

1. The proportion of a component along a line parallel 
to the opposite side is constant. Thus the fraction 
of C in any composition along the line DE is 
constant. Such a line is called an isopleth. 

2. The ratio of two components is constant along a 
line through the third. The ratio A/C is then 
constant along the line DB and is equal to DC/AD. 
This is useful in situations in which a diluent is 
added to a mixture. B can be added to the compo- 
sition I and the resulting mixture still lies on the 
line DB closer to B. 

3. The composition of any point, say I, can then be 
represented not only as %A and O/6B, but also in 
terms of %B, and the ratio A/C. 

4. The above holds true for any subtriangle of the 
composition triangle. Thus in any arbitrary triangle, 
the ratio of two of the components is constant along 
a line passing through the third. In the triangle 
IHP the ratio H/P is constant on the line IJ. 

5. If two compositions on the composition triangle are 
mixed, the resulting composition lies on a line 
joining them. In this case the starting compositions 
lie at the endpoint of a binary tie-line and the 
mixture composition can be located using the lever 
principle. 

6. If a complex such as K exists as a mixture of three 
substances I, H, and P, the relative amounts are 
found as follows 
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%I = p x 100 

%P = JH IK xl()() 
HP IJ 

%H = Jp IK xl()o 
HP IJ 

This is just a special case of the concept of center of 
gravity. 

The analysis of ternary phase diagrams is quite involved. 
The behavior of condensed systems is often displayed on composi- 
tion triangles onto which the temperature information has been 
projected so that all information about solid-liquid equilibria may 
be obtained. A somewhat simple system containing a ternary 
compound E and a binary compound D is depicted in Figure 6. 
The composition triangle is broken into fields by the solid lines 
called boundary curves. The field l-5-6-2-C is one in which solid 
C is the major phase and is the first solid to appear when liquids 
with compositions in this field are cooled. There is a temperature, 
a melting point, associated with each labeled point on the diagram 
and the arrows along the boundary curves indicate the direction of 
falling temperature, i.e. the melting temperature at C is higher 
than that at point 1. Along the boundary curves a three-phase 
equilibrium exists between two solid phases and a liquid. For 
example, the two solid phases in equilibrium along 5-6 are C and 
E and along 4-8 the solids are A and D. In this situation the 
phase rule allows two degrees of freedom. One degree of freedom 
is used in fixing the system pressure. The remaining degree of 
freedom demands that the two remaining variables, temperature 
and composition, vary dependently defining the boundary curve. 
Points 1, 2, 3, and 4 represent binary eutectics. Points such as 5, 
6, 7, and 8 are ternary eutectics. At point 7, then, there is a 
four-phase equilibrium between three solids (B, D, and E) and a 
liquid. The phase rule allows only one degree of freedom, so 
fixing the pressure determines all the other external variables and 
the equilibrium appears as a point on the diagram. Upon cooling 
a ternary, only certain solid phases remain. In Figure 6 these are 
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the three primary components A, B, and C, the binary compound 
D, and the ternary compound E. The dashed lines joining these 
phases are called Alkemade lines and divide the composition 
triangle into four smaller triangles. The final product of crystalli- 
zation from any composition in one of these triangles will always 
consist of the three phases found at the apices of that triangle. 
Generally, it is this sub-solidus composition triangle that is useful 
in the study of phase relations in solid state systems. 

The study of phase equilibria and the construction of phase 
diagrams is a complex and difficult undertaking. This review has 
only been offered as a means to introduce concepts and situations 
that aid in the study of condensed materials systems. Nonetheless, 
it does provide the foundation for understanding practical problems 
in materials synthesis. For those who wish to study further, Phase 
Diagrams for Ceramists (1) has an excellent introductory explana- 
tion of phase equilibria which includes an extensive bibliography. 

3.0 PHASE DIAGRAM STUDIES 

Given a system of interest, where does one begin? The 
first step in any phase diagram study is to determine which, if 
any, phases in the chosen system are already known. There are 
several sources for phase information and not all of them are 
obvious. Of course the first place to check is in a compilation of 
phase diagrams. For chemical nonalloy systems there are two good 
references: Phase Diagrams for Ceramists (I), a compilation of 
phase diagrams for condensed systems, and Phase Diagrams: A 
Literature Source Book (2), a bibliographic compilation of general 
systems. In searching for information on a given system it is 
important to also gather information on any subsystems. For 
instance when investigating a ternary, there is often information 
available on at least one of the binaries involved. 

Lacking complete information on a given system, there are 
other avenues available for the preliminary investigation of the 
phase diagram. A thorough search of the literature may turn up 
individual phases in the system. While we have not yet reviewed 
X-ray crystallography, there are several crystallographic databases 
that provide valuable information. The first of these is the 
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Powder Diffraction File maintained and distributed by JCPDS- 
International Centre for Diffraction Data (3). While this database 
is normally used to identify materials via X-ray diffraction 
techniques, its 50,000 entries can also be searched manually and 
electronically for the existence of substances with given elemental 
composition. In addition to X-ray diffraction data and elemental 
information, each entry in this database also contains physical data 
and bibliographic information. CRYSTDAT and CRYSTIN are two 
programs administered by the Canadian Institute for Scientific and 
Technical Information (4). CRYSTDAT is a search tool designed 
to access the NIST Crystal Data File (5) which contains informa- 
tion on some 120,000 compounds which have been characterized by 
diffraction techniques. In addition to crystallographic information, 
the file contains empirical and chemical formula information as 
well as bibliographic information. The Crystal Data File overlaps 
somewhat with the Inorganic Crystal Structure Database (6) which 
is searched by CRYSTIN and contains crystallographic data 
compiled by scientists at the University of Bonn, West Germany 
and McMaster University, Hamilton, Canada. There are approxi- 
mately 30,000 compounds in the database for which structural, 
elemental, and bibliographic information is available. 

Once the literature is searched for existing information, the 
process of synthesis and characterization can begin. As mentioned, 
the synthesis step normally consists of mixing fixed proportions of 
the components and then processing them in some manner. 
Following processing, the reaction product must be characterized 
by some means so that the individual phases are identified. This 
characterization step may employ several techniques, but, because 
it is sensitive to crystalline atomic structure, the technique of X- 
ray diffraction is often the most powerful tool. 

4.0 X-RAY DIFFRACTION 

Most solid materials are crystalline. The atoms that are 
contained in the solid are arranged so that a specific structural 
motif is repeated in a periodic manner in all directions. This 
property is remarkable in that it permits the description of the 
location of every atom in a macroscopic crystalline substance by 
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only describing the location of a few atoms with respect to a three 
dimensional crystal lattice. A lattice is an array of points such 
that the environment about each point in the lattice is identical 
under translations of the type ia + jb + kc where a, b, and c are 
non-coplanar, non-colinear unit vectors and i, j, and k are 
integers. Once the basis vectors are chosen, they can then be 
considered to define an enclosure of the basic repeating unit of the 
crystal. This parallelepiped, known as the unit cell, is described 
by the crystallographic axes a, b, and c and their interaxial angles 
01, p and 7. The choice of a particular unit cell for a given 
crystal structure is not necessarily unique but it is normally 
dictated by the symmetry elements present in the crystal structure. 
The unit cell can contain either a single lattice point, when it is 
designated as a primitive cell, or multiple lattice points, when it 
is labeled as a centered cell. Symmetry constraints allow for the 
classification of all crystals and their lattices into 14 conventional 
lattice types. These so called Bravais lattices are distributed among 
the seven familiar crystal systems listed in Table 1. 

When X-rays illuminate a crystalline material, the atoms in 
the crystal act as scattering centers. Because of the periodic nature 
of crystals, the scatterers can be considered to be associated with 
periodically spaced parallel planes a distance d apart. For certain 
angles of incidence to these planes the X-rays are scattered 
coherently and in phase. The coherent scattering is known as X- 
ray diffraction and the geometric condition required for diffrac- 
tion, the Bragg equation, is given by 

nX= 2dsin0 

where n is an integer, X is the wavelength of the incident X-rays, 
d is the interplanar spacing, and B is the angle between the plane 
and incident X-ray beam. If the X-rays illuminating the sample 
are of a fixed wavelength, i.e. monochromatic, then there is a 
simple relationship between diffraction angle and interplanar 
spacing. 

In X-ray diffraction one is interested in exploring the 
intensity of X-rays diffracted from the crystal planes. Note that 
the Bragg equation does not contain information about the 
scattered intensity from a given plane. It only provides the 
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geometric condition for scattering to be observed. It then becomes 

necessary to label these planes in some systematic way. This is 

best done by describing the planes in terms related to their 

intercepts on the crystallographic axes, a method popularized by W. 

H. Miller. In this construction the fractional intercepts of the 

plane on each axis are determined, the reciprocals of these 

intercepts are calculated, and finally any fractions are cleared to 

leave three integers h, k and 1. In this way the equation of the 

plane can be written in intercept form as @x/a) + (ky/b) + (h/c) 

= n, where n is integral. This form is consistent with the concept 
of periodicity in crystals as consideration of all possible values of 

n leads to the description of an infinite set of equally spaced 
parallel planes for a given set of Miller indices hkl. The concept 

of Miller indices also provides a convenient method for determin- 

ing interplanar spacing, dhkl, which replaces d/n in the Bragg 

equation. These relationships. which relate cfhkl to the unit cell 

parameters are listed in Table 2. 

It is evident from the above that the relative dimensions of 

the crystal lattice determine the diffraction angles in an X-ray 
diffraction experiment. What then determines the diffracted 

intensity? It has been mentioned that the atoms in a crystal 
scatter the incoming X-ray beam. This is not entirely correct, 
though, because the X-rays are actually scattered by the electrons 

associated with the individual atoms. In general a single electron 

has a fixed scattering power and thus the 2 electrons surrounding 

an atom of given atomic number have a combined scattering power 

proportional to that number. This implies that the observed 
intensity is due at least in part to the types of atoms in the unit 

cell. In general the atoms in a crystal do not lie conveniently on 

the lattice planes but instead at some position with coordinates xyz 

in the unit cell. These atoms with different positions in the unit 

cell then impart different phases to the scattered X-rays affecting 

the scattered intensity. Thus there is also an atom position effect 

on observed intensity. When both of these effects, atom type and 

atom position, are considered together, it becomes obvious that the 
scattered intensity in an X-ray diffraction experiment is deter- 

mined by crystal structure. 
It is the goal of any X-ray diffraction experiment to exploit 

both the geometric and structural information available in the dhkl- 



Table!& -%asaFundionofcellParametersforthesix crytisystems 

4kl 

Cubic -$W+k2+C2) 

Hexagonal 

Tetragonal 

Orthorhombic 

h2+k2 P 
7’2 

h2 k2 12 
z+jJ”$ 

h2 p 2hlcosP 
B 

Monoclinic 
;;2+2- ac k2 

+- e 
sin2 p 9 R 

h2 k2 P 
$ 

--gsin2a+ i;zsin2p+ ssin2y+ ab g(cosacosp-cosy) +~(cospcosy-cosa) +g(cosycosa-msP) Ii’ 
Triclinic 



470 Chemistry of Superconductor Materials 

lhkl data. X-ray diffraction can be broadly divided into two 
major techniques, single crystal and powder diffraction. 

The technique of single crystal X-ray diffraction is quite 
powerful. In this technique an individual crystal is oriented so 
that each hkl plane may be examined separately. In this manner 
it becomes a simple matter to determine the unit cell parameters 
and symmetry elements associated with the crystal structure. 
Furthermore, it is also possible to record the intensity for each 
reflection from a given hkl plane and from this determine the 
location of atoms in the crystal, i.e. the crystal structure. While 
the data derived from single crystal X-ray diffraction are very 
valuable, the experiments are sometimes quite time consuming and 
so the technique is limited in its appeal as a day to day analytical 
tool. 

The data from an X-ray powder diffraction experiment, on 
the other hand, can be obtained quickly and are useful in the 
identification of phases in mixtures of crystalline substances. In 
this technique the sample is ground so that it is composed of 
micron sized crystallites and the X-ray diffraction pattern of this 
powdered sample is then recorded. Because the sample consists of 
randomly oriented crystallites, each plane, (hkl), has a definite 
probability of being positioned at its proper Bragg angle. The 
powder pattern can then be either recorded on a photographic film 
or with an electronic X-ray detector. In general the photographic 
method is employed only when small amounts of material, i.e. 
micrograms are available. The powder diffraction method reduces 
the three dimensional hkl information to a single dimension,dhkl. 
This, of course, makes detailed structural determinations difficult, 
but thedhkl-lhklinformation can be considered to be a “finger- 
print” of a given crystalline substance and the powder method is 
thus a useful tool for the identification of unknown phases. 

If the powder diffraction pattern is indeed a fingerprint for 
a given material, then it would seem desirable to have a library of 
the patterns for all known substances. In this way, the powder 
pattern of an unknown material could be compared to the known 
patterns in the library until a match is made. Such a file does 
exist. It is the JCPDS Powder Diffraction File (PDF) mentioned 
earlier (3). The PDF is published annually as a set of consecutive- 
ly numbered “cards” (the idea of a card becoming somewhat 
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obsolete as the PDF becomes more available on electronic media). 
Each card consists of the following information: 

l A PDF card number. 
0 The compound name and the chemical formula. 
. The three most intense d-Z pairs. 
l The largest observed interplanar spacing. 
l An area containing unit cell data, physical proper- 

ties, experimental conditions, and references. 
0 For each observed reflection a listing of d, I, and 

hkl; the latter when known. 

Because of the number of standards in the PDF, it is not 
possible, in general, to search each entry individually. However, 
in many situations the analyst either knows or can make an 
educated guess as to the probable identity of the unknown. In this 
intuitive case, the PDF can be consulted directly and the cards for 
the suspected compounds can be consulted quickly. In fact, when 
a specific phase diagram is being investigated it is common 
practice to obtain powder diffraction patterns of all known phases 
in the system. If the 26 axis of these “reference” patterns is the 
same as that for unknown patterns, an unknown pattern can be 
compared directly to these relatively few standards on an illumi- 
nated viewing table and the diffraction lines from the known 
phases can be identified on the unknown pattern. As new phases 
are discovered and identified, their patterns may then be added to 
this reference file. 

In some systems for which there are known phases and 
even single crystal studies, the powder patterns for the known 
phases have not been deposited in the PDF. In this case there are 
at least three methods for obtaining the necessary patterns. The 
first is obvious; the known phase is prepared and the powder 
diffraction pattern is recorded. However, it is not always possible 
to prepare single phase material of the known phase and so other 
methods must be employed. These other, methods depend on the 
availability of crystal structure data for the desired phase. If the 
crystal structure is known, the complete powder pattern can be 
calculated. If only unit cell data are known, the d-spacings of all 
possible lines for the phase can be determined from the relation- 
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ships in Table 2. In this way Miller indices can be assigned to 
each line arising from the phase in any unknown pattern. This 
process is known as indexing and in principle can be carried out 
in reverse, determining the unit cell parameters by assigning Miller 
indices to lines in an unindexed pattern. 

The last method for producing standard patterns for phases 
not in the PDF is more involved. In many instances single crystals 
of unknown phases can be removed from reaction mixtures. If 
this is the case, a full three dimensional crystal structure analysis 
will yield the positions of all atoms in the structure. Once the 
crystal structure is known, it can be used to calculate the X-ray 
powder diffraction pattern for the phase. This powder diffraction 
information can then be used with confidence as a standard 
powder pattern. 

In many instances the constituents in an unknown can not 
be guessed and the entire file must be searched. The goal of the 
search is to reduce the number of possibilities to a reasonable 
number of PDF cards which can then be checked line by line for 
a match. For this type of search JCPDS publishes the Hanawalt 
search manual. This manual is organized into groups and sub- 
groups based on d-spacing and intensity. The d-spacing of the 
most intense line determines the group into which the pattern falls. 
The groups are then ordered according to the d-spacing of the 
second most intense line in the pattern. In total the eight most 
intense lines of the pattern are listed in order of decreasing 
intensity for each entry. 

To identify an unknown using the Hanawalt manual, the 
first and second most intense lines of the diffraction pattern are 
chosen as a line-pair and the manual is checked for a matching 
entry. If all eight lines in the entry match the unknown pattern, 
the match is confirmed by checking the complete pattern in the 
PDF. Consider the diffraction data from a black powder given in 
Table 3. The strongest line at 2.44 A and the next strongest at 
1.43 A are chosen as line-pairs with which to enter the manual. 
The line 2.44 A is found in the main group 2.50 - 2.44 A (50.01 

A to account for error) and the group is searched for the occur- 
rence of 1.43 A. When this is done some six entries are found 
which match most of the lines in the unknown pattern and all are 
black solids. Upon close inspection it is noted that all of these 
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Table 3: X-ray Pow&r Difhction Pattern for Unknown 
BladKpowder 

4.68 15 4.67m 
287 32 2.8640 
244 100 2.43,, 
234 9 2.33= 

213 2024 u5 2.02175 
1.652 8 1.65112 
1.558 29 1.556gj 
1.431 38 1.429& 
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2.29 30 2.28518 
2096 B 2.09518 
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1.876 25 1.87517 
1.795 5 1.79636 

1.702 60 1.70145 
1.686 5 1.68721 
1.627 5 1.626* 
1.605 8 1.6048 
1.524 6 1.5255 

1.464 2 143413 

1.451 a0 1.45110 
m - 
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compounds possess similar chemical formulae, i.e. ABsO,. Since 
X-ray diffraction is sensitive to crystal structure and types of 
atomic constituents, it must be concluded that these entries must 
possess identical crystal structures and similar composition. In this 
case all the listed compounds have the spine1 type structure and 
the constituent atoms are all transition elements that have similar 
atomic number. This observation presents a problem in the present 
example, yet leads to an important caveat when relying exclusively 
on X-ray diffraction patterns, namely, that chemically different 
compounds with the same crystal structure may have strikingly 
similar X-ray diffraction patterns. 

How then can an exact match be made? In this case there 
must be some outside knowledge supplied and an examination of 
the X-ray fluorescence spectra would indicate the presence of only 
Co and 0 in the unknown powder. When this information is used, 
the unknown is identified as CosO,, card 9-418. However, when 
the card is examined the weak line 2.13 A remains unidentified 
in the unknown pattern. X-ray intensity is proportional to the 
amount of the diffracting material present, so it is natural to 
suspect that a contaminant phase will only display its most intense 
lines. The problem in this case is that there is only one line 
remaining so that the Hanawalt manual is useless to help in the 
identification. The intuitive method must be used. The key 
question to be answered is, what contaminants might be found in 
a sample containing only Co and O? The two possibilities that 
come to mind are elemental Co or another oxide of Co. When 
these two possibilities are checked, it is quickly found that the 
most intense line of COO, card 9-402, is indeed 2.13 A, and the 
identification is complete. 

The Hanawalt method is relatively straightforward for 
unknowns which are nearly single phase. For multiphase mixtures 
the identification becomes tedious. Consider the data for a white 
powder given in Table 4 (7). Again the search is begun with the 
two most intense lines, 2.41 A and 3.04 A, but no match is found 
for this line-pair. Now a new line-pair must be chosen and the 
first and third most intense lines seem likely. Searching the 
Hanawalt manual with the pair 2.41 A and 1.70 A yields the 
possibilities 7-TaH, CaO, and NaYO,. Only the four lines of the 
CaO standard pattern lines match the lines in the unknown pattern. 
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Now it must be determined whether or not the intensities on the 
CaO card. account for the observed intensity of these four matched 
lines. At first there appears to be a discrepancy, that is, three of 
the four matched CaO lines are too intense in the unknown 
pattern. If the intensities of these lines are divided by a common 
factor of about 1.5, however, their intensities match those on the 
PDF card reasonably well. This effect is not unusual as it is not 
uncommon for a detection system, whether photographic or 
electronic, to saturate at high count rates so that weaker reflections 
are artificially enhanced. It is reasonably certain then that the 
four lines 2.78 A, 2.41 A, 1.702 A, and 1.451 A in the unknown 
can be completely ascribed to the presence of CaO. A check of 
the remaining lines suggests the use of 3.04 A and 2.29 A as a 
possible line-pair. The Hanawalt manual gives at least three 
possibilities, Rb,Mg(NH),, LuSI, and CaCO,, with CaCO,, card 5- 
586, giving the best match. Again the lines in the unknown are 
checked against the lines on the card and 12 lines match CaCO,. 
The final line-pair 2.62 A and 4.92 A is chosen and a search of 
the manual is made. Again there are several possibilities, with 
CaRuO,. 2H,O and Ca(OH), giving equally good matches. 
Intuition favors the presence of the latter and the remaining lines 
in the pattern can be ascribed to Ca(OH),. Knowledge of the 
elemental composition, e.g. from X-ray fluorescence data, would 
rule out CaRuO,. 2HsO if no Ru spectral lines are observed. 

It is obvious that the Hanawalt search method is powerful, 
but in the general case of multiphase unknowns with overlapped 
lines, the search can become onerous. The use of outside 
information such as color or chemical composition, may not always 
provide the answer. The availability of the PDF on electronic 
media has made computer search/match procedures practical. 
These programs allow an unknown pattern to be tested for the 
presence of each and every entry in the PDF. This is quite 
different from the Hanawalt and intuitive methods for which only 
a few patterns are actually searched or matched. Most of these 
programs assign a “figure of merit” or “goodness of fit” to each 
PDF entry during the search phase and report the highest ranked 
FOM’s for matching. The match phase of the program usually 
involves comparing phases with high FOM to the unknown on a 
graphics monitor. In most cases the lines from an identified phase 
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can be normalized to the PDF entry and subtracted from the 

unknown pattern. In this manner the residual pattern may be 

searched until all lines in the unknown have been assigned to 

known phases. 
This discussion of X-ray diffraction has merely been 

introductory, of course. At most we have tried to introduce 
concepts which will be useful to the solid state chemist who is 

unfamiliar with the subject. More detailed discussions can be 

found in X-ray crystallography texts such as Elements of X-Ray 
Diffraction by Cullity (8). 

5.0 TYING IT ALL TOGETHER 

The only remaining task is to study a specific example that 

uses the ideas that have been presented here. Quite possibly one 

of the most interesting recent examples of unknown phase 

identification is the discovery of the high-T, superconducting 

material YBasCusO,. When initial reports of 90 K superconductiv- 

ity in multiphase reaction mixtures in the Y-Ba-Cu-0 system 

surfaced, there was a rush in the scientific community to identify 

the active phase. The immediacy of the problem led to numerous 

methods being employed in the search. The following shows how 

the phase diagram and X-ray diffraction can combine to solve 

problems like this. 

The initial reports of 90 K superconductivity all indicated 

that this property was found in reaction mixtures containing oxides 

of the elements Y, Ba, and Cu. Most of the investigators centered 

their attention on mixtures corresponding to compositions mimick- 

ing the Las_,M,CuO, (M = Ba, Sr, or Ca) 30 K superconductors. 

However, some investigators were more adventuresome and 

departed from this composition. Nonetheless, no one seemed able 

to produce a single phase superconductor. This immediately 

suggests the use of the phase diagram to determine the proper 

composition. 

The first step, as always, is to choose the components of 

the system and determine which phases are already known. The 

components chosen in this instance are the simple oxides YsO,, 

BaO, and CuO. For the phase diagram we will use YO,., instead 
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of Y,O, .as this will make plotting compositions on the diagram 

easier. Now, which phases are known? If Phase Diagrams for 
Ceramists (1) is consulted the binary system YsOs - BaO is noted 

with phases YsBaO,, Y,Ba,O,, YsBasO,, and Y,Ba,O,. Of these 

YsBaO,, Y,Ba,O,, Y,Ba,Oa form at the temperature of interest, 

950°C. The PDF is consulted next and the compounds YsCusO, 

and BaCuO, are found. Finally the NIST crystal data file may be 

consulted for occurrences of phases in this system. CRYSTDAT 

is used to search this database for all compounds containing Y, Ba, 

Cu, and 0 and the compound YsBaCuO,, an orthorhombic 
structure reported by Michel and Raveau (9), is discovered. The 

composition triangle for these known phases is given in Figure 7. 

After the known phases are identified, the process of 

synthesis and characterization of reaction products can begin. But 

where does one begin? In this case we can consult the literature 

for probable compositions. Let us begin with the X-ray powder 

diffraction data given by Tarascon et al (10). They found 

superconductivity in a sample of nominal composition Y,~,,,Ba,e,,- 

Cuo.sssOx (point 1, Figure 7) and reported a powder pattern from 

a mixture of several phases. They were able to identify the 

components Y,O,, and YsCusO,, but several lines remained 

unidentified in the pattern. They fail to mention the compound 

YsBaCuO, in their paper and five of the extra lines can be 

attributed to this compound. Three of the remaining lines match 
CuO leaving only the lines 2.745 A and 2.721 A from what must 

be the superconducting compound. There is a problem with this 

result, however. Our study of the phase diagram tells us that 

ternary systems with intermediate phases crystallize into at most 

three crystalline phases upon equilibrium solidification. Clearly, 

the appearance of five phases indicates that the reaction did not 

produce equilibrium products. In general the approach to 

equilibrium for a given solid state reaction can be tested by 

grinding the reaction product and reheating it. Any changes in the 

powder diffraction pattern indicate that the original product was 

not an equilibrium product. In this case we know that the initial 

reaction product can not be due to an equilibrium reaction and 

subsequent investigation would indicate that the proper equilibrium 

products are YsOs, YsCu205, and YsBaCuOs. 
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BaO 

Figure 7. Partial phase relations at 950°C and 0.21 atm 0, in the 
Y,O,-BaO-CuO system. 
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Now we will examine two more interesting compositions. 

Chu et al. (11) reported superconductivity in a mixture of overall 

composition Y1.sBaO.sCuOx and Stacy and coworkers (12) prepared 
copper rich compositions near Y1_,Ba,Cu,O,. As part of our 

investigation of this system (13), we prepared Chu’s composition 
and also a mixture corresponding to x = 0.6 in Stacy’s work, points 

2 and 3, Figure 7. The X-ray powder diffraction patterns for 

these two preparations are listed in Table 5. In both of these 

patterns the phases YsBaCuOs and CuO can be identified. The 
remaining lines are common to both patterns and, since only three 

phases can exist at equilibrium upon solidification, they must 

represent the powder pattern of a third component, the supercon- 

ducting phase. 
How can these patterns be used to determine an approxi- 

mate composition for the third component? The powder pattern 
indicates that the mixtures 2 and 3 must lie in a three-phase 

region bounded by YsBaCuOs, CuO, and a third component of 

unknown stoichiometry. The ratio of the relative amounts of the 

two known compounds can be determined at least semi-quantita- 
tively by using the ratios of the intensities of a non-overlapped, 

intense reflection from each compound. This property arises from 

the fact that X-ray powder diffraction patterns are additive and 

the presence of one component does not affect the powder pattern 
of the other components. The technique may be made more 

accurate by preparing standard mixtures of the components and 
preparing a working curve of intensity ratio versus composition. 

Once this ratio is determined it is used to define a point on the 
tie-line joining the two known components by applying the lever 

principle (property five in the discussion of ternary systems). For 
the present example an examination of the ratio of the 3.00 A 
reflection from Y,BaCuOs and the 2.52 A line from CuO deter- 

mines points a and b on the tie-line between Y,BaCuO, and CuO. 

Now, the ratio of YsBaCuO, and CuO in the starting mixture and 

reaction product must be the same. Since the ratio of two 

components in a ternary is constant along a line through the third 

(property four), the composition of the third component must lie 

on a line extended from point a through point 2, i.e. u-u’. 
Likewise, the composition of the unknown must lie along the line 

determined by reaction 3, b-b’. The intersection of these two lines 



480 Chemistry of Superconductor Materials 

Table& x-rayPowder~onPatternsfor*o 
l3eaction Products in the Study of the Y2O3-3aO-CuO 
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must approximate the composition of the unknown and provides a 
starting composition for the next synthesis. 

The intersection located by the above method gives an 
approximation of the desired composition. Suppose instead of 
Y 0.167Ba0.333CU0.50001.166~ the composition Y0.15Ba0.35Cu0.5001.15 is 

estimated. Can the proper composition be discerned from this 
information? In general, this depends on the stoichiometry of the 
unknown compound. In the present case the ratio of Ba and Cu 
to Y appears to be about 2:l and 3:l respectively. Multiplying by 
6 then yields the stoichiometry Yo~9Ba,~,Cu306,5. Now the 
question arises, is integral stoichiometry, i.e. YBa,Cu,O,.,, correct 
or might there be a solid solution between Y and Ba in this 
compound? If there is solid solubility of the type Y1_,Bas+_$u3 
0 6.5-0.5x' it must be confirmed by reacting mixtures of varying 
composition to test the hypothesis. For this material the answer is 
that for any composition other than YBa,Cu,O,.,, impurity phases 
appear and thus, within the limits of detectability of the impurity 
phases by the powder diffraction method, the compound has 
integral stoichiometry for the cations (13). Subsequent work 
established, however, that there is a solubility region for 0 and the 
proper stoichiometry is YBa,Cu307_, (14). 

Once a material has been prepared as a single phase, it is 
imperative that the powder pattern be indexed, that is Miller 
indices must be assigned to each line in the diffraction pattern. 
Indexing provides proof that the observed powder pattern can be 
attributed to a single phase material and provides unit cell 
constants for the material. This is not always a simple task and 
one can try a variety of methods for indexing. Generally, 
indexing is attempted in higher, uniaxial symmetry systems (cubic, 
tetragonal, hexagonal) first and lower symmetry systems last. In 
many instances manual methods can be used for the higher 
symmetry crystal systems, but automated computer algorithms are 
preferred for lower symmetry systems where the variables are h, 
k, 1 for each reflection and the lattice constants that may consist 
of as many as six unknown parameters for the triclinic system. 

The apparent difficulty of indexing can be overcome if 
single crystals of the desired phase exist and this brings to mind 
a characterization step that should never be omitted. Anytime a 
reaction product is obtained, it should be examined carefully under 
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an optical microscope. The magnification need not be high, 30- 
50x is quite sufficient. The first thing to be noted is the overall 
appearance of the material. Are there phases of different habit or 
color present? Has melting occurred or is the material still a 
powder sample? Such observations are invaluable and can be just 
as important as a powder diffraction pattern. If any material is 
present that might consist of single crystallites, it is always 
advisable to harvest a few for immediate or future X-ray analysis. 
It is also good practice to remove samples of any identifiable 
phases for x-ray fluorescence analysis. In this manner composi- 
tional information can be obtained for even unknown phases. 

The optical examination of a reaction product containing 
the superconducting phase YBa,Cu,O,_, yielded crystals of about 
50 pm. The single crystal analysis of this phase is complicated by 
the fact that twinning occurs, but it does indicate that the phase 
is orthorhombic with lattice constants a = 3.81 A, b = 3.87 A, c 
= 11.68 A. This knowledge of the lattice constants makes the 
indexing of the powder pattern trivial. The lattice constants of 
YBa,Cu,O,_, suggest that the structure might be approximated by 
a tetragonal unit cell. A search of the NIST Crystal Data File 
using CRYSTDAT for all rare-earth, scandium, or yttrium oxides 
with tetragonal symmetry yields the compound LasBasCueO,,., (15). 
This compound exists in a solid solution series in which there is 
mixing of La and Ba in the structure. An examination of this 
structure and its similarity to YBa,Cu,O,_, determined the gross 
structural features of YBasCusO,_B, i.e. an ordered phase with 
yttrium located between coplanar CuO, layers with no oxygen at 
the yttrium level and a second crystallographically independent 
copper atom located between barium layers. 

The identification of the superconducting phase YBasCus- 
O,_, provides an example in which knowledge of thermodynamics, 
i.e. the Gibbs phase rule and the theory of equilibrium phase 
diagrams coupled with X-ray diffraction techniques led to success. 
Further, the use of databases that can now be easily accessed and 
searched on-line provided leads to a preliminary structure determi- 
nation. The procedures outlined here are among the basic 
approaches used in solid state chemistry research, but by no means 
are they the only ones. Clearly the results from other analytical 
techniques such as electron microscopy and diffraction, thermal 
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analysis, etc. provide valuable data. The thrill of synthesizing and 
identifying new materials and the hope that they will possess 
properties to advance technology for the benefit of mankind are 
the driving motivations of scientists and engineers. Solid-state 
chemists have been the participants in an enormously exciting 
chapter-the discovery of high-T, superconducting compounds that 
hold great promise for the future. 
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Structural Details of the High T, 
Copper-Based Superconductors 

Charles C. Torardi 

1 .O INTRODUCTION 

The structures of the new high-temperature copper-based 

superconductors are related to that of perovskite, CaTiO,, which can 

be represented by the general formula ABO,. The so-called l-2-3 

superconductor, Y,Ba,Cu,O,, is most closely related to perovskite. 

This is so because YBa,Cu,07 is an oxygen “deficient” perovskite 

ABOa-, with A = (Y,.s,Ba,.e,), B = Cu, and x = 0.67 (see Figure ll). 

In comparison, the structures of other copper-containing supercon- 

ductors such as LasCuO,, Bi,Sr,CaCu,O,, and Tl,Ba,Ca,Cu,O,, may 

be viewed as intergrowths between the perovskite structure (the part 

containing the CuO, layers and the cations above and below the layers) 

and the rock salt structure (the part containing the Lao, BiO, and TIO 

sheets) as shown in Figure 2. These structures are all discussed in 

more detail in the following sections. 

Structural figures were drawn with the assistance of the ORTEP 
program, C. K. Johnson (1976). 
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perovskite - AE303 

e.g. CaTi03 

defect perovskite 

e.g. Y Ba&usO, 

Figure 1: Relationship between the perovskite structure ABO, (left) 

and the defect-perovskite superconductor YBa,Cu,O, (right). Metal 
atoms are shaded. Note the missing oxygen atoms in the latter 
drawing that result in formation of copper-oxygen sheets (above and 

below the Y atoms), and copper-oxygen chains (between the Ba 

atoms). 
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rock-salt 
block 

perovskite 
block 

Figure 2: Tetragonal and orthorhombic unit cells of La,_,M,CuO, 

(e.g., M = Sr or Na) and LazCu04, respectively. Metal atoms are 

shaded and Cu-0 bonds are shown. The structure may be viewed as 

an intergrowth of perovskite and rock salt blocks. 
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The most obvious structural feature common to all of the Cu- 

containing superconductors is the CuO, sheet. Superconductivity of 

all known copper-oxide superconductors, with the possible exception 

of electron-superconductors such as Nds_,Ce,CuOd and Nd,CuO,_,F, 

(l)(2), is believed to originate from the presence of holes in these 

CuOs layers (3). Holes are created when the Cu2+ ions lose additional 

electrons. Mechanisms for hole-doping are several and include cation 

substitutions, cation vacancies, interstitial or extra oxygen, and 

overlapping of energy bands at the Fermi level (i.e., internal redox 

mechanisms) (4)(5)(6). In this chapter, the concept of incorporating 

holes into the Cu02 sheets of these high-T, superconductors via the 

above mechanisms is also highlighted. 

The intent of this chapter is twofold. One is to give brief 

structural descriptions of many of the copper-oxide superconductors. 

For in-depth information, the reader is referred to the original 

publications. The second is to provide detailed crystallographic 

information (lattice constants, positional and thermal parameters, 

space groups, etc.), and compositional data on many of the supercon- 

ductors discussed. Also, calculated x-ray powder diffraction patterns 

for these same compounds are tabulated. It is hoped that such 

information will prove useful to the superconductivity researcher. 

2.0 STRUCTURES OF THE PEROVSKITE-RELATED YBa,Cus07, 
YBa2Cu408, AND Y,Ba,Cu7015 SUPERCONDUCTORS 

2.1 123 Superconductor 

The structure of superconducting, orthorhombic YBa,CusO,, 

(x = 0.5-1.0) (7) contains double Cu02 layers oriented in the (001) 

plane. Layers are composed of corner-sharing approximately planar 

CuO, moieties (see Figure 3). However, each copper atom is slightly 

displaced out of the sheet towards a fifth oxygen atom. This com- 

pletes a square pyramidal oxygen environment around copper with the 

apices directed above and below the CuO, double layer. Yttrium 

cations reside between the copper-oxygen sheets of the double layer 

in &fold coordination with oxygen. Many of the other rare-earth 

cations can replace yttrium. Barium ions are found above and below 

the double Cu-0 sheets. The BaO/CuO,/Y/CuO,/BaO slabs are 
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YBa&u307 Y BapCu408 

Figure 3: Orthorhombic structures of YBa2Cu,07 (left) containing 
single Cu-0 chains between the copper-oxygen sheets, and YBa, 
Cu,O, (right) with double Cu-0 chains between the copper-oxygen 
sheets. Metal atoms are shaded and Cu-0 bonds are shown. The c 
axis is vertical, and the Cu-0 chains run along the b axis direction 
which is oriented in and out of the plane of the drawing. 
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interconnected by a sheet of Cu and 0 atoms with variable composi- 

tion Ct.&,. These Cu atoms bond to the apical oxygen atoms of the 

square pyramidal CuO, units. The oxygen atoms of this central Cu-0 

sheet are ordered in such a way as to give strings of Cu and 0 atoms, 

with a variable oxygen stoichiometry, running along the b axis of the 

unit cell. Tc’s are greater than 90 K when x is close to 1. Initially, it 

was believed that the Cu-0 strings were necessary for superconductiv- 
ity, but it is now known that they serve only as a means of oxidizing 

the CuO, sheets by allowing “extra” oxygen into the structure (8). 

2.2 124 and 247 Superconductors 

The CuOs sheets in orthorhombic YBa,Cu,O, are intercon- 

nected by a double layer of Cu-0 chains (Figure 3) in comparison to 

the single Cu-0 chains found in YBazCus07. The double strings of 

the 124 superconductors are formed from CuO, units that share edges 

and corners along the b axis (9)(10). Yttrium can be replaced by a 

variety of rare earth cations and the Tc’s range from 60 to 80 K. The 

variable oxygen stoichiometry of the single Cu-0 chains in the 123 

materials is not observed in the double chains of the 124 compounds. 

Y,Ba,Cu,O,, can be viewed as an ordered 1:l intergrowth of 

the 123 and 124 compounds (YBa,Cu,07 + YBa,Cu,O, = Y,Ba,Cuz- 

O,,) (11). Of course, the 123 portion of the structure can exhibit 

variable oxygen content in the single Cu-0 chains, and T, can 

therefore be changed. Onset of superconductivity can be as high as 90 

K (12). 

3.0 STRUCTURES OF THE PEROVSKITE/ROCK SALT SUPER- 
CONDUCTORS 

3.1 Lanthanum-Containing Superconductors 

The body-centered tetragonal cell of La,_,M,CuO, (M = Sr, 

Ba, Na) and the related A-centered orthorhombic cell of unsubstituted 

La,CuO, are given in Figure 2. For clarity, only the atoms of the 

tetragonal cell are shown along with the Cu atoms at the corners of the 

orthorhombic cell. This K,NiF, structure-type contains sheets of 

corner-sharing CuO, octahedra that are oriented in the ab plane. The 
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octahedra are axially elongated (along the c axis) to give four 

intralayer Cu-0 bond lengths of -1.9 A, and two longer bonds, -2.5 

A, perpendicular to the sheets. In the orthorhombic structure, the Cu- 

0 sheets are buckled in a manner that gives CuO, octahedra that are 

alternately tilted (13). Lanthanum and M cations are in nine- 

coordination sites directly above and below the CuO, sheets. This 

LaO/CuO,/LaO slab is the “perovskite” part of the structure. The La0 

layers occur in pairs to form La,O, slabs separating the CuO, sheets. 
The La,O, slabs can be viewed as the intergrown “rock salt” portion of 

the structure (see Figure 2). However, there are displacements of the 

La and 0 atoms from the ideal rock salt positions (discussed below). 

Holes are created in the CuO, sheets by the substitution of 
lower-valent cations such as Sr2+ and Na+ for Las+. A shortening of 

the in-plane Cu-0 bond is observed with increasing substitution 

because electrons are removed from antibonding bands upon oxida- 

tion. La1~85Sru~15Cu04 has the highest T, in this family, 40 K. It is 

also possible to oxidize the CuO, sheets by preparing an oxygen-rich 

material, La2CuOl+b, under high oxygen pressure (14). 

3.2 Bismuth-Containing Superconductors 

The subcell structures of orthorhombic Bi,Sr,CuOs (15) and 

Bi,Sr,CaCu,O, (16) are shown in Figure 4. They contain single or 

double sheets, respectively, of corner-sharing CuO, units oriented in 

the (001) plane, and each copper atom has one or two additional 

oxygen atoms positioned above or below the CuO, sheet to form 

axially elongated octahedra in Bi2Sr2CuOs and square pyramids in 

Bi,Sr,CaCu,Os. The latter compound contains calcium (and some 

strontium and bismuth) between the CuO, sheets in eight-fold 

coordination with oxygen. (As described above, this structural feature 

is found in YBa2Cu,07 where the copper-oxygen sheets are separated 

by yttrium cations.) Strontium cations reside just above and below the 

single and double Cu-0 sheets. These Sr-Cu-(Ca)-0 perovskite slabs 

are interconnected by a rock salt related double bismuth-oxygen layer. 

Until recently, the detailed atomic arrangement in the double Bi-0 

layers was not known. Analysis of the substructure (17) and of the 

incommensurate superstructure modulation (18) that exists in these 

compounds has given a much better understanding of the Bi-0 layer 

structure. Also, a new compound, Bi,Sr,Fe,O,.,, isostructural with 
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Figure 4: Subcell structures of BizSrtCuOe (left) and Bi2Sr2CaCu208 
(right). Metal atoms are shaded and Cu-0 bonds are shown. 
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BiaSraCaCu,Os but containing a commensurate modulated superstruc- 

ture has been prepared and characterized (19) and gives further insight 

into the structures of the Bi-0 layers. This is discussed in further 

detail below. A material containing three copper-oxygen sheets, with 

ideal formula BiaSr,Ca,Cu,O,,, can also be made. The T,‘s of the 

one, two, and three copper-sheet compounds are 10, 85, and 110 K, 

respectively. 

If these phases were truly stoichiometric, the formal oxidation 

state of copper would be 2+ and they would not be superconductors. 

Because these compounds are hole-superconductors, there has to be 

some way of introducing holes into the copper-oxygen sheets. Two 

mechanisms for oxidizing the CuOa sheets which have been studied 

are the insertion of interstitial oxygen into the Bi-0 sheets (17) and 

cation deficiencies on the Bi and Sr sites (4)(20). In addition, 

substitutional defects, such as partial exchange of the Ca2+ with Sr2+ 

or Bis+ between the adjacent CuO, sheets has been established. 

Substitution of Sr 2+ for Ca2+ does not affect the oxidation state of 

copper, but does push apart the CuO, sheets and this, in turn, could 

affect the superconducting transition temperature. 

3.3 Thallium-Containing Superconductors 

The homologous series Tl,Ba,Ca,_,Cu,O,,+, with n = 1, 2, 3 
and 4 are known (5)(21). The structures of the first three members are 

shown in Figure 5. For n = 1 and 2, the structures are very similar to 

those of the analogous bismuth-strontium compounds discussed above, 

but possess higher crystallographic symmetry (tetragonal) and no 

obvious superstructures. For simplicity, the Tl ions in Figure 5 are 

shown in octahedral coordination with oxygen. There are, however, 

atomic displacements that occur in the thallium-oxygen double layers, 

but only the average atomic arrangement with tetragonal symmetry is 

observed (5)( 15)( 17)(22). This is discussed below in Section 5 on 

distortions. For the cases where n = 2 and 3, it has been shown that 

thallium deficiencies and/or Ca2’ substitution for T13+ exist (5)(22), 

and that thallium substitution for calcium also occurs. These defects 

provide a way of incorporating holes or changing the carrier concen- 

tration in the CuO, sheets. For n = 1, it is clear that all the metal sites 

can be fully occupied and a high T, (- 90 K) achieved (15)(23). There 

is evidence for interstitial oxygen in the Tl-0 double layers of 
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Figure 5: Structures of Tl,Ba,Ca,-,Cu,O,,+, (n = 1,2,3). Thallium 
atoms are shown on ideal (octahedral-type) sites for clarity (see text). 
Metal atoms are shaded and G-0 bonds are shown. 

. . . 

Figure 6: Structures of TIBa&a,.lCu,Os,+s (n = 1,2,3). Thallium 
atoms are shown on ideal (octahedral-type) sites for clarity (see text). 
Metal atoms are shaded and Co-0 bonds are shown. 
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Tl,Ba,CuO, (23) yielding a means of oxidizing the CuO, sheets. 
recent band structure calculations (discussed below) show that 

Also, 
there 

is considerable overlap of the Tl6s-block bands with the Cu 3d x2-y2 
bands providing a mechanism to transfer electrons from the CuO, 
sheets to the Tl-0 layers. 
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Another closely related family of superconductors is represent- 
ed by the formula T1Ba2Ca,_,Cu,02,+, (n = 1, 2, 3, 4 ,5). They 
contain single layers of Tl and 0 atoms that separate the perovskite- 
like Ba-Cu-Ca-0 slabs (24)(25)(26)(27) (Figure 6). Distortions in the 
Tl-0 sheets are also found in these compounds (26)(27). Note that if 
these phases were stoichiometric, copper would always have a formal 
oxidation state of greater than two. Therefore, the chemical composi- 
tion of this homologous series allows the existence of holes in the 
copper-oxygen sheet. 

3.4 Thallium-Lead Containing Superconductors 

In the TlBa2Can_1Cu,02n+3 family, it is possible to replace half 
the thallium with lead and all of the barium with strontium to give 
compounds of composition (T1,~,Pb,,,)Sr2Ca,_,CU,02n+3 with n = 1, 
2, and 3 (28)(29)(30)(31). It appears that the Tl/Pb ratio deviates only 
slightly from the 1:l stoichiometry (30)(31). The Tc’s range from no 
superconductivity for the n = 1 compound (29) to 120 K for the n = 
3 compound (30). The structures are essentially the same as those 
shown in Figure 6. As expected, atomic displacements of the Tl/Pb 
and 0 atoms of the Tl/PbO sheets are observed, and calcium is 
substituted by Tl and/or Pb and/or Sr. It is not possible to distinguish 
which heavy cations replace calcium at the substitution levels observed 
using conventional single crystal x-ray diffraction. (For example, the 
scattering factor curves for Tl and Pb are too similar to easily 
distinguish between them.) 

4.0 STRUCTURES OF Pb-CONTAINING COPPER-BASED 

SUPERCONDUCTORS 

Another family of superconductors is exemplified by Pb2Sr2- 
(Y,&a,~,)Cu,Os. Yttrium can be replaced by most of the rare earths, 
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and the rare-earth/calcium ratio can be varied (32)(33). The struc- 
ture, shown in Figure 7, possesses double Cu-0 sheets separated by Y 
and Ca ions analogous to the double sheets seen in YBa,Cu,07, Bi, 
Srs_XM.$u208 (M = Ca, Y), and TlsBasCaCusO,. Strontium ions 
reside directly above and below the double Cu-0 sheets. A double 
Pb-0 layer separates the Cu-0 double layers. However, the Pb-0 
layers themselves sandwich a layer of copper atoms. These copper 
atoms, which are in approximately two-fold linear coordination with 
oxygen, are very similar to the Cul+ ions in YBasCusO, (34). Variable 
oxygen stoichiometry exists with oxygen going into the single copper 
sheet forming Cu-0 chains as in the 123 materials. Lead appears to 
be present as Pb2+, and, not unexpectedly, distortions in the Pb-0 
layers are found (33)(35). The highest T, recorded so far in this 
family is 77 K. 

The structure of another lead-containing compound related to 

~a2%Pf5+x was determined from crystals found as an “impurity” 
phase in the preparations of Pb,Sr,(Y,Ca)Cu,O, (33). The composi- 
tion was determined to be (Y,,ssCao,,)Sr2(Cu2~sPb,,,)0,,. It has the 
123 structure with Y and Ca between the CuO, sheets, strontium 
replacing barium, and Pb substituting for some of the copper in the 
“chain” sites. Atomic displacements of the atoms in the Pb-Cu-0 layer 
are apparent (33). This phase does not superconduct. 

5.0 DISTORTIONS IN THE ROCK SALT LAYERS AND THEIR 
EFFECT ON ELECTRONIC PROPERTIES 

The most obvious common structural feature of all the high T, 
copper-based superconductors is, of course, the CuO, sheets. The 
sheets form a fairly rigid, covalently-bonded two-dimensional 
network with short Cu-0 bonds (-1.9 A). The structures are con- 
strained by the rigid Cu-0 sheets, so a mismatch occurs between the 
Cu-0 sheets and the M-O sheets (M = La, Bi, Tl, or Pb) for La,CuO,, 
the TI/Ba, TlPb/Sr, Bi/Sr, and Pb/Sr materials (17). As drawn in 
Figures 5 and 6, the Tl-0 coordination appears octahedral, but the Tl 
and 0 atoms in the sheets are actually displaced from the ideal rock 
salt positions (which are shown in the figures) to form a more 
favorable bonding environment. If the atoms were actually located on 
the ideal sites, then Tl-0 bond lengths of -2.7 A would result. These 
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- Y/Ca 

Figure 7: Structure of Pb,Sr,(Y,Ca)Cu,O,. Metal atoms are shaded, 

Cu-0 and Pb-0 bonds are shown. Oxygen atoms in the Pb sheets are 

dotted and shown on the “ideal” sites for clarity. 
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are too long for normal Tl-0 bonds that should be - 2.2-2.3 A in 

length. .In the tetragonal unit cells of these materials, the displace- 

ments are seen as large thermal parameters for the Tl and 0 atoms in 

the sheets. Anisotropic refinements show that the large motion is 

always in the plane of the sheet. However, what we are seeing is an 

average of the true Tl-0 layer structure in the tetragonal symmetry. 

The metal atoms are actually displaced to form two short and two long 

Tl-0 bonds within the sheet. This is consistent with radial distribu- 

tion function studies (36) showing that the Tl-0 distances are actually 

shorter than those obtained when the atoms are placed on the ideal 

positions - 2.3 vs 2.7 A. A similar situation exists for the Bi-Sr and 

Pb-Sr materials. 
In the orthorhombic structures of the Bi-Sr compounds, or in 

orthorhombic Tl,Ba,CuOs (37), or even in orthorhombic LasCuO, 

(17), we begin to see a clear displacement of the atoms in the M-O 

layers. Figure 8 shows how the atoms have moved in the Bi-0 layer 

of the Bi-Sr compounds, but the same situation is seen in all of the 

orthorhombic superconductors. Figure 8A shows “ladder-like” 

structures of Bi and 0 atoms with Bi-0 bonds of -2.2 A across the 

ladder as expected. At the same time, the Bi-0 distance between the 

ladders is now -3.2 A creating a non-bonded gap. In the ladder 

structure, there are still Bi-0 bonds that are too long, -2.7 A, along 

the ladder. In the structural analyses of the Bi-Sr phases, it is clear 

from the thermal parameters and from the electron density maps that 

the atoms do not actually reside on the ideal positions of the orthor- 

hombic space group, but are displaced to one side or the other side of 

the mirror planes shown in Figure 8A. From the ladder structure, 

therefore, two models can be constructed which contain M-O bond 

lengths of -2.1-2.3 A. Figure 8B shows how island-like structures of 

Bi and 0 atoms can be made, while Figure 8C shows how chain-like 

structures can be constructed. Each M atom forms two short and two 

long bonds to oxygen in the plane of the sheet. These pictures are still 

idealized because they do not take into account any superstructure. 

However, the overall structure is similar to that proposed for the Tl-0 

layers in TlsBasCaCusO, (36), and the Bi-0 layers in BisSrsFesOss 

(19) and BisSrsCaCusO, (18). When the atoms are clustered to form 

islands or chains, there are then sites available for extra oxygen as 

shown by the dotted circles (17). 

Tight-binding band electronic structure calculations have been 
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I I I 
m m m 

(A) 

(B) 03 

Figure 8: Atomic displacements in the M-O (M = La, Bi, Tl, Pb) 
rock salt-like layers of the copper-based superconductors. The view 

is perpendicular to the MO sheet. (A): Ladder-like arrangement of M 

and 0 atoms observed in orthorhombic LasCuO,, Bi,Sr,Ca,_,Cu, 

0 2n+4, and TlsBasCuO s. (B) and (C): Atomic arrangement of Bi and 
0 atoms as islands and chains that form when the atoms are displaced 

from the mirror positions shown in (A) (see text). 
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performed on the various structures of the Bi-0 (38) and Tl-0 (6) 
double layers discussed above. For the Bi-0 layer materials, previous 
band structure calculations (39) using the ideal rock salt-type positions 
showed the Bi 6p bands overlapping the Cu 3d bands implying that 
BiS+ oxidizes Cu2+. However, the position of the Bi 6p-block bands, 
with respect to the Fermi level, is strongly affected by distortion 
around the Bi atoms. Results show that the bottom of the Bi 6p-block 
bands actually lies more than 1 .O eV above the Fermi level, so that the 
formal oxidation state appropriate for Bi is no lower than +3 as 
expected. 

When the distortions in the Tl-0 sheets are taken into account, 
the double layers are found to have the bottom of the Tl 6s-block 
bands significantly below the Fermi level, forming a large electron 
pocket to remove electrons from the x2-y2 bands of the CuO, layers 
(6). Thus, in contrast to the Bi-system discussed above, T13+ can 
oxidize the Cu02 layers resulting in an intermediate oxidation state of 
Tl between +I and +3. In sharp contrast, the T16s-block bands of the 
Tl-0 single layers are found to lie well above the Fermi level (Tl’+), 
regardless of whether or not the distortions in the sheets are taken into 
consideration (6). Therefore, the single layers do not remove electrons 
from the x2-y2 bands of the CuO, layers. This is consistent with the 
observation that stoichiometric TlBa2Carr_$u,02,+s already has a high 
formal oxidation state for copper, so that further hole generation to 
produce superconductivity is not necessary. 

6.0 CORRELATIONS OF T, WITH IN-PLANE Cu-0 BOND 
LENGTH 

Oxidation of the CuO, layer removes electrons from the x2-y2 
bands which have antibonding character in the in-plane Cu-0 bonds. 
Therefore, as the number of holes (n,) increases, the in-plane Cu-0 
bond length (rcU_J is shortened. In addition to this electronic factor, 
the in-plane rcu_., is also controlled by a nonelectronic factor (i.e., 
steric strain) associated with the cations located at the g-coordinate 
sites adjacent to the CuO, layers (e.g., La, Sr, Ba) (40). With the 
increasing size of the g-coordinate site cations, the in-plane Cu-0 
bond is lengthened to reduce the extent of the resulting steric strain. 
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Plots of T, vs in-plane rcu_o for the series of p-type cuprate super- 

conductors are grouped into three classes distinguished by the size of 

the g-coordinate site cations (that is, La-, Sr- and Ba-classes) because 

of the combined electronic and nonelectronic effects. Every class of 

the T, vs in-plane rcU_o p lot shows a maximum, so that every class of 

the p-type cuprate superconductors possesses an optimum hole density 

for which the T, is maximum (40). 

The bond valence Si of a bond i is identified as si=exp [(r,- 

rt)/0.37] (41) where ri is the length of the bond i, and r0 is the constant 

that depends upon the atoms constituting the bond. For a metal atom 

surrounded by several identical ligands with bond lengths ri, its bond 

valence sum (BVS) is given by the sum of all the bond valences C Si. 

The BVS of the metal atom is a measure of the total amount of 

electrons it loses, that is, the formal oxidation state of the atom. The 

lengths of the chemical bonds in crystalline materials are determined 

by the electronic factor, which reflects the amounts of electrons in the 

bonds, and also by the nonelectronic factor which alters the bond 

lengths without changing the amounts of electrons in the bonds. Thus, 

BVS values cannot be used as a measure of formal oxidation states 

unless the steric factor is constant (42). 
By definition, the bond valence of any given bond should 

increase with the shortening of its length. Since the in-plane rcU_o 

decreases with increasing nn, the BVS of an in-plane Cu atom 

obtained only from its in-plane Cu-0 bonds (referred to as the in- 

plane BVS) increases with increasing nH. The T, vs in-plane BVS 

plots (42) are grouped into La-, Sr- and Ba-classes just as in the case 

of the T, vs in-plane rcU_o correlation (described above) (40). With 

the larger 9-coordination site cation, the in-plane Cu-0 bond is more 

stretched out so that the maximum of the corresponding T, vs in-plane 

BVS plot is shifted toward the direction of smaller BVS values. Within 

each class, the steric effect of the g-coordinate site cation is fairly 

constant so that a change in the in-plane BVS value becomes a reliable 

measure of the change in nn (42). For details of these correlations, the 

reader should see References 40 and 42. 

7.0 TABLES OF CRYSTALLOGRAPHIC INFORMATION 

At the end of the references section can be found reference 



502 Chemistry of Superconductor Materials 

Tables 1 through 7 giving positional and isotropic thermal parameters 

for most’of the compounds discussed in this chapter. These data are 

taken, for the most part, from the literature, but, for a few materials 

that have not been structurally characterized, calculated positions are 

given. The tables also include lattice constants, space groups, and 

compositional data. Table 8 gives calculated x-ray powder diffraction 

information (20 (Cu), d-spacing, hkl, and intensity) for the same oxide 

compounds. In regard to the diffraction patterns, it should be 

remembered that preferred orientation and absorption effects, and 

cation substitutions will make the experimentally observed intensities 

differ from the calculated ones. Additional information on the crystal 

structures of high-T, oxides can be found in a recent review (48). 
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Table 1. Positional and Isotropic Thermal (A*) Parameters for 
YBa2Cus06, YBa2Cus07, DyBa2CU406, and YzBaqCu7014+x 

Ba(1) site 

; 
2 
B 

2h 
0.50 
0.50 
0.1952(4) 
0.9(l) 

YkGJ301b 

21 
0.50 
0.50 
0.1943(3) 
0.54(5) 

4j 
0.50 
0.50 
0.13496(3) 
0.61(2) 

4j 
0.50 
0.50 
0.4310(3) 
1.00(4) 

Ba(2) site 

c( 

f, 

4j 
0.50 
0.50 
0.18797(2) 
0.51(3) 

Y(Dy) site Id lh 2c 43 
X 0.50 0.50 0.50 0.50 
Y 0.50 0.50 0.50 0.50 
Z 0.50 0.50 0.00 0.11545(4) 
B 0.6(l) 0.46(4) 0.46(2) 0.06(S) 

Cu(1) site 

t( 
Z 

B 

la 
0.00 
0.00 
0.00 
1.0(l) 

la 
0.00 
0.00 
0.00 
0.50 ( 5) 

4i 
0.00 
0.00 
0.21312(5) 
0.66(3) 

2a 
0.00 
0.00 
0.00 
2.9(2) 

Cu(2) site 
X 

Y 
Z 

I3 

29 
0.00 
0.00 
0.3605(S) 
0.3(l) 

2q 
0.00 
0.00 
0.35 
0.29 

5 
(* 

6(l) 
4) . 

4i 
0.00 
0.00 
0.06179(6) 
0.52(3) 

Cu(3) site 

7 
Z 

B 

41 
0.00 
0.00 

;.iBg;;p(5) 
. 

4i 
0.00 
0.00 
0.14831(5) 
0.38(7) 

Cu(4) site 

; 
Z 

B 

_ _ 4i 
_ _ 0.00 
_ _ 0.00 
_ _ 0.23012(5) 
_ _ 0.46(7) 

O(1) site 

; 

; 

al le 4i 4i 
0.00 0.00 0.00 0.00 
0.00 0.50 0.00 0.00 
0.151&I(4) 0.00 0.1460(3) 0.0353(8) 
1.5(l) 1.35(5) 1.2(2) 5.3(18) 

Yik12cU&ia 

(continued) 
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Table 1. (Continued) 

O(2) site 
X 

Y 
z 
B 

O(3) site 
X 

Y 
z 
B 

O(4) site 

; 
z 
B 

O(5) site 
X 

Y 
z 
B 

O(6) site 

; 
I 
B 

O(7) site 

y” 
Z 

B 

Y&=l&lJ30ea 

4i 2s 
0.00 0.50 
0.50 0.00 
0.3794(2) 0.3773(2) 
0.7(l) 0.56(S) 

YBa2Cu307b 

2r 
0.00 
0.50 
0.3789(3) 
0.37(5) 

2q 
0.00 
0.00 
0.1584(2) 
0.67(5) 

3.8519(l) 3.8231(l) 
- - 3.8864( 1) 

11.8037(4) 1’1.6807(2) 

Space group P4/mmm 

aFteference 34. 
bReference 7. 
Vteference 10. 
dReference 11. 

Pmmm 

4j 
0.50 
0.00 
0.0526(3) 
0.7(2) 

4j 
0.50 
0.00 
0.0871(3) 
0.5(2) 

41 
0.00 
0.50 
0.0532(3) 
0.8(2) 

41 
0.00 
0.50 
0.0865(S) 
0.7(2) 

4i 
0.00 
0.50 
0.2186(s) 
1.2(2) 

4j 
0.50 
0.00 
0.1430(3) 
0.7(2) 

4i 
0.00 
0.50 
0.1432(3) 
0.8(2) 

_ - 4i 
_ _ 0.00 
_ _ 0.00 
_ _ 0.1937 
_ _ 0.4(2) 

4i 
0.00 
0.50 
0.2328(3) 
0.8(2) 

3.8463(3) 
3.8726(3) 

27.237(2) 

3.851(l) 
3.869(l) 
50.29(2) 

Ammm Ammm 
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Table 2. Positional and lsotroplc Thermal (AZ) Parameters for 
LazCuO4, La~.XSrXCuOq, and Lal,aNatxtCuOs. 

La/M site 
X 
Y 

; 

81 4% 4e 
0.007 0.00 0.00 
0.00 0.00 0.00 
0.362 0.36094(2) 0.3608(n) 
. _ 0.56(l) 0.6(l) 

Cu(l) silt3 
X 
Y 
2 
I3 

4a 
0.00 
0.00 
0.00 
- - 

2a 
0.00 
0.00 
0.00 
0.32(l) 

2a 
0.00 
0.00 
0.00 
0.3(l) 

O(1) sile 8e 4c 4c 
X 0.25 0.00 0.00 
Y 0.25 0.50 0.50 
z 0.007 0.00 0.00 
I3 - . 0.99(7) 0.8( 1) 

O(2) silo 81 48 4e 
X 0.969 0.00 0.00 
Y 0.00 0.00 0.00 
2 0.1 n7 0.1 U25(3) 0.1830(2) 
0 - _ 1.9(l) 1.3(l) 

a(A) 5.406 3.7966(7) 3.7796(l) 
b(h) 5.370 - - I _ 

c(h) 13.15 13.186(4) 13.187(4) 

Space Group Abmad I4lmmm Irl/mmm 

lLQCUO4p 

Velerence 13. 
“Rcfcrcnco 43. 
CRcIcrcnce 44. 

dNonconvcnIional selling of Cmca (No. 64): (O.O,O; 0,1/2,1/2) + 
[x.y,z; 1/2+x,-y, 112-z; l/2-x,-y,1/2+2; -x,y,-21. 



506 Chemistry of Superconductor Materials 

Table 3. Positional@ and isotropic Thermal (AZ) Parameters for the 
Subcells of Bi2Sr2Can_1Cun02n+4 (n = 1,2,3). 

Bi( 1) site 
X 

Y 
Z 

B 

81 
0.50 
0.2244(4) 
0.0659(2) 
5.7(2) 

16m(8l)e 
0.4491(7) 
0.2276(3) 
0.0522(l) 
2.7(l) 

81 
0.50 
0.225 
0.0435 
_ _ 

Sr(1) site 
X 

Y 
Z 

B 

81 
0.00 
0.2518(7) 
0.1790(4) 
2.7(2) 

81 
0.00 
0.2528(7) 
0.1409(l) 
3.2(l) 

81 
0.00 
0.252 
0.1052 
_ _ 

Cu(1) site 4e 81 41 
X 0.00 0.50 0.50 
Y 0.75 0.251 l(8) 0.25 
Z 0.25 0.1972(2) 0.25 
B 4.2(5) 2.5(l) _ _ 

Cu(2) site 

; 
Z 

B 

Ca(1) site 
X 

Y 
Z 

B 

O(1) site 
X 

Y 
Z 

B 

O(2) site 
X 

Y 
Z 

B 

O(3) site 16m(8l)e 16m(8i)e 8g 
X 0.03(4) 0.435(8) 0.25 
Y 0.17(l) 0.257(8) 0.50 
Z 0.065(4) 0.119(l) 0.1625 
B 9(3) 3.7(9) _ _ 

8c.t 
0.25 
0.50 
0.252(2) 
0.8(5) 

F75 
0.00 
0.1971(9) 
1.5(6) 

1 6m(8i)e 8ct 
0.59( 1) 0.25 
0.275(8) 0.50 
0.149(3) 0.203(l) 
3(l) 3.0(8) 

_ - 81 
_ _ 0.50 
_ . 0.25 
_ _ 0.1620 
_ - _ _ 

4ef 
0.00 
0.25 
0.25 
2.3(2) 

81 

x:x5 
0.2037 
_ _ 

‘Q 
0.75 
0.50 
0.25 
_ _ 

F75 
0.00 
0.1625 
_ _ 

(continued) 
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Table 3. (Continued) 

Bi2Sr2CuOeb Bi2Sr2CaCu206c Bi2Sr2Ca2Cu30ted 

O(4) site - - 16m(8t)e 81 
X _ . 0.13(l) 0.50 
Y _ _ 0.20(2) 0.25 
2 _ _ 0.067(3) 0.0945 
B _ _ 13(3) _ _ 

O(5) site - - _ _ 1 6m(61)e 
X _ _ _ _ 0.10 
Y _ - _ _ 0.20 
z - _ _ _ 0.0435 
B _ _ _ _ _ _ 

a(A) 
b(A) 

5.362(3) 5.399(l) 5.413(3) 

c(A) 
5.374(l) 5.414(l) 5.413(3) 

24.622(6) 30.90(2) 37.10(l) 

aSpace group Amaa, nonconventional setting of Cccm (No. 66): (O,O,O; 0,1/2,1/2) + 
(x,y,z; 112+x, -y, 2; -x,y,z; 112+x, y. -2). 

bReference 15. 
Vteferences 16 and 28. 
dCalculaled atomic positions; lattice parameters taken from Reference 45. 
eAtom displaced from mirror plane (81 sites) into two sites (16m) each with half 
occupancy. 

‘This Ca site contains some Sr and/or Bi. It was modeled as 0.67 Ca + 0.33 Sr. 
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Table 4. Positionala and Isotropic Thermal (A*) Parameters for TI2Ba2Can-1 

CUnO*n+4 (n = 1,2,3,4). 

TI(1) site 413 
; 0.50 0.50 

2. 0.20265(2) 
0 1.3(l) 

Ba(1) site 4e 
X 0.00 

Y 0.00 
L 0.06301(3) 
B 0.5(l) 

Cu(l) site 2b 
X 0.50 
Y 0.50 
: 0.00 

0.4(l) 

4et 
0.50 
0.50 
0.21359(2) 
1.7(l) 

4e9 
0.50 
0.50 
0.2201(l) 
2.1(l) 

4e 
0.50 
0.50 
0.2242 
_ . 

4e 
0.00 
0.00 
0.12179(3) 
0.6(l) 

4e 
0.00 
0.00 
y;;(l) 

4e 
0.00 
0.00 
0.1593 
- _ 

4e 2b 48 
0.50 0.50 0.50 
0.50 0.50 0.50 
0.0540(l) 0.00 0.0362 
0.4(l) 0.3(l) _ _ 

Cu(2) site - - 
X _ _ 

Y _ _ 
2 _ _ 
B _ - 

4e 
0.50 
0.50 
0.0896(2) 
0.7(l) 

4e 
0.50 
0.50 
0.1124 

Ca(1) site - - 
_ _ 

; __ 
2 _ _ 
I3 . _ 

Ca(2) site - - 

X _ _ 

Y _ _ 

z _ _ 

B _ _ 

O(1) site 4c 
X 0.00 

Y 0.50 
2 0.00 
B 0.7(l) 

O(2) site 4e 
X 0.50 

Y 0.50 
2 0.1168(4) 
0 1.1(l) 

2ah 
0.00 
0.00 
0.00 
0.6(l) 

- . 
_ _ 
- _ 
_ _ 
_ _ 

6g 4c &I 
0.00 0.00 0.00 
0.50 0.50 0.50 
0.0531(2) 0.00 0.5362 
0.8(l) 0.9(9) _ - 

4e 89 
0.50 0.50 
0.50 0.00 
0.1461(3) 0.0875(6) 
1.5(2) 1.2(6) 

80 
0.50 
0.00 
0.6116 
_ _ 

4ei 2a 
0.00 0.00 
0.00 0.00 
0.0463(2) 0.00 
1.2(l) _ _ 

4e 
0.50 
0.50 
0.5755 
_ _ 

(continued) 
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Table 4. (Continued) 

Tl2BqCuO6b T12Ba2CaCu208c T12Ba2Ca2Cu30tod T12Ba2Ca3CrqOf2e 

O(3) site 16n(4e)) 16n(4e)f 
X 0.59515) 0.604(g) 

‘) 
Y 0.50 . . 0.50 - - 
2 0.2889(5) 0.2815(7 
B 0.4(3) 3(l) 

O(4) site - - _ _ 

X _ _ _ _ 

Y _ _ _ _ 

2 - . . - 

B _ _ _ _ 

a(A) 
c(A) 

3.866(l) 3.8550(S) 
23.239(6) 29.318(4) 

=Space group 14/mmm. 
bReference 15. 

Vfeference 22. 

dReference 5. 

4e 
0.50 
0.50 
0.159(l) 
2.3(9) 

48 
0.50 
0.50 
0.1752 
_ _ 

4e 
0.50 
0.50 
8:Z) 

4e 
0.50 
0.50 
0.7291 
_ _ 

3.8503(S) 3.856(l) 
35.88(3) 42.051(4) 

eCalculated atomic positions; lattice parameters taken from reference 28. 

&e composition fixed al 0.90 TI + 0.10 Ca. However, site can also be modeled as containing 
only thallium with 7.5% vacancies. 

9Site composition fixed at 0.85 TI + 0.15 Ca. However, site can also be modeled as containing 
only thallium with 11.3% vacancies. 

hSite composition fixed at 0.90 Ca + 0.10 TI. 
‘Site composition fixed at 0.88 Ci + 0.12 TI. 

jAlom displaced from 4e siles to 16n sites with quarter occupancy. 
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Table 5. Positionala and isotropic Thermal (A*) Parameters for TIBa2Can.l 

Cun02”+3 (n = 1AW. 

TI(1) site 

y” 
z 
B 

la la 41(1 a)’ 
0.00 0.00 0.085(2) 
0.00 0.00 0.00 
0.00 0.00 0.00 
_ _ 1.1(2) 1.7(l) 

Foe 
0.00 
0.00 
_ _ 

Ba(1) site 2h 
X 0.50 

Y 0.50 
L 0.2868 
B _ _ 

2h 
0.50 
0.50 

y8(1) 

2h9 2h 
0.50 0.50 
0.50 0.50 
0.1729 0.1447 
0.6(l) - _ 

Cu(l) site lb 29 lb 29 
X 0.00 0.00 0.00 0.00 
Y 0.00 0.00 0.00 0.00 
Z 0.50 0.3745(2) 0.50 0.2504 
B _ _ 0.5(l) 0.4(l) _ _ 

Cu(2) site 

f 
Z 

B 

29 al 
0.00 0.00 
0.00 0.00 
0.2991(2) 0.4187 
0.4(l) _ _ 

Ca(1) site 

; 
Z 

B 

Ca(2) site 

; 
Z 

B 

O(1) site 
X 

Y 

; 

O(2) site 

; 
Z 

B 

TlBa2CuOsb TlBa2CaCu2W TIBa2Ca2Cu309d TIBa2Ca$u401 te 

2e 4i 2e 4i 
0.00 0.00 0.00 0.00 
0.50 0.50 0.50 0.50 
0.50 0.3790(8) 0.50 0.2525 
_ _ 0.7(2) 0.9(3) . _ 

2g 2g 4i 
0.00 0.00 0.00 
0.00 0.00 0.50 
0.2162 0.158(l) 0.3019(7) 
_ _ 0.9(2) 1.1(2) 

ldh Phi Id 
0.50 0.50 0.50 
0.50 0.50 0.50 
0.50 0.3953(3) 0.50 
0.7(2) 0.7(l) - _ 

- . 2h 
_ _ 0.50 
- _ 0.50 
- . 0.3346 
_ _ _ _ 

i’oo 
0:50 
0.4187 
_ _ 

(continued) 
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Table 5. (Continued) 

TIBa$uOsb TlBazCaCu207C TIBa2Ca2CusOgd TIBa2Ca$u40r le 

O(3) site lc lc 29 2g 
X 0.50 0.50 0.00 0.00 
Y 0.50 0.50 0.00 0.00 

0.00 
; __ 

0.00 0.1277(11) 0.1069 
2.6(6) 0.6(3) _ _ 

O(4) site - - _ _ lc IC 
_ - 

; _- 
_ _ 0.50 0.50 
_ _ 0.50 0.50 

_ _ 
; __ 

_ - 0.00 0.00 
_ - 2.6(7) - . 

4) 3.65 3.6566(4) 3.653(l) 3.650 
c(A) 9.59 12.754(2) 15.913(4) 19.01 

aSpace group P4/mmm. 
bcatcutated atomic positions; lattice parameters taken from reference 29. 
Veference 26. 
dReference 27. 
Walculated atomic positions; lattice parameters taken from reference 25. 
‘Atom displaced from la sites to 41 sites with quarter occupancy. 
90ccupancy factor refined to 0.94(l) atom/site. 
hSite composition fixed at 0.63 Ca + 0.17 TI. 
‘Site composition fixed at 0.95 Ca + 0.05 TI. 
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Table 6. Positionala and Isotropic Thermal (A*) Parameters for 
(Tlo.sPbo.s)SrzCan-lCun02n+3 (n = 1,W. 

TI/Pb site 

I: 
z 
B 

la 4l(la)e 41( 1 a)e 
0.00 0.0737(6) 0.067(S) 
0.00 0.00 0.00 
0.00 0.00 0.00 
_ - 0.4(l) 1.8(2) 

Sr(1) site 

; 
z 
B 

2h 2h 2h 
0.50 0.50 0.50 
0.50 0.50 0.50 
0.2950 0.2162(l) 0.1709(2) 
_ _ 0.7(l) 1,.6(l) 

Cu(1) site 

; 
2 
B 

lb 
0.00 
0.00 
0.50 
_ _ 

Foe 
0.00 
0.3638(e) 
0.5(l) 

lb 
0.00 
0.00 
0.50 
1.2(l) 

Cu(2) site 
X 

Y 
2 
B 

_ _ 
_ _ 

29 
0.00 
0.00 
0.2868(2) 
1.1(l) 

Ca(1) site 

y” 
z 
B 

_ _ ld’ 2h9 
_ _ 0.50 0.50 
_ _ 0.50 0.50 
_ _ 0.50 0.3928(3) 
_ _ 0.5(l) 1.5(l) 

O(1) site 28 41 28 
X 0.00 0.00 0.00 
Y 0.50 0.50 0.50 
z 0.50 0.3696(S) 0.50 
B _ _ 1.0(2) 1.2(3) 

O(2) site 

I: 
2 
B 

29 
0.00 
0.00 
0.2236 

29 41 
0.00 0.00 
0.00 0.50 
0.1655(g) 0.2924(7) 
0.8(2) 1.5(2) 

O(3) site 
X 

Y 
2 

B 

_ _ 

lc 
0.50 
0.50 
0.00 
_ _ 

4n(lc)h 
0.59(l) 
0.50 
0.00 
1 .2(7) 

29 
0.00 
0.00 
0.131(l) 
1.6(3) 

(continued) 

(TIPb)Sr2CuOsb (TIPb)S&aCu20f (TlPb)Sr2Ca2Cu30gd 
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Table 6. (Continued) 

(TIPb)Sr2CuOsb (TlPb)Sr2CaCu207c (TIPb)Sr2Ca2Cug0gd 

O(4) site - - _ - 4n(lc)h 
X - _ _ _ 0.60(2) 

Y _ _ _ _ 0.50 
2 _ _ _ _ 0.00 
B _ _ _ _ 3(l) 

a(A) 3.731 
c(A) 

3.791(2) 3.808(l) 
8.98 12.06(l) 15.232(7) 

aSpace group PUmmm. 
blattice parameters from Reference 29. Positional parameters are for TISqCuOs taken 
from Reference 46. 

cReference 28. 
dReference 30. 
eAtom displaced from la sites to 41 sites with quarter occupancy. 
fSite composition fixed at 0.92 Ca + 0.08 TVPb. However, site can also be modeled as 
0.73 Ca + 0.27 Sr. 

gSite composition fixed at 0.94 Ca + 0.06 TWPb. However, site can also be modeled as 
0.80 Ca + 0.20 Sr. 

hAtom displaced from lc sites to 4n sites with quarter occupancy. 
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Table 7. Positionala and Isotropic Thermal (A*) Parameters for 
Pb2Sr2(Y,Ca)CU308 and (Y,Ca)Sr2(CU,Pb)306.& 

Pb*Sr2(Y,Ca)Cu30sb (Y,Ca)Sr2(Cu,Pb)306.sb 

Pb(l)/Cu(l) 

Y(1) 

Sr(l) 

Cull 1 

Cu(2) 

O(1) 

O(2) 

O(3) 

site 

I: 
z 
B 

site 

y” 
2 
B 

site 

; 
z 
B 

site 

; 
Z 
B 

site 

c( 
Z 
B 

site 

II 
Z 
B 

site 

; 

; 

site 

;r. 

: 

2hC 
0.50 
0.50 
0.3674(l) 
0.9(l) 

lae 
0.00 
0.00 
0.00 
0.9(3) 

?oo 
0.00 
0.2206(3) 
1.1(2) 

2h 
0.50 
0.50 
0.1070(4) 
0.9(2) 

lb 
0.00 
0.00 
0.50 
0.9(3) 

4i 
0.00 
0.50 
0.096(l) 
1.1(4) 

2h 
0.50 
0.50 
0.249(2) 
1.7(6) 

6s(2g)h 
0.12(l) 
0.00 
0.384(3) 
1.6(12) 

lad 
0.00 
0.00 
0.00 
2.2(l) 

ld’ 
0.50 
0.50 
0.50 
0.6(i) 

2h 
0.50 
0.50 
0.2072(3) 
1.2(l) 

_ _ 

2Q9 
0.00 
0.00 
0.3612(4) 
0.8(l) 

4i 
0.00 
0.50 
0.376(l) 
1.2(3) 

2Q 
0.00 
0.00 
0.150(3) 
4.6(9) 

4n(lc)i 
0.33(2) 
0.50 
0.00 
0.2(9) 

(continued) 
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Table 7. (Continued) 

a(A) 
c(A) 

3.813(2) 3.818(l) 
15.76(l) 11.829(2) 

=Space group P4/mmm 
bFteference 33. 
%ite fully occupied by Pb. 
(‘Site composition fixed 0.63 Pb + 0.37 Cu. 
Wte composition fixed at 0.75 Y + 0.25 Ca. 
‘Site composition fixed at 0.85 Y + 0.15 Ca. 
9Site composition fixed at 0.97 Cu + 0.03 Pb. 
hAtom displaced from 2g sites to 8s sites with quarter occupancy. 
iAtom displaced from partially occupied lc sites to 4n sites with a quarter of the refined 
occupancy. 
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Table 8. Calculated x-ray powder diffraction patterns for the com- 
pounds in Tables 1 through 7. Patterns were calculated 
using LAZY PULVERIX (47) with copper radiation 
(X = 1.5418 A). Not all lines are given. Calculated intensi- 
ties less than 1 are not included. 

YBa$U& 

26 d h k I Icalc 

7.49 11.804 0 0 1 11 
15.01 5.902 0 0 2 5 
22.60 3.935 0 0 3 5 
23.09 3.852 1 0 0 9 
27.65 3.226 1 0 2 14 
32.53 2.753 1 0 3 100 
32.88 2.724 1 1 0 60 
33.77 2.654 1 1 1 1 
36.33 2.473 1 1 2 3 
38.12 2.361 0 0 5 8 
38.43 2.343 1 0 4 15 
40.27 2.240 1 1 3 12 
45.04 2.013 1 0 5 1 
45.31 2.002 1 1 4 3 
46.14 1.967 0 0 6 6 
47.19 1.926 2 0 0 32 
49.80 1.831 2 0 2 1 
51.21 1.784 1 1 5 6 
52.21 1.752 1 0 6 1 
52.93 1.730 2 0 3 2 
53.17 1.723 2 1 0 2 
54.41 1.686 0 0 7 3 
55.57 1.654 2 1 2 4 
57.81 1.595 1 1 6 12 
58.49 1.578 2 1 3 34 
59.88 1.545 1 0 7 4 

(continued) 
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YBa2Cu307 

28 d h k I Icalc 
---------- ------ 
7.57 11.681 0 0 1 3 

15.17 5.840 0 0 2 3 
22.84 3.894 0 0 3 8 
22.88 3.886 0 1 0 10 
23.27 3.823 1 0 0 6 
24.13 3.688 0 1 1 1 
27.57 3.236 0 1 2 5 
27.89 3.199 1 0 2 10 
30.61 2.920 0 0 4 1 
32.55 2.751 0 1 3 90 
32.83 2.728 1 0 3 100 
32.86 2.725 1 1 0 97 
33.77 2.654 1 1 1 2 
36.38 2.470 1 1 2 5 
38.54 2.336 0 0 5 12 
38.56 2.335 0 1 4 6 
38.80 2.321 1 0 4 4 
40.40 2.233 1 1 3 27 
45.29 2.002 0 1 5 1 
45.52 1.993 1 1 4 1 
46.66 1.947 0 0 6 ’ 17 
46.75 1.943 0 2 0 30 
47.57 1.912 2 0 0 29 
51.52 1.774 1 1 5 7 
52.58 1.741 0 1 6 2 
52.64 1.739 0 2 3 2 
52.77 1.735 1 0 6 1 
52.85 1.732 1 2 0 2 
53.39 1.716 2 0 3 2 
53.41 1.715 2 1 0 2 

(continued) 
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55.03 1.669 0 0 7 2 
55.31 1.661 1 2 2 3 
55.86 1.646 2 1 2 2 
58.24 1.584 1 1 6 31 
58.30 1.583 1 2 3 36 
58.83 1.570 2 1 3 32 

DyBa2Cu408 

28 d h k I Icalc 

6.49 13.619 0 0 2 
13.00 6.809 0 0 4 
19.55 4.540 0 0 6 
23.13 3.846 1 0 0 
23.20 3.834 0 1 1 
24.04 3.701 1 0 2 
25.00 3.562 0 1 3 
26.17 3.405 0 0 8 
26.62 3.349 1 0 4 
28.27 3.157 0 1 5 
30.46 2.934 1 0 6 
32.62 2.745 0 1 7 
32.88 2.724 0 0 10 
32.99 2.715 1 1 1 
34.31 2.614 1 1 3 
35.20 2.549 1 0 8 
37.72 2.385 0 1 9 
39.71 2.270 0 0 12 
40.37 2.234 1 1 7 
43.37 2.086 0 1 11 
44.71 2.027 1 1 9 
46.69 1.946 0 0 14 
46.92 1.937 0 2 0 

20 
10 
2 
1 
9 

13 
5 
4 

36 
3 

37 
100 

5 
96 
28 
67 
10 
9 

17 
1 
8 

20 
35 
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47.27 1.923 
48.90 1.863 
49.24 1.851 
49.72 1.834 
53.29 1.719 
53.40 1.716 
53.85 1.702 
54.20 1.692 
54.51 1.683 
54.76 1.676 
54.83 1.674 
55.27 1.662 
55.93 1.644 
55.99 1.642 
56.97 1.616 
58.48 1.578 
58.61 1.575 
58.78 1.571 
59.37 1.557 
59.99 1.542 

2 0 0 34 
0 2 4 1 
2 0 4 1 
1 1 11 13 
2 1 1 2 
1 2 2 2 
0 0 16 3 
2 1 3 1 
0 2 8 1 
1 2 4 9 
2 0 8 1 
1 1 13 5 
0 1 15 3 
2 1 5 1 
1 2 6 12 
0 2 10 1 
2 1 7 36 
2 0 10 1 
1 0 16 4 
1 2 8 27 

7.03 

28 

12.573 

d 

14.09 6.286 

--mm---- 

21.20 4.191 
23.06 

3.51 25.145 

3.858 
23.10 3.851 
23.37 3.807 
23.60 3.770 
24.17 3.682 

0 0 4 16 
0 0 8 

h k I -ICEllC 

7 
0 0 12 

--------- 

4 
0 11 8 
10 0 

0 0 2 2 

3 
IO 2 4 
0 13 1 
10 4 3 

(continued) 



520 Chemistry of Superconductor Materials 

24.65 3.611 0 1 5 2 
24.78 3.592 0 0 14 5 
25.45 3.499 1 0 6 6 
26.16 3.406 0 1 7 2 
27.15 3.284 1 0 8 20 
28.05 3.181 0 1 9 5 
29.21 3.058 1 0 10 2 
31.55 2.836 1 0 12 40 
32.03 2.794 0 0 18 2 
32.74 2.736 0 I 13 100 
32.86 2.725 1 1 1 95 
33.26 2.694 1 1 3 8 
34.03 2.634 1 1 5 13 
34.13 2.627 1 0 14 51 
35.17 2.552 1 1 7 4 
35.71 2.515 0 0 20 1 
36.64 2.453 1 1 9 1 
36.91 2.435 1 0 16 13 
38.30 2.350 0 1 17 .9 
39.42 2.286 0 0 22 10 
39.86 2.261 1 0 18 1 
40.44 2.230 1 1 13 21 
42.72 2.117 1 1 15 1 
42.96 2.105 1 0 20 1 
45.20 2.006 1 1 17 4 
46.97 1.935 0 2 0 33 
46.98 1.934 0 0 26 17 
47.20 1.926 2 0 0 32 
47.87 1.900 1 1 19 1 
49.28 1.849 0 2 8 1 
49.51 1.841 2 0 8 1 
50.71 1.800 1 1 21 IO 
51.18 1.785 0 1 25 1 
52.07 1.756 0 2 12 1 

(continued) 
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52.28 1.750 2 0 12 1 
52.97 1.729 1 2 0 1 
52.98 1.729 1 0 26 1 
53.10 11725 1 2 2 1 
53.16 1.723 2 1 1 2 
53.51 1.713 1 2 4 1 
53.82 1.703 0 2 14 1 
53.97 1.699 2 1 5 1 
54.03 1.697 2 0 14 1 
54.17 1.693 1 2 6 1 

54.69 1.678 0 1 27 2 
54.76 1.676 0 0 30 3 
55.10 1.667 1 2 8 5 
55.81 1.647 2 1 9 1 
56.27 1.635 1 2 10 1 
56.86 1.619 1 1 25 8 
57.68 1.598 1 2 12 13 
57.99 1.591 0 2 18 1 
58.19 1.585 2 0 18 1 
58.31 1.583 0 1 29 1 
58.63 1.575 2 1 13 35 
59.33 1.558 1 2 14 19 

La2Cu04 

20 d h k I Icalc 
------- ---------- 
13.47 6.575 0 0 2 3 
24.32 3.659 111 25 
27.12 3.288 0 0 4 12 
31.10 2.876 11 3 100 
33.14 2.703 2 0 0 33 
33.37 2.685 0 2 0 33 
35.92 2.500 2 0 2 1 

(continued) 
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36.13 2.486 0 2 2 1 
41.19 2.192 0 0 6 10 
41.73 2.164 11 5 23 
43.34 2.088 2 0 4 14 
43.52 2.080 0 2 4 14 
47.74 1.905 2 2 0 32 
53.85 1.702 2 0 6 5 
54.01 1.698 0 2 6 5 
54.13 1.694 3 1 1 3 
54.44 1.685 13 1 3 
54.46 1.685 11 7 13 
55.77 1.648 2 2 4 7 
55.94 1.644 0 0 8 5 
57.93 1.592 3 1 3 17 
58.23 1.584 13 3 17 

28 d h k 1 Icalc 

13.43 6.593 0 0 2 3 
24.39 3.649 10 1 22 
27.05 3.297 0 0 4 12 
31.13 2.873 IO 3 100 
33.37 2.685 11 0 65 
36.12 2.487 11 2 1 
41.07 2.198 0 0 6 11 
41.70 2.166 10 5 21 
43.47 2.082 11 4 27 
47.91 1.899 2 0 0 31 
53.91 1.701 11 6 11 
54.37 1.688 10 7 12 
54.48 1.684 2 11 5 

(continued) 
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55.77 1.648 0 0 8 5 
55.88 1.645 2 0 4 7 
58.25 1.584 2 13 33 

Bi2Sr$ll&j 

28 d h k I Icalc 

7.18 12.311 0 0 2 
16.89 5.250 0 1 1 
19.75 4.496 0 1 3 
21.66 4.104 0 0 6 
23.72 3.751 1 1 1 
24.52 3.631 0 1 5 
25.86 3.445 1 1 3 
29.01 3.078 0 0 8 
29.72 3.006 1 1 5 
30.37 2.943 0 1 7 
33.34 2.687 0 2 0 
33.42 2.681 2 0 0 
34.15 2.625 0 2 2 
34.23 2.620 2 0 2 
34.77 2.580 1 1 7 
36.49 2.463 0 2 4 
36.49 2.462 0 0 10 
37.67 2.388 2 1 1 
38.17 2.358 1 2 2 
40.11 2.248 0 2 6 
40.18 2.245 2 0 6 
40.30 2.238 1 2 4 
43.66 2.073 1 2 6 
44.14 2.052 0 0 12 
44.77 2.024 0 2 8 
44.83 2.022 2 0 8 

13 
5 
1 

17 
4 
1 

74 
27 

100 
2 

33 
34 
2 
2 
8 
1 
6 
1 
1 
1 
2 
2 
1 
3 
15 
17 
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47.13 1.928 11 11 15 
47.93 1.898 2 2 0 21 
50.26 1.815 0 2 10 2 
50.31 1.814 2 0 10 1 
51.12 1.787 0 3 1 1 
53.17 1.723 2 2 6 2 
54.11 1.695 11 13 8 
55.21 1.664 13 3 4 
55.31 1.661 3 1 3 5 
56.42 1.631 0 2 12 1 
56.47 1.629 2 0 12 1 
57.01 1.615 2 2 8 8 
57.37 1.606 13 5 8 
57.47 1.604 3 1 5 10 
57.76 1.596 0 3 7 1 

28 d h k I IcaIc 

5.72 15.452 0 0 2 
16.62 5.333 0 11 
17.22 5.151 0 0 6 
18.51 4.792 0 13 
23.02 3.863 0 0 8 
23.45 3.794 111 
24.84 3.584 11 3 
26.04 3.422 0 17 
27.43 3.251 11 5 
28.89 3.090 0 0 10 
30.84 2.900 0 19 
30.94 2.890 11 7 
33.09 2.707 0 2 0 
33.19 2.700 2 0 0 

32 
3 
1 
1 

24 
4 

28 
1 

100 
16 
1 

56 
37 
28 

(continued) 



Structural Details of the High T, Copper-Based Superconductors 525 

33.61 2.666 0 2 2 5 
33.70 2.659 2 0 2 2 
34.84 2.575 0 0 12 13 
35.13 2.555 1 1 9 16 
37.53 2.396 0 2 6 1 
37.62 2.391 1 2 2 1 
39.00 2.309 1 2 4 1 
39.82 2.264 1 1 11 1 
40.70 2.217 0 2 a 4 
40.78 2.213 2 0 a 2 
41.22 2.190 1 2 6 1 
44.49 2.036 0 2 IO 14 
44.57 2.033 2 0 10 11 
44.90 2.019 1 1 13 9 
47.05 1.932 0 0 16 3 
47.57 1.912 2 2 0 24 
48.81 1.866 0 2 12 5 
48.88 1.863 2 0 12 4 
50.31 1.814 1 1 15 18 
50.67 1.802 0 3 1 1 
53.48 1.713 2 2 8 4 
54.33 1.688 1 3 3 2 
54.46 1.685 3 1 3 1 
55.73 1.650 1 3 5 IO 
55.85 1.646 3 1 5 6 
56.01 1.642 1 1 17 4 
56.62 1.626 2 2 10 4 
57.71 1.598 0 3 9 1 
57.77 1.596 1 3 7 6 
57.89 1.593 3 1 7 4 
58.72 1.572 0 2 16 2 
58.78 1.571 2 0 16 1 
59.85 1.545 0 0 20 4 

(continued) 
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28 d h k I Icalc 

4.76 18.550 0 0 2 
9.54 9.275 0 0 4 

14.32 6.183 0 0 6 
16.55 5.356 0 1 1 
17.89 4.959 0 1 3 
19.14 4.638 0 0 8 
23.36 3.807 1 1 1 
23.99 3.710 0 0 10 
24.34 3.656 1 1 3 
26.20 3.402 1 1 5 
27.19 3.280 0 1 9 
28.77 3.103 1 1 7 
28.88 3.092 0 0 12 
31.25 2.863 0 1 11 
31.91 2.805 1 1 9 
33.10 2.707 0 2 0 
33.10 2.707 2 0 0 
33.46 2.678 2 0 2 
33.46 2.678 0 2 2 
33.82 2.650 0 0 14 
35.47 2.531 1 1 11 
36.23 2.479 0 2 6 
36.23 2.479 2 0 6 
37.22 2.416 2 1 1 
37.47 2.400 1 2 2 
38.43 2.342 1 2 4 
38.51 2.338 2 0 8 
38.51 2.338 0 2 8 
38.84 2.319 0 0 16 
40.00 2.254 1 2 6 
41.29 2.187 2 0 10 

100 
1 
2 
3 
2 
7 
6 
18 
11 
47 
1 

80 
4 
1 

50 
37 
38 
9 
8 

20 
27 
2 
2 
1 
1 
1 
3 
2 
4 
1 
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41.29 2.187 0 
42.11 2.146 1 
43.57 2.077 1 
43.93 2.061 0 
44.49 2.036 0 
44.49 2.036 2 
47.51 1.914 2 
47.78 1.904 2 
47.99 1.896 1 
48.05 1.894 2 
48.05 1.894 0 
49.11 1.855 0 
50.65 1.802 0 
51.16 1.785 0 
51.67 1.769 2 
51.93 1.761 0 
51.93 1.761 2 
52.62 1.739 1 
53.60 1.710 3 
53.90 1.701 2 
54.09 1.696 1 
54.09 1.696 3 
54.82 1.675 1 

55.06 1.668 1 
55.06 1.668 3 
55.60 1.653 0 
56.09 1.640 0 
56.09 1.640 2 
56.49 1.629 1 

56.49 1.629 3 
56.56 1.627 2 
57.45 1.604 1 
57.97 1.591 0 
58.37 1.581 3 
58.37 1.581 1 

2 
2 
1 
0 
2 
0 
2 
2 
1 

: 
0 
3 
3 
2 
2 
0 
1 

1 
2 
3 
1 
2 
3 
1 
3 
2 
0 
3 
1 
2 
1 

3 
1 

3 

IO 
a 

15 
la 
12 
12 
0 
2 

17 
14 
14 
20 

1 

3 
a 

16 
16 
19 
1 

IO 
3 
3 

16 
5 
5 
9 

la 
la 
7 
7 

12 
21 
11 
9 
9 

2 
1 
6 
1 
7 
7 

35 
1 

7 

ii 
7 
1 
1 

1 

2 
2 
5 
1 

5 
1 
1 
1 
4 
6 
1 
1 
1 
9 
12 
2 
4 
1 

a 
6 

(continued) 
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59.59 1.552 2 2 14 IO 
59.83 1.546 0 0 24 2 

T12Ba2CU&j 

28 d h k I bale 

7.61 11.620 0 0 2 16 
15.25 5.810 0 0 4 3 
22.96 3.873 0 0 6 1 
25.75 3.459 1 0 3 21 
30.07 2.972 1 0 5 100 
30.78 2.905 0 0 8 5 
32.76 2.734 1 1 0 58 
33.68 2.661 1 1 2 6 
38.75 2.324 0 0 10 14 
40.38 2.233 1 1 6 3 
42.08 2.147 1 0 9 6 
45.57 1.991 1 1 8 11 
47.01 1.933 2 0 0 23 
47.69 1.907 2 0 2 1 
49.14 1.854 1 0 11 1 
51.62 1.771 1 1 10 18 
52.94 1.730 2 0 6 1 
54.37 1.687 2 1 3 5 
55.35 1.660 0 0 14 2 
56.73 1.623 1 0 13 8 
56.81 1.620 2 1 5 32 
57.25 1.609 2 0 8 4 

(continued) 
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TI#a2CaCU208 

28 d h k I Icalc 

6.03 14.659 0 0 2 72 
12.07 7.330 0 0 4 2 
18.15 4.886 0 0 6 5 
24.83 3.586 1 0 3 2 
27.69 3.221 1 0 5 79 
30.49 2.932 0 0 10 1 
31.54 2.836 1 0 7 100 
32.86 2.726 1 1 0 78 
33.44 2.680 1 1 2 16 
36.10 2.488 1 0 9 2 
36.79 2.443 0 0 12 21 
37.79 2.381 1 1 6 1 
41.17 2.192 1 0 11 7 
41.28 2.187 1 1 8 3 
43.20 2.094 0 0 14 4 
45.43 1.996 1 1 10 6 
46.66 1.947 1 0 13 4 
47.15 1.928 2 0 0 35 
47.58 1.911 2 0 2 2 
50.14 1.819 1 1 12 25 
50.93 1.793 2 0 6 1 
55.32 1.661 1 1 14 7 
55.56 1.654 2 1 5 21 
56.50 1.629 0 0 18 3 
57.19 1.611 2 0 10 1 
57.84 1.594 2 1 7 33 
58.64 1.574 1 0 17 8 

(continued) 
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Tl2Ba2Ca2Cu3010 

28 d h k I Icalc 
------ -- ------ 

4.93 17.940 0 0 2 
9.86 8.970 0 0 4 

14.81 5.980 0 0 6 
19.79 4.485 0 0 8 
26.27 3.393 1 0 5 
29.01 3.078 1 0 7 
32.32 2.769 1 0 9 
32.90 2.722 1 1 0 
33.29 2.692 1 1 2 
34.43 2.605 1 1 4 
35.01 2.563 0 0 14 
36.09 2.489 1 0 11 
38.69 2.327 1 1 8 
40.20 2.243 1 0 13 
40.21 2.243 0 0 16 
41.64 2.169 1 1 10 
44.60 2.032 1 0 15 
45.03 2.013 1 1 12 
47.21 1.925 2 0 0 
47.50 1.914 2 0 2 
48.80 1.866 1 1 14 
49.23 1.851 1 0 17 
51.67 1.769 2 0 8 
52.90 1.731 1 1 16 
54.09 1.695 1 0 19 
54.83 1.674 2 1 5 
56.37 1.632 2 1 7 
56.42 1.631 0 0 22 
57.28 1.608 1 1 18 
58.38 1.581 2 1 9 
59.16 1.562 1 0 21 

100 
3 
2 
4 

20 
67 
55 
60 
16 
1 

14 
5 
2 
5 
8 
2 
3 
3 

30 
2 
15 
1 
1 

11 
1 
4 
19 
3 
1 

18 
5 
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Tl2Ba2Ca3Cu4012 

28 d h k I Icalc 

4.20 21.026 0 0 2 
8.41 10.513 0 0 4 

12.63 7.009 0 0 6 
16.87 5.256 0 0 8 
21.13 4.205 0 0 10 
25.41 3.505 1 0 5 
27.49 3.245 1 0 7 
30.05 2.974 1 0 9 
32.85 2.727 1 1 0 
32.99 2.715 1 0 11 
33.13 2.704 1 1 2 
33.97 2.639 1 1 4 
34.11 2.628 0 0 16 
36.25 2.478 1 0 13 
38.54 2.336 0 0 18 
39.38 2.288 1 1 10 
39.75 2.268 1 0 15 
41.98 2.152 1 1 12 
43.02 2.103 0 0 20 
43.46 2.082 1 0 17 
44.90 2.019 1 1 14 
47.14 1.928 2 0 0 
47.35 1.920 2 0 2 
47.36 1.920 1 0 19 
48.08 1.892 1 1 16 
51.51 1.774 1 1 18 
52.19 1.753 2 0 10 
54.30 1.689 2 1 5 
55.16 1.665 1 1 20 
55.43 1.658 2 1 7 
55.63 1.652 1 0 23 

100 
5 
1 
2 
2 
5 

31 
48 
47 
23 
12 
2 
9 
9 
7 
2 
6 
1 
2 
2 
2 

25 
2 
2 
IO 
9 
1 
1 
3 
8 
2 
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56.92 1.618 2 1 9 14 
56.93 1.617 0 0 26 3 
58.74 1.572 2 1 11 8 
59.46 1.555 2 0 16 6 

TlBa2CuOs 

28 d h k I Icalc 

9.22 9.590 0 0 1 5 
18.50 4.795 0 0 2 1 

24.92 3.573 1 0 1 24 
27.91 3.197 0 0 3 10 
29.76 3.002 1 0 2 100 
32.90 2.722 1 1 0 56 
34.24 2.619 1 1 1 5 
36.53 2.459 1 0 3 2 
37.51 2.398 0 0 4 16 
43.67 2.073 1 1 3 17 
44.52 2.035 1 0 4 2 
47.21 1.925 2 0 0 24 
50.74 1.799 1 1 4 18 
53.36 1.717 1 0 5 13 
54.12 1.695 2 1 1 5 
55.74 1.649 2 0 3 5 
56.81 1.621 2 1 2 30 
57.67 1.598 0 0 6 1 

(continued) 
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TIBa2CaCu207 

28 d h k I Icalc 

6.93 12.754 0 0 1 32 
20.89 4.251 0 0 3 5 
23.06 3.857 1 0 0 1 
24.11 3.692 1 0 1 8 
27.02 3.300 1 0 2 97 
27.98 3.189 0 0 4 7 
31.31 2.857 1 0 3 100 
32.84 2.727 1 1 0 86 
33.60 2.667 1 1 1 17 
35.18 2.551 0 0 5 29 
36.56 2.458 1 0 4 13 
42.49 2.128 1 0 5 2 
42.53 2.126 0 0 6 2 
43.67 2.073 1 1 4 23 
47.12 1.929 2 0 0 43 
47.69 1.907 2 0 1 2 
48.89 1.863 1 1 5 28 
48.92 1.862 1 0 6 8 
50.06 1.822 0 0 7 1 
52.07 1.756 2 0 3 1 
53.61 1.709 2 1 1 2 
54.75 1.677 1 1 6 4 
55.16 1.665 2 1 2 26 
55.70 1.650 2 0 4 5 
55.80 1.647 1 0 7 16 
57.67 1.598 2 1 3 33 
57.84 1.594 0 0 8 3 

(continued) 
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28 d h k I Icalc 
-------- -------_ 
5.55 15.913 0 0 1 78 

22.35 3.978 0 0 4 8 
23.08 3.853 1 0 0 1 
23.76 3.745 1 0 1 7 
25.69 3.468 1 0 2 49 
28.04 3.183 0 0 5 6 
28.63 3.117 1 0 3 100 
32.35 2.768 1 0 4 74 
32.87 2.725 1 1 0 95 
33.37 2.685 1 1 1 18 
33.80 2.652 0 0 6 32 
36.62 2.454 1 0 5 34 
37.10 2.424 1 1 3 1 
39.65 2.273 0 0 7 8 
41.33 2.185 1 0 6 1 
43.74 2.070 1 1 5 19 
46.37 1.958 1 0 7 4 
47.18 1.927 2 0 0 51 
47.54 1.913 2 0 1 1 
47.86 1.900 1 1 6 26 
51.70 1.768 0 0 9 2 
51.72 1.768 1 0 8 11 
52.42 1.746 1 1 7 1 
52.80 1.734 2 0 4 1 
54.49 1.684 2 1 2 8 
55.78 1.648 2 0 5 1 
56.12 1.639 2 1 3 23 
57.33 1.607 1 0 9 13 
57.95 1.591 0 0 10 5 
58.36 1.581 2 1 4 20 
59.28 1.559 2 0 6 18 

(continued) 
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28 d h k I Icalc 
---- 

4.65 19.010 0 0 1 
9.30 9.505 0 0 2 

18.67 4.753 0 0 4 
23.10 3.850 1 0 0 
23.40 3.802 0 0 5 
24.95 3.568 1 0 2 
27.10 3.290 1 0 3 
28.16 3.168 0 0 6 
29.87 2.992 1 0 4 
32.90 2.722 1 1 0 
32.98 2.716 0 0 7 
33.11 2.705 1 0 5 
33.24 2.695 1 1 1 
34.26 2.617 1 1 2 
36.74 2.446 1 0 6 
37.86 2.376 0 0 8 
40.65 2.219 1 0 7 
40.76 2.213 1 1 5 
42.81 2.112 0 0 9 
43.84 2.065 1 1 6 
44.82 2.022 1 0 8 
47.21 1.925 2 0 0 
47.28 1.923 1 1 7 
47.47 1.915 2 0 1 
47.85 1.901 0 0 10 
49.20 1.852 1 0 9 
51.01 1.790 1 1 8 
52.98 1.728 0 0 11 
53.34 1.717 2 0 5 
53.78 1.705 1 0 IO 
54.13 1.694 2 1 2 

100 
4 
1 
3 
8 

23 
69 
1 

87 
98 
27 
46 
21 
4 

45 
12 
3 
2 
2 
19 
1 

59 
22 
2 
1 
7 
14 
1 
3 
11 
5 
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55.03 1.669 11 9 3 
55.29 1.662 2 13 18 
55.89 1.645 2 0 6 1 
56.88 1.619 2 14 27 
58.24 1.584 0 0 12 6 
58.54 1.577 1 0 11 9 
58.80 1.571 2 0 7 17 
58.88 1.568 2 15 16 

h k I 

9.85 8.980 0 0 1 2 
19.77 4.490 0 0 2 1 
25.86 3.446 1 0 1 31 
29.85 2.993 0 0 3 13 
31.17 2.870 1 0 2 100 
33.98 2.638 1 1 0 62 
35.46 2.531 1 1 1 4 
38.56 2.335 1 0 3 4 
40.17 2.245 0 0 4 13 
45.85 1.979 1 1 3 22 
47.25 1.924 1 0 4 4 
48.82 1.866 2 0 0 26 
50.84 1.796 0 0 5 1 
53.60 1.710 1 1 4 15 
56.06 1.641 2 1 1 7 
56.90 1.618 1 0 5 14 
58.28 1.583 2 0 3 7 
59.06 1.564 2 1 2 31 

(continued) 
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(Tlo.5Pbo.s)Sr2CaCu207 

20 d h k I Icalc 

7.33 12.060 0 0 1 22 
14.69 6.030 0 0 2 4 
22.11 4.020 0 0 3 13 
23.47 3.791 1 0 0 7 
24.62 3.617 1 0 1 18 
27.80 3.209 1 0 2 52 
29.63 3.015 0 0 4 6 
32.46 2.758 1 0 3 100 
33.43 2.681 1 1 0 76 
34.27 2.617 1 1 1 12 
36.69 2.450 1 1 2 1 
37.28 2.412 0 0 5 18 
38.14 2.360 1 0 4 8 
40.44 2.230 1 1 3 1 
44.52 2.035 1 0 5 5 
45.11 2.010 0 0 6 6 
45.26 2.003 1 1 4 19 
48.00 1.896 2 0 0 38 
50.93 1.793 1 1 5 17 
51.46 1.776 1 0 6 IO 
53.16 1.723 0 0 7 1 
53.44 1.715 2 0 3 2 
54.09 1.695 2 1 0 1 
54.67 1.679 2 1 1 2 
56.37 1.632 2 1 2 11 
57.29 1.608 1 1 6 8 
57.42 1.605 2 0 4 3 
58.88 1.569 1 0 7 10 
59.14 1.562 2 1 3 29 

(continued) 
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(Tlo.sPbo.s)SrzCa2Cus09 

28 d h k I Icalc 

5.80 15.232 0 0 1 44 
11.62 7.616 0 0 2 5 
17.47 5.077 0 0 3 5 
23.36 3.808 1 0 0 9 
23.36 3.808 0 0 4 16 
24.09 3.694 1 0 1 11 
26.16 3.406 1 0 2 34 
29.32 3.046 1 0 3 60 
29.32 3.046 0 0 5 2 
33.27 2.693 1 0 4 100 
33.27 2.693 1 1 0 90 
33.80 2.652 1 1 1 14 
35.36 2.539 1 1 2 3 
35.36 2.539 0 0 6 17 
37.82 2.379 1 0 5 21 
41.05 2.199 1 1 4 1 
41.50 2.176 0 0 7 IO 
42.81 2.112 1 0 6 3 
44.93 2.018 1 1 5 17 
47.77 1.904 2 0 0 49 
47.77 1.904 0 0 8 2 
48.16 1.889 1 0 7 7 
49.33 1.847 1 1 6 15 
53.83 1.703 2 1 0 1 
53.83 1.703 2 0 4 4 
53.83 1.703 1 0 8 9 
54.19 1.692 1 1 7 10 
54.19 1.692 0 0 9 2 
54.19 1.692 2 1 1 1 
55.27 1.662 2 1 2 6 

(continued) 
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57.04 1.615 2 1 3 14 
57.04 1.615 2 0 5 1 
59.46 1.555 1 1 8 3 
59.46 1.555 2 1 4 28 
59.80 1.547 1 0 9 6 

Pb2Srz(yo.75Cao.25)Cu308 

---- 
28 d h k I Icalc 

5.61 15.760 0 0 1 28 
11.23 7.880 0 0 2 2 
16.88 5.253 0 0 3 1 
22.57 3.940 0 0 4 9 
23.33 3.813 1 0 0 IO 
24.01 3.706 1 0 1 21 
25.96 3.432 1 0 2 2 
28.31 3.152 0 0 5 9 
28.93 3.086 1 0 3 12 
32.68 2.740 1 0 4 100 
33.23 2.696 1 1 0 67 
33.72 2.658 1 1 1 9 
34.13 2.627 0 0 6 4 
37.00 2.429 1 0 5 1 
37.49 2.399 1 1 3 1 
40.05 2.251 0 0 7 2 
40.54 2.225 1 1 4 3 
41.76 2.163 1 0 6 12 
44.20 2.049 1 1 5 19 
46.07 1.970 0 0 8 7 
47.70 1.907 2 0 0 30 
48.07 1.893 2 0 1 1 
48.38 1.881 1 1 6 2 

(continued) 
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52.27 1.750 10 8 3 
52.99 1.720 11 7 3 
53.39 1.716 2 0 4 3 
53.75 1.705 2 IO 2 
54.09 1.695 2 11 6 
55.10 1.667 2 12 1 
56.40 1.631 2 0 5 5 
56.76 1.622 2 13 4 
57.95 1.591 10 9 7 
57.90 1.591 11 8 13 
50.57 1.576 0 0 10 3 
59.02 1.565 2 14 35 
59.95 1.543 2 0 6 2 
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Chemical Characterization of Oxide 
Superconductors by Analytical Elec- 
tron Microscopy 

Anthony K. Cheetham and Ann M. Chippindale 

1 .O INTRODUCTION 

The discovery of high-temperature superconductivity in a 

number of mixed-metal oxides of copper has led to an unprece- 
dented level of activity in the study of their syntheses, properties 

and applications. However, this exciting development has also 

highlighted some fundamental inadequacies in the techniques that 

are available for the chemical characterisation of such oxides. It is 
perhaps not surprising that, in the frenetic atmosphere that 

surrounded the first discoveries in the high-T, area, incorrect 
stoichiometries were initially ascribed to several of the new 

superconducting phases (l)(2), but it is remarkable that controversy 

should continue to surround the compositions of phases in the 

Bi-Sr-Ca-Cu-0 system and related materials, over 18 months after 

they were first reported (3). The “2212” phase, for example, is 

most frequently ascribed the stoichiometry BisSr,CaCu,O,+~ but 

others, including ourselves (4), have argued forcibly that the 

correct description should be Bi,Sr,_,CaCu,O,. This is not merely 
a question of semantics; rather, it represents a serious inadequacy 

in our understanding of the mechanism by which the hole 

concentration is controlled in these materials. 

How can it arise that we seem unable to differentiate 
between the compositions, say, Bi,Sr,CaCu,O,~s, and BisSr,.,,Ca- 

Cu,O, (i.e. for a formal copper oxidation state of +2.33)? Under 

545 
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normal circumstances, the crystal structure of such a material 

would give a definitive answer to this question. In these particular 

systems however, there is a complex, incommensurate superlattice 

that has hampered progress in solving the structure with the 

necessary degree of precision. The first powder-diffraction 

refinements of the average structure (i.e. based upon the sub-cell 

intensities) were unable to find evidence for either oxygen 

interstitials or cation vacancies (5)(6), and subsequent studies of the 

superstructure by single-crystal X-ray methods (7) and combined 

X-ray and neutron powder techniques (8) yielded conflicting 

results. The former, which involved a study of the cation distribu- 

tion by anomalous scattering with synchrotron X-rays, provides 

strong support for the cation vacancy mechanism, but the latter 

claims to find clear evidence for oxygen interstitials. 

A more direct approach is to determine the stoichiometry 

by chemical analysis, but here one is hindered because samples of 

these materials are almost always polyphasic. Bulk analytical 

methods are clearly inappropriate, but an unambiguous answer 

should be forthcoming from, say, microprobe analysis. Several 

authors have reported such data, and they tend to support the 

cation deficiency model (see Table l), but the results have been 

regarded with some scepticism and have tended to be overlooked 
in favour of the stoichiometric (e.g. 2212) composition. Certainly 

there are grounds for suspicion, because the spatial resolution of 

conventional microprobe analysis is often no better than about 1 

micron, and the particle sizes of the different phases in high-T, 

mixtures are frequently substantially smaller. Under these circum- 

stances, analytical methods based upon transmission electron 

microscopy offer considerably better spatial resolution. This chapter 

will focus on the use of analytical electron microscopy, and, in 

particular, high-resolution X-ray emission spectroscopy, as a means 

of obtaining quantitative chemical composition data from individual 

crystallites within polyphasic mixtures of superconducting oxides 
and related materials. 
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Table 1: A Survey of Microprobe Analysis Results for the 2212 
Bi-Sr-Ca-Cu-0 Superconductor 

Stoichiometry Ref. 

BisSrl ,CaCusO, 

Bis(Sr;Ca)s.s,Cu,O, 
Bi2Sr1.,CaCu20,, 

B12Srl.7Ca0.SCu20y 

B12.11Srl.34Cal.53CU2.030y 

B12.16Srl.68Cal.17Cu20y 

(9) 
(10) 
(11) 
(12) 

(13) 
04) 

2.0 ANALYTICAL ELECTRON MICROSCOPY: A BRIEF 
SURVEY 

During the 1970’s, advances in the design of transmission 
electron microscopes led to the widespread availability of instru- 
ments with X-ray detectors suitable for monitoring X-ray emission 
in the energy range l-20 keV. With such an instrument, X-ray 
spectra of individual crystallites as small as 50oA can be obtained 
routinely with a spatial resolution, which is determined by the 
lateral diffusion of the beam, of down to 1OOA in the case of very 
thin crystallites. This capability offers exciting possibilities for the 
study of materials and we shall review some of the achievements 
and prospects in this area and consider the precision and accuracy 
with which quantitative analysis can be obtained from small 
crystals. 

The quantitative analysis of thick specimens, as carried out 
in the electron microprobe, is well documented (15). The concen- 
tration, c,, of the element x present in a specimen is related to the 
intensity, I,, of a characteristic emission line of x by the equation 

% = k 1,/C, C,C, (1) 

where k is a constant and C,, C, and C, are corrections for 
atomic-number effects, absorption, and fluorescence, respectively. 
These corrections are a consequence of the long path lengths that 
are traversed both by the electron beam and the emitted X-rays. 
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In the thin-crystal limit, on the other hand, such corrections 
should be negligible and for two elements x and y present in the 
sample we can write: 

This approximation, known as the “ratio method” (la), is particu- 
larly attractive for applications in solid-state chemistry because it 
should apply under the normal working conditions of a transmis- 
sion electron microscope. If the approximation holds, then a 
determination of k, using any well-characterised compound 
containing x and y will then afford a simple method for measuring 
the x:y ratio in any other compound. This approach will be 
illustrated below with the results obtained for some standards 
related to the 2212 superconductor. Alternatively, k, can be 
calculated from the appropriate ionisation cross sections, fluores- 
cence yields, and parameters relating to the efficiency of the 
X-ray detector (17), although it should be noted that the value of 
k_, will vary somewhat from one instrument to another. 

The ratio method was first applied successfully to the K 
lines of light elements (Z>lO), especially the first transition series, 
by mineralogists (16) and metallurgists (18), and to a range of L 
and M lines of heavier elements by solid-state chemists (19). 
During the 1980’s, it has been applied with considerable success to 
a wide range of materials, including alloys (20-22), semiconductors 
(23), metal sulphides (24), phosphates (25), silicate minerals (26), 
and, of particular relevance to high-temperature superconductors, 
mixed-metal oxides (27-29). Quantitative analysis has even been 
obtained for light elements such as oxygen (30), in spite of the 
severe X-ray absorption that is encountered with the low energy 
K lines of these elements. The key to obtaining reliable analyses 
lies in ensuring that the crystallites being analysed conform to the 
thin-crystal limit required by the ratio method. In the following 
section, therefore, we describe the current practice in our Labora- 
tory at Oxford and present some results obtained on materials 
related to the high- temperature superconductors. 

3.0 EXPERIMENTAL METHOD 
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All the X-ray emission spectra reported in this work were 
measured at 2010 keV in a JEOL 2000FX TEMSCAN analyl.ical 
electron microscope. In such an instrument, it is possible to switch 
rapidly between the various modes of the instrument: TEM, SEM, 
STEM and EDX. In theory therefore, difffraction patterns land 
high-resolution lattice images can be a’btained for analysed 
crystallite& although thiis is often impracticable. The Tracer 
Northern high-angle X-ray detector (take-(off angle -70”) has a 
cross section of 30 mm2 and an energy resolution of approximately 
150 eV. For materials that do not contain copper, samples in the 
form of finely divided powders; dispersed in chloroform are 
deposited on 3-mm copper grids coated with holey carbon films 
(31). ‘The resulting X-ray spectra will, of course, contain the Cu 
K lines, but the intensities of the latter can be minimised by 
analysing crystals that are near to the centre of the grid squares. 
In the case of Whe copper-containing superconductors and related 
phases., the Cu emissions are eliminated by using a titanium or 
nylon grid with a graphite holder. In our particular set up, the 
specimen is he1.d at 0” t.ilt, aithough the alptimum degree of tilt 
towards the X-ray detector and the detector take-off angle do vary 
from instrument to instrument. A typical X-ray emission spectrum 
is shown in Figure 1. 

I Bi Ma 

I 

Sr La 

CU Ka Bi La 

0 Energy (keW) 20 

Figure 1: X-,ray emission spectrum for ‘“2212” Bi-Sr-Ca-Cu-0 
phase 
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Using the magnifying power of the microscope, an 
individual crystallite can be selected in the SEM or TEM mode 
and its thickness gauged from its size, the X-ray count rate and, 
where possible, the intensity ratio between the two lines with high 
and low absorption cross sections, respectively (see below). Count 
rates in excess of 1500 counts/s were avoided in order to minimise 
saturation effects and coincidence corrections in the processor; the 
counting time was 100s at a magnification of, typically, 50,000X 
in the TEM mode, with a spot size of approximately 400A. For 
data analysis on more beam-sensitive crystals, area scans (approxi- 
mately 0.003 mm2) were preferred to spot analyses because this 
reduces specimen damage and contamination. It is also more 
efficient to let the instrument average over an area rather than 
measure several discrete points. If the crystals are believed to be 
inhomogeneous and the elemental distribution is of interest, then 
area scans are obviously unsuitable. Typically, 10 thin crystals of 
each monophasic sample were examined and, of course, more in 
the case of polyphasic mixtures. 

X-ray emission intensities were obtained from the spectra 
by using a digital filtering method which is available in the 
standard TN5500 software. For light elements up to, say, bromine, 
the only lines suitable for analysis are the Ka and KjI emissions, 
and the Ka’s were used as in the work of Cliff and Lorimer (16). 
Where overlap occurred between the Ka! of one element and the 
K/3 of another, an experimentally determined correction was used; 
our corrections were in good agreement with those measured by 
Heinrich et al. (32). 

For elements of the second transition series and beyond, a 
choice of lines is often available, with, for example, K and L lines 
in the second transition series and M and L lines in the third. The 
high-energy lines were normally used for the analysis because of 
their lower absorption cross sections (33), and La:Kar or M:La 
ratios were used to monitor crystal thickness (see below). The most 
straightforward analyses are those involving elements with approxi- 
mately the same atomic numbers, when the K:K or L:L ratios may 
be used and the absorption cross sections are normally of similar 
magnitude (although difficulties can arise if an emission from one 
element leads to fluorescence from another). For elements that are 
far removed from each other in the periodic table, mixed ratios 
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are more appropriate. The optimum precision is found in cases 

where it is practicable to use only high-energy lines, say E>lO 

keV. 

4.0 DATA COLLECTION AND ANALYSIS OF STANDARDS 

For our AEM studies of the “2212” phase in the Bi-Sr-Ca- 

Cu-0 system, it was necessary to obtain k-values for the appropri- 

ate elements. The most convenient choice was to determine values 

relative to copper, and for this purpose we prepared standard 

samples of BisCuO, (34), SrCuOs (35) and Ca,CuO, (35). The 

purity of each standard was confirmed by powder X-ray diffrac- 

tion. The raw X-ray emission intensity data are shown in Table 2, 
which also contains calibration data for yttrium- and barium-con- 

taining systems. Specimen thickness was assessed by monitoring the 

Bi Ma/Bi La ratio for BisCuO, and the Sr La/Sr Ka ratio for 

SrCuOs. The justification for this is apparent from the absorption 
coefficients given in Table 3. For example, the coefficients for the 

Bi Ma line are 5-10 times greater than those for Bi La, and 
consequently the Ma/Lo ratio is very sensitive to thickness. Data 

were used in the analysis only if this ratio was greater than 1.8, 
a value that was determined empirically. We estimate that this 

corresponds to a thickness of 2500A. It was not possible to monitor 

the thickness of our Ca&uO, in this way because there is no 

suitable pair of emissions for calcium or copper. It was therefore 

necessary to gauge the thickness from the appearance of the sample 

in cross section and the X-ray count rate; thicker samples will give 

count rates in excess of, say, 2000 counts/s. 

The reproducibility of the results from the standards is 

clear from the narrow spread of intensity ratios in Table 2. 

Readers are reminded, however, that the k-values will vary 

somewhat from one instrument to another because they are 

dependent not only upon the appropriate ionisation cross sections 

and fluorescence yields, but also upon the efficiency of the 

detection system. Values that are tabulated in commercial software 

packages should be used with caution. 



552 Chemistry of Superconductor Materials 

Table 2: X-ray emission intensity ratios for standard samples 

of (a) Bi&uO*, (b) SrCuOa, (c) Ca&uO,, (d) BaCu- 
0, and (e) Y,Cu,O, 

00 Bi,CuOl 

1. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

(b) 

BiLa/CuKa 

1.696 

1.817 

1.869 

1.774 

1.737 

1.638 

1.740 

1.833 

1.768 

Mean = 1.764(24) 

k = 1.13(2) 

SrCuOa 

1. 

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

SrKar/CuKcr SrLa/SrKa! 

0.617 1.822 

0.623 2.017 

0.645 1.894 

0.628 1.989 

0.624 1.873 

0.622 2.014 

0.624 1.965 

0.598 1.933 

0.606 1.775 

BiMa/BiLa 

1.846 

1.875 

2.031 

1.902 

2.044 

1.994 

2.044 

1.969 

2.013 

Mean = 0.621(4) 

k = 1.61(l) 

(continued) 



(cl Ca&uO, (d) BaCuO* 

CaKa/CuKa BaLrx/CuKar 

1. 2.289 

2. 2.350 

3. 2.241 

4. 2.046 

5. 2.186 

6. 2.132 

7. 2.286 

8. 2.199 

9. 2.115 

10. 2.138 

1. 1.006 

2. 1.018 
3. 0.943 
4. 1.029 
5. 0.929 
6. 0.943 
7. 0.943 
8. 0.962 
9. 0.994 
10. 1.005 

11. 0.947 

Mean = 2.198(30) Mean = 0.974(11) 

k = 0.91(l) k = 1.03(l) 

(e) ytc”aos 

YKa/CuKa! YLcY/YKcY 

1. 0.567 1.871 

2. 0.573 1.805 

3. 0.585 1.897 

4. 0.547 1.898 

5. 0.563 1.932 

6. 0.589 1.968 

7. 0.594 1.819 

8. 0.543 1.818 

9. 0.581 1.890 
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Mean = 0.571(6) 

k = 1.75(2) 
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Table 3: Mass absorption coefficients (cm’g-‘) in the system 
Bi-Sr-Ca-Cu-0 

Line Abs. by Bi Abs. by Sr Abs. by Ca Abs. by Cu 

BiMa 941.6 3148.7 440.0 1419.1 

BiLa 113.4 52.7 70.0 182.6 

SrLa! 1806.1 990.4 980.1 3161.2 

SrKa! 134.0 25.4 33.7 88.6 

CaKa 1332.9 997.3 139.4 449.5 

CuKa! 246.5 119.1 158.6 53.7 

5.0 ANALYSIS OF THE “2212” COMPOUND (36) 

A sample of the “2212” compound was prepared from a 

mixture of Bi,O,, SrCOs, CaCO, and CuO, using the method of 

Maeda et al. (3). Intimate mixtures of the starting materials were 

calcined at 1073 K for 2 hours, reground and pelletised, and 

heated at 1133 K for a further 12 hours. The product was cooled 

at a rate of -lo min. Powder X-ray diffraction patterns indicated 

that the sample was polyphasic, with the so-called “2212” phase 

predominating. Four-probe ac resistivity measurements showed 

metallic behaviour with a nearly linear temperature coefficient 

from 300 K down to the superconducting onset at 98 K; zero 

resistance was reached at 88 K. The composition of the “2212” 

phase was determined by AEM in the manner described above. 

Fifteen crystallites of the predominant phase were analysed, and 

Bi/Cu, Sr/Cu and Ca/Cu ratios were obtained by using the 

k-values given in Table 2; results are shown in Table 4. The mean 

composition is estimated to be Bi2.06Srl ,,Ca,,,Cu,O,. This finding 

is in rather good agreement with most of the microprobe results 

given in Table 1, and it is on this basis that we have argued (4) 

that the “2212” phase is more correctly described by the composi- 

tion Bi,Sr,_,CaCu,O,. The Ca/Cu ratios given in Table 4 show a 

rather large range, and it would seem likely, as well as chemically 

reasonable, that calcium as well as strontium vacancies may be 

present under some circumstances. There is also evidence in this 

and other work that the “2212” compound tends to be slightly 

bismuth rich. 
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Table 4: Analytical electron microscopy results for a sample of 

“Bi$rtCaCuaOa”, obtained using calibration constants 

(Table 2). 

Bi/Cu Sr/Cu Ca/Cu 

1 .oo 0.92 0.49 

1.06 0.80 0.46 

1.02 0.78 0.55 

1.06 0.80 0.53 

1.02 0.85 0.49 
1.11 0.82 0.52 

1.01 0.81 0.46 

1.06 0.84 0.48 

1.08 0.88 0.45 

1.03 0.84 0.45 

0.95 0.77 0.53 

1.01 0.82 0.57 
0.99 0.80 0.48 

1.07 0.91 0.42 

1.04 0.88 0.47 

Mean 

values: 1.03(l) 0.84( 1) 0.49( 1) 

6 .O DISCUSSION 

We have described in some detail the means by which the 

chemical composition of a superconducting phase may be deter- 

mined in the presence of other phases. Our approach is quite 

general, and we have applied it to a number of systems in the 

high-T, area (see Table 5). The important question is: what 

credence can be placed on such results? 

There are a number of potential difficulties with our 

method. In the first instance, we must ask whether the ratio 

method (equation (2)) is reliable under all circumstances if the 

crystals are sufficiently thin. We believe that in the vast majority 

of instances this will be the case, but we have encountered 
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situations in which the emission intensity from one element appears 

to be increased because of fluorescence from a line of another 

element at a slightly higher energy. For example, the oxygen K 

line appears to be enhanced by fluorescence due to the barium M 

line in BasReO, (30). This situation is predictable in the sense that 

it will be reflected in a very high absorption cross section for the 

higher energy line, and it is not expected to be a problem in the 

analysis of the “2212” compound. Second, there is the possibility 

that the data will be affected by the orientation of the beam with 

respect to the crystallite under study (15). This is important in 

microprobe analysis, but we have never encountered difficulties of 

this nature with thin crystals. A more serious problem, however, 

is that the data may be reliable for the crystallites that have been 

examined, but that such thin crystals are not representative of the 

sample as a whole. For example, in well-characterised samples of 

the 1:2:3 compound, YBa,Cu,O,_,, we have found that the thinner 

crystallites, which are present in rather small numbers in this case, 

tend to be rich in barium. This may be a consequence of surface 

hydrolysis reactions, which are likely to be more severe for thin 

crystals. A further problem that may lead to errors arises when the 

emission lines of interest are too close to be properly resolved by 

the solid-state X-ray detector. This situation is found in the 

Bi Ma 

CU Ka 

0 Energy (keV) 20 

Figure 2: X-ray emission spectrum for “(Bi,Pb)sSr,CasCusO,,” 

showing overlap of Pb and B:L lines 
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lead-doped Bi-Sr-Ca-Cu-0 system and may lead to uncertainties 
in the Bi/Pb ratio (Table 5; Figure 2). Finally, the analysis may be 
rendered less reliable by the absence of a suitable standard. The 
high-T, phases in the Tl-Ba-Ca-Cu-0 system illustrate this point, 
since there appears to be no phase in the Tl-Cu-0 system that can 
be used as a standard for the determination of Tl/Cu ratios. A 
k-value has been estimated indirectly by interpolation between 
values for Pt/Cu and Bi/Cu (37), but clearly this introduces a new 
element of uncertainty into the results. 

Table 5: Idealised and actual compositions determined by AEM 

Idealised 
Composition 

Actual 
Composition 

Ref. 

BisSr~sCaCusOs Bi$rl,,CaCu,O,, (36) 
Tl,Ba,CaCu,O, 
T12Ba,Ca2Cu,0,0 
TlBa2Ca2CusOs 
Tl,Ba,CuO, 

T11.76Ba2Ca0.7CU20y (37) 

T4.83Ba2C%&%O, (37) 

T1108Ba2Cal.QSCuSo, (37) 

"l'71Bal 82cuo, (38) 
(Bi,Pb)2Sr2Ca2Cus0,0 . Bil'8,PbO:3$r2.0,Cal.68cu30y (38) 

The previous paragraph may give the impression that 
analytical electron microscopy is fraught with pitfalls, but in 
practice our experience has been that the technique remains the 
best method for examining polyphasic mixtures and is reliable in 
the vast majority of cases. For example, on many occasions the 
correctness of the analytical results has been confirmed by 
subsequent crystallographic studies. A recent study of a novel 
mixed-metal oxide in the system La-MO-0 provides a nice 
illustration (39). In the case of the “2212” compound, the crucial 
question surrounds the apparent deficiency of strontium. There is 
no evidence from the Bi/Cu or Ca/Cu ratios to suggest that our 
data are suffering from any systematic errors, and the absorption 
cross sections for the Sr and Cu Ka lines are sufficiently small 
that the Sr/Cu ratio can be estimated with a high degree of 
confidence. In the meantime, the controversy surrounding the 
defect structure of the “2212” compound continues to attract 
attention, but we are confident that further work by other methods 
will finally confirm the importance of cation vacancies in this 
system and vindicate the analytical electron microscopy technique. 
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Electron Microscopy of High Temp- 
erature Superconducting Oxides 

Pratibha L. Gai 

1 .O INTRODUCTION 

All of the high temperature copper-oxide based superconduc- 

tors discovered so far, have copper-oxygen sheets as a common 
structural feature, and these are believed to play a key role in high 
temperature superconductivity. Following the discovery of high 
temperature superconductivity in the lanthanum based ceramic oxides 

(1) there have been numerous reports on a variety of superconducting 
compositions containing lanthanum, yttrium, bismuth and thallium 

(2-6). The structures of the materials are related to perovskite 
structures with the general formula ABO,. In general, high tempera- 

ture superconductors (HTSC) consist of intergrowths of rock salt (AO) 
and perovskite (ABO,) structures forming layers of (AO), (ABO,),, 
where B = Cu. Superconductivity is believed to depend on the average 
formal oxidation state (or, the number of electron holes) in the CuOs 

sheets. For the materials to superconduct, the formal valence of 
copper should be greater than 2, i.e., the copper ions are in both 2+ 

and 3+ formal oxidation states. Changes can be introduced in the 
average formal oxidation state of the CuO, sheets by substitutional 

chemistry at the cation sites, or by the incorporation of excess oxygen, 
modifying the microstructure and superconducting properties of these 

fascinating materials. 
Extensive microstructural and microchemical variations occur 

in the bulk superconductors which are often nonstoichiometric. The 

561 
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flexibility of the perovskite structure, and the variable coordination 

of copper, result in fine stoichiometric variations which affect the 
critical transition temperature (T,) dramatically. In addition, the 

configuration of local coordination of copper by the surrounding 
oxygen ions also plays a major role in determining the electrical 
behavior. Copper can exist in six (octahedral), five (pyramidal) and 
four (square) coordinations. The chemical and structural heterogene- 
ity, the origin of defect structures and their role in solid state 
reactions, and the multiphasic nature of many of the HTSC materials 
are only fully revealed by electron microscopy (EM) and related high 
spatial resolution microanalytical techniques. EM is essential to 
characterize fully the microstructure and chemical compositions of the 
constituent phases of new materials, complementing the molecular 
science information obtained with x-ray and neutron diffraction from 
relatively large amounts of material, and therefore inevitably with 

some averaging. EM is the only technique which allows single-crystal 
characterization from multi-phasic materials, which is impossible or 

difficult to obtain from other techniques. Mixed phases and interfaces 
can be studied directly on the atomic scale, to elucidate critical 
microstructure-chemistry relationships on which the copper oxidation 
state and superconducting properties depend. The nature of grain- 

boundary interfaces, which are a key element in many areas of the 
materials technology, is also important, since the superconducting 
coherence lengths - the distance over which two holes can be bound 
in Cooper pairs - are small. Microchemical analysis of the same 

regions is valuable to put the structural information into a context 
which can be related directly to the preparative procedures and any 
subsequent treatment of the sample. This chapter attempts to 
elucidate briefly the role of EM in the microstructural characterization 

of the bulk HTSC compounds. 

2.0 TECHNIQUES OF HIGH RESOLUTION TRANSMISSION 
ELECTRON MICROSCOPY (HREM), TRANSMISSION EM 
(TEM)DIFFRACTIONCONTRAST,ANDANALYTICALEM 

(AEM) 

Electron microscopy is basically a diffraction technique in 
which periodic crystals diffract electrons, according to Bragg’s Law, 
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to form a diffraction pattern. This may be regarded as the Fourier 
transform of the crystal. An image is formed by an inverse Fourier 

transform in the objective lens. The interaction of electrons with 
matter results primarily in elastic scattering, giving rise to diffraction 

effects; inelastic scattering and absorption effects are also observed. 

2.1 HREM 

HREM is increasingly being used for the direct imaging of 

crystal lattice structures at the atomic level (7)(13). In this technique, 
two or more Bragg reflections are used for imaging. The image 
contrast is controlled by the contrast transfer function T(B),containing 
phase contrast sinusoidal terms modified by an attenuating envelope 
function f(e) which depends on the coherence of the incident 
electrons: 

T (@) = f (8) sin ( A De2/X + z C, e4/2A}, 

where 0 is scattering angle, D is objective lens defocus, X = wave 
length, and C, is objective lens spherical aberration coefficient. It is 
a real space technique and the resolving power of modern electron 
microscopes can provide the solid state scientist with direct visualiza- 
tion of a crystal’s local structure at the atomic level. In addition, very 
small amounts of samples (typically, only a few thousand contiguous 
unit cells) are sufficient for structural analysis, which is a major 
advantage. This technique has been imaginatively pioneered in solid 
state chemistry (8- 11). 

In the case of complex structures, however, complementary 
image simulations, using the dynamical theory of electron diffraction 
(7), are often essential for the ultrastructural analysis, so that 
experimental lattice images can be matched with theory. This is 
because the HREM image contrast depends very sensitively on EM 

operating parameters such as defocus, astigmatism and lens aberra- 
tions; as well as the sample thickness within which the electrons may 

undergo multiple scattering. Nevertheless, it is possible to use HREM 
to study reactions in solids and defect structures (12), including 
extended defects such as topologically compatible coherent intergrow- 
ths between two structures with different compositions (9)(11). The 
state-of-the-art EM has achieved resolutions of -1.7-2.3 A at an 
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operating voltage of 200keV, and -1.3-1.7 A at 400keV, providing 
access to typical interatomic distances (13). The point to point 
resolution (d,) of an EM depends on the spherical aberration coeffi- 
cient (C,) of the objective lens and the wavelength (X) of the electrons, 
with a relationship d, = 0.64 CS114 Xsi4. Under optimum defocus 

conditions (Af = - 1.2 (C, X)li2), and for a very thin crystal, the image 
contrast can be directly related to the projected structure of the atomic 

columns, with the dark regions corresponding to the contrast from the 
heavier atoms. A change in focus of Af/2 reverses the contrast in 
lattice images (7)(14) turning dark into light regions to coincide with 
the positions of atom columns. Af values for 200 keV (C, RI 1.2 mm), 

300 keV (C, = 1 mm), and 400 keV (C, w 1 mm) are w -66 nm, -53 nm 
and -48 nm respectively. The images are in general recorded near the 

Af, unless stated otherwise. For electron microscopy, powders 
dispersed in chloroform are supported on carbon-filmed beryllium or 
aluminium grids. Alternately, the bulk compacts are thinned by argon 

ion milling to make them electron beam transparent. Normally, a 
double tilting specimen stage is used in the EM to set the crystals at 

the desired zone-axis orientations which yield informative, high 
symmetry projections. 

2.2 TEM Diffraction Contrast 

This is the conventional, classical TEM imaging technique 

where the Bragg condition is satisfied for a single diffracted beam and 
the image is formed using either the transmitted beam (bright field), 

or the diffracted beam (dark field) (15). Large areas (up to several 
microns) can be accessed for imaging. This diffraction contrast 

technique is used to provide information about the nature and the role 
of crystal imperfections or defects in solid state reactions in the 

materials, e.g., to characterize displacements at dislocations. These 
extended defects often create regions within crystal structures which 

are imperfect in register and thus involve characteristic displacements. 
This may be visualized by considering the plastic deformation of a 
crystal. 

2.3 High Spatial Resolution Analytical EM 

Analytical electron microscopy (AEM) complements the 
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microstructural and crystal structure information obtained from TEM 

and HREM with small probe chemical microanalysis using electron 
stimulated x-ray emission and energy dispersive x-ray spectroscopy 
(EDX), together with convergent beam electron diffraction (CBDP) 
for crystallography. Typical probe sizes for analysis can be ~10 
nanometer (nm) in diameter. Recent results using a dedicated field 
emission gun scanning transmission electron microscope (FEG STEM) 
have demonstrated analysis at the unit cell level with a resolution of 
only l-2 nm (17c). 

For any heterotype solid solution, or a nonstoichiometric 
compound, EDX analysis in the AEM on a large number of crystals is 

required. In a typical laboratory situation 30 to 40 crystals are 
routinely analyzed for each preparation. This sampling is adequate to 

establish trends in stoichiometric variations in a heterogeneous 
material. Fine gradations in compositions of a seemingly ‘phase-pure’ 

material by the criterion of bulk diffraction techniques, can also be 
revealed. For quantitative microanalysis, a ratio method for thin 

crystals (16) is used, given by the equation: 

CA/C, = K,, 1,/I, 

where C, and C, are concentrations of the elements A and B, and I, 
and I, are the background subtracted peak intensities for A and B 
measured experimentally from the x-ray spectra. The sensitivity 
factor K,, is determined using standards. Well-characterized single 

phase binary standards are used for calibrations and quantification of 
analyses of complex oxides (16)( 17). With the superconducting oxide 

compound, the data are normalized to the CuK, peak. For bulk 
materials more complex (ZAF) correction procedures are required for 

atomic number (Z), absorption (A) and x-ray fluorescence (F). AEM 
also allows great flexibility in phase identification since individual 
crystallites can be analyzed using complementary EDX and electron 
diffraction from selected small regions of the samples (selected area 
diffraction patterns or SADP), or CBDP (18). Microdiffraction using 
convergent (or focused) probe (CBDP) is particularly attractive for 
local structure determination. In CBDP, the radius of the first higher 
order Laue zone (HOLZ) ring, G, is related to the periodicity along 
the zone axis (c), by G2 = ~/XC, where X is the wave length of the 
incident electrons. CBDP can provide reciprocal space data in all 
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three dimensions (x, y and z), with a typical lateral resolution of ~50 
nm and sometimes ~10 nm. Thus, AEM can provide real space 
imaging, crystallographic and microcompositonal information on a 
very fine scale. Furthermore, with careful attention to experimental 

errors, AEM can be used to study partial occupancies within cation, 
and under special conditions, anion sites. In addition, scanning EM 

(SEM) can be used to characterize the topography of bulk compacts. 

In the following sections examples of applications of HREM 

structure imaging and high spatial resolution EDX microanalysis often 
from the same areas, to the ‘hole’ superconductors are given. 

3.0 MICROSTRUCTURAL AND STOICHIOMETRIC VARIA- 
TIONS 

3.1 Substitutional Effects in La-Based Superconductors 

The breakthrough in HTSC was the discovery of superconduc- 
tivity at -4OK in the La-Cu-0 system partially substituted by Ba (1). 
Subsequently, reports appeared on the structural, physical and 
electronic properties of LasCuO, substituted by Sr (5)(19)(20). The 
parent LatCuOd has a distorted K,NiF, structure with an orthor- 
hombic cell (a = 5.36 A, b = 5.41 A and c = 13.17 A). It consists of 
corner-shared CuO, octahedra intersected by La-O layers forming 
single (CuOJ2- sheets alternating with (La202)2+ double layers with 
the rock-salt structure (21) (Figure la, which shows the projection, 
tilted along [l lo] from [OlO]). The Cu-0 sheets are buckled and the 
octahedra are alternately rotated. Partial substitutions, for example of 
Sr2+ for Las+ in La2_,Sr,CuOl, oxidizes the CuO, sheets and raises the 
average formal copper oxidation state. A tetragonal, oxygen deficient 
K,NiF, structure is obtained for x ~0.05 (Figure lb, which is modeled 
on Figure la). Superconductivity is realized for 0.05 < x < 0.25 (19). 

The samples prepared from the constituent oxides in an oxygen 
environment at 1100°C show that the T, of La2_,$Sr,Cu04 varies with 
Sr content, approaching a maximum value of T, -37K at x = 0.15 and 
falling off sharply on either side of this value of x (19)(22)(23). This 

behavior is shown in Figure 2. The T, values are from a superconduc- 
ting quantum interference device (SQUID). The rise in T, towards x 

= 0.15 is attributed to an increase in the formal oxidation state of 
copper, or the hole content. 
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Figure 1: Idealized crystal structures of: (a) La,CuO, tilted along 
[I lo] from [OlO] directions. (b) Oxygen defect K,NiF, structure of 

Laa_,Sr,Cu04 (x >0.05), in [OlO], with c-axis vertical, and is related 

to Figure la: a’ = aorth / 0 . 
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Figure 2: Variations of T, with x in La&3r,CuO,. 
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b 

Figure 3: (a) Extended dislocation structures (dark lines) in a 
Laz.,Sr,CuO, grain (x = 0.15), which can be interpreted as shear 
defects, involving CuOz layers. (TEM diffraction contrast image). 
Stacking fault contrast is inset. (b) A possible model for shear defects 
(c)Partial disintegration of grain giving rise to chemical inhomogeneity 
is observed for x = 0.2. 
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Figure 3: (continued) 
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The microstructural and microchemical variations associated 

with Figure 2 show extended defect structures in the matrix which 

increase in concentration up to x = 0.15, and deficiencies in Sr (up to 

N 10%) and La cations, respectively (23). EDX also showed a few 
grains of the unreacted component oxides. An example of the 

dislocations using TEM diffraction contrast is shown in Figure 3a. 
They could be formed by a shear mechanism along a CuO, octahedron 

edge, with a displacement vector of the type <a/2, o, c/6 > which 
converts the CuOs from being corner-shared to edge-shared octahedra 

(Fig. 3b). The presence of the CuOs shear defects implies vacancies 
(point defect disorder) namely, oxygen deficiency in the CuO, lattice, 

and A-type cation deficiency.. Thus, along the defect lines there are 
changes in the coordination of oxygen to copper, as well as deviations 

from the ideal stoichiometry of both the oxygen and metal atoms. The 
mechanism accommodates the supersaturation of the point defects in 

the material. There will, however, be an equilibrium background 
concentration of the point defects in the material. The extended 

dislocations bound the resulting planar stacking faults which lie in 
(010) planes (inset in Fig. 3a). The electron diffraction patterns show 

streaking in directions normal to the defects, suggesting that the 
defects are not ordered. If the defects were ordered, a crystallograph- 

ically defined compound might be obtained. The defects are observed 
only in the Sr-doped material and not in the stoichiometric parent 
compound. Samples with x = 0.2 exhibit chemical inhomogeneity as 
shown in Fig. 3c (without any discernible pattern of extended defects). 

Because the defects disrupt the continuity of the CuO, lattice, they 
can have a direct influence on the bulk superconducting properties. 

Indeed, initial results indicate enhanced flux pinning in the presence 
of the defects providing a chemical alternative to irradiating the 
samples (23b). It is possible that the coherent intergrowth structures 
reported in the La-Cu-0 series (24) are formed by shear and ordering. 
This aspect is discussed further in Section 4.0. 

3.2 Y-Based Superconductors 

Yttrium-barium-copper oxide compounds YBasCusOe,, (x = 
0.6-l), generally abbreviated to 123, with a T, of -9OK which is 
above the temperature of liquid nitrogen, are of great importance (2). 

As noted earlier, T, is governed principally by the crystal structure 
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whilst the critical current (J,) also depends on the microstructure, 
grain-boundary character in terms of appropriate flux-pinning 
centers, porosity and interconnectivity of the material. The materials 
possess a high degree of anisotropy by virtue of their crystal structure 

and chemical bonding. They can be prepared from carbon-free 
precursors (to avoid contamination from carbon): yttrium oxide, 

barium oxide and copper oxide in the appropriate stoichiometric 
proportions (30). During sintering and densification of the bulk 
oxides, the free surfaces are replaced by grain boundaries and the 
interfacial area is reduced by grain growth. The driving force for 
sintering is the elimination of surface, resulting in a reduction of total 
energy. Two possible mass transport mechanisms occur during 
sintering: plastic flow, and diffusion. The hardness, sintering and 
anisotropic properties of the materials indicate diffusion as the 
dominant transport mechanism. Further, grain boundary diffusion, 
and lattice diffusion may dominate the different stages (e.g. the initial 
shrinkage and the final stage) of the sintering process. Interfaces 
forming any weak links between superconducting grains, or affecting 
grain connectivity, need to be characterized. For progress towards 
practical applications, it is necessary to understand and control the 
microstructure. 

The crystal structure of 123 is orthorhombic, with a=3.82 A, 
b=3.88 A and c=ll.67 A (25). The schematic representation of the 
perfect structure is shown in Figure 4a. Above 6OO”C, 123 has a 
tetragonal structure (YBasCusO,) with a=3.872 A and c=l1.738 A 
(26b). Below 600°C the transformation of the crystal structure results 

from the ordering of oxygen vacancies on the copper planes located 
between the barium planes (26). The 123 phase is often twinned and 
the twinning defects accompanying the tetragonal-orthorhombic 
transformation have been studied by EM (27)(28)(30). The lattice of 
the twin is a mirror image of that of the parent crystal structure as 
shown in the schematic in Figure 4b. Twinning is generally on (1 lo} 

planes (Figure 4c) and results from the lowering of the free energy of 
the system associated with the strain from the transformation. Twin 

boundaries whose thickness is in the range of coherence lengths 
(typically -3nm in the a-b plane and -0.4nm along c for this material) 

are believed to be flux pinning centers, although this needs to be 
further investigated. The high ionic mobility of oxygen in the 123 

compound allows the existence of a wide range of compositions with 
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Figure 4: (a) Schematic of the perfect crystal structure of 123. (b) 
Schematic of a twin. (c) Low magnification TEM (diffraction contrast) 
image of twins observed on (110) planes. (d) HREM structure image 
of 123 in [OlO] at a defocus of -70 nm. Atoms are white and 
individual atom columns are shown. The corresponding selected area 



electron diffraction pattern (SADP) and the structure image at 
optimum defocus are inset: atoms columns are black. (e) The corre- 
spondence between the observed and calculated (inset) images is 
shown. The computer-simulated image uses dynamical theory on 
electron diffraction (Ref. 7a), and EM parameters (Ref. 14) and is for 
a sample of thickness -5nm. 
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electron diffraction pattern (SADP) and the structure image at 
optimum defocus are inset: atoms columns are black. (e) The corre- 
spondence between the observed and calculated (inset) images is 
shown. The computer-simulated image uses dynamical theory on 
electron diffraction (Ref. 7a), and EM parameters (Ref. 14) and is for 
a sample of thickness -5nm. 
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oxygen contents from 0, to 0,. Insights into the microstructure of 

123 were obtained by HREM (28-30). Figure 4d shows an HREM 
structure image on the atomic scale which is consistent with the x-ray 

and neutron data. The image is at a defocus value of -7Onm at 400 
keV and the columns of atoms are white confirmed by image 

simulations (Figure 4e). The corresponding electron diffraction 
pattern and the structure image at optimum defocus are inset in Figure 
4d: the unit cell is outlined and the black dots are columns of atoms. 
HREM coupled with image calculations to explore oxygen arrange- 
ment in 123 has been reported (29) but the difficulties in interpreta- 
tion of such images have also been outlined (31). This is because the 

scattering cross section of oxygen for electrons is low, and the contrast 
might be affected by EM parameters and sample thickness. Careful 
sample preparation for EM is also essential to avoid errors and 
artifacts. 

Controlled processing of the air sensitive materials, combined 

with parallel characterization, provide insights into the microstructure 
and grain boundary character (30)(32). Figure 5a and 5b show grain 
boundary (gb) contact recorded using the SEM of a bulk compact and 
HREM respectively in a sample annealed in oxygen (30). Bridges 
between different grains (at A), surface particles (Cu-oxide composi- 
tion) and grain boundary contact are revealed in Figure 5a. For 
HREM interface imaging, it is generally difficult to set up optimum 
zone axis conditions simultaneously for all the grains involved. It is 
often necessary to work with a com.promise orientation which 
produces lattice resolution at an acceptable level, but which unfortu- 
nately may introduce some interpretational difficulties due to image 
overlap. The HREM image at the atomic level from a microtomed 

bulk sample (Figure 5b) reveals crystal to crystal connectivity at a high 
angle grain boundary between grains A and B, with no intervening 

amorphous layers. Grain boundaries with large misorientations have 
been shown to be detrimental to J, (33). EDX reveals a small 

proportion (= 3%) of the non-superconducting YsBaCuO, (211) second 
phase in the 123 preparations. Submicrometer superconducting 123 

particles have also been prepared by a low temperature synthetic route 
using solution-derived carbon-free precursors (34). Recently, reports 

(35a) describe the role of clean boundaries in weak links and the 
controlled fabrication of bulk 123 to obtain textured HTSC 123 

phases, incorporating particles of 211 and copper oxide as flux pinning 
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Figure 5: (a) High magnification SEM image showing extensive grain 
boundary (GB) contact. Growth bridges at A and surface particles (B) 
are shown. (b) HREM image of a high angle grain boundary in 123 
with grain to grain connectivity. Grain A is in [120] and B in [OOI] 

orientation. 
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centers to achieve high J, (up to 10’ A/cm’ at 77K and 1T magnetic 
field), i.e., an order of magnitude higher than the better current 
densities achieved for the materials so far. This represents an essential 
first step towards controlling microstructure for certain applications. 
Electron diffraction measurements on YBasCusO, with 6.7 < x < 6.9 
show that T, increases gradually from 60K to 90K and the nature of 
oxygen ordering evolves smoothly with x (35b). Silver-coating of 123 
is found to enhance stability. Structures and compositions of 
YBa,Cu,O, (124), where CuO, sheets are interconnected by Cu-0 
double chains, have also been examined (36). 

3.3 Substitution of Cain Tetragonal YBa2Cua06 

Defects and Ordering: Substitution of Ca2+ on Y3+ sites 
changes the tetragonal 123-0, which is an antiferromagnetic insulator 
into a superconductor with a T, onset at -5OK (37). However, 
substitutional chemistry is not always straightforward and the excess 
production of holes eventually leads to metallic properties. The role 
of EM in understanding the complexity of substitution and the limits 
of solid-solution formation is therefore critical. Examples of 
microstructural changes associated with various Ca levels in Yr_,C%- 
Ba,Cu30s materials elucidate these (38), and are given in the 
following. Further, they provide insights into nucleation, growth and 
ordering of defects leading to intergrowth structures. 

Samples of Y,_,C~Ba,Cu30, are prepared from the binary 
oxides, by first oxidizing the materials in air at -950°C and reducing 
them in flowing argon at -725°C (38). Samples with a nominal Ca 
content of 0.05 < x < 0.25 exhibit a ‘mottled’ contrast from precipitates 
indicative of extensive disorder, evidence for which is also apparent 
in the corresponding SADP which is inset (Figure 6a). Using EDX to 
probe the samples indicates a variable Ca content. The Ba/Cu ratio is 
maintained at -0.67: establishing that substitution of Ca occurs only 
at the Y-sites. The main impurities can also be revealed by EDX. 
The material with Ca -0.3 indicates partial long range order with 
planar interface features (Figure 6b). These are shown at a higher 
magnification, in the [OlO] orientation, in Figure 6c. These planar 
faults are formed by an offset of l/2 [loo] between crystal blocks on 
either side of the fault in the [OlO] image. This leads to a structure of 
the Ca-doped 124 (YBa,Cu,O,) type (38). The associated dislocations 
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Figure 6: (a) “Mottled” contrast from the precipitate-like features 

indicating extensive disorder in an HREM image of Y,_,C~Ba,Cu,O, 
for 0.05 < x < 0.25. Inset shows SADP in [OlO] orientation showing 
streaking along c* direction. (b) Planar interfaces observed in samples 
with Ca -0.3. The SADP (inset) indicates ordering. (c) A planar 
interface defect at higher magnification in [OlO]. The fault is formed 
by a fault displacement vector of l/2 [loo] leading to Ca-doped 124 
intergrowths. 
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(defects) have a characteristic displacement vector of the type <a/2, 
o, c/6>. EDX microanalysis from the interface regions show increased 
Cu content, presumably associated with the faults. Thus, it may be 
possible to prepare the Ca-doped 124 at ambient pressures. Further, 
EDX indicates an average compositional level of x -0.24, with 
minority phases of unreacted 123 and CaO. Samples with x = 0.5 
exhibit chemical inhomogeneity and disintegration of the structure. 
This would indicate that a solid solution limit and a homogeneous 
distribution of Ca is reached at Ca -0.3 per formula unit. The 
material therefore possesses a very limited superconducting stoichiom- 
etry range. 

Variations in unit cell parameters and interatomic distances are 
also consistent with the substitution of Ca2+ for Ys+, as observed in 
the EM, causing hole-doping only in the copper-oxygen sheets, and 
that the Cu-0 chains, once believed to be necessary for HTSC, only 
facilitate this oxidation (37). The flux exclusion signal increases up to 
-0.3 and then decreases. The a-unit cell parameter decreases as x 
increases, shown plotted as a function of x in Figure 7a (38). This is 
consistent with the removal of electrons from the antibonding dxs_x2 
orbitals in the Cu-0 sheets, and the resultant shortening of the Cu,-0, 
bond length (Figure 7b). The interatomic distances for Cu,-0, for the 
doped (Y/Ca) and the undoped (Y) are 1.934 A and 1.943 A, respec- 
tively as obtained from neutron diffraction (38). Thus, the CuO, 
sheets are more flattened in Y/Ca. The distances for Cq-Ol remain 
the same (i.e., 1.798 A for Y/Ca and 1% A for Y). Removal of 
electrons from the orbitals in the plane of CuO, sheets stabilizes the 
Cu-0 bond which leads to flattening. The 0,-O, distance between 
the sheets increases for Y/Ca to accommodate the substitution of the 
larger Ca 2+ for Y”. The c-unit cell parameter is found to be - 11 A 1 
A for x -0.3. The Cu2-Cu, distance decreases (3.27 A for Y/Ca and 
3.293 A for Y). This distance and the Y/Ca-Cu, distance may dictate 
the amount of Ca that can be substituted. The Cu,-0, distance does 
not vary, indicating a constant amount of Cu,. The substitution of 
Ca2+ for Ys+ causing oxidation only in the sheets is also apparent in 
the structurally related Pb2Sr2Y1_,Ca$u,0s (39). 

3.4 Bi-Based Superconductors 

Structural Modulations: The discovery of superconductivity 
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Figure 7: (a) Variation of the a-axis unit cell parameter, (related to 

the in-plane Cu(2)-O(2) distance) decreases as x increases in Y,_,Ca, 
Ba,Cu,O,. (b) Portion of the YBa,Cu,O, structure showing the site 
of Ca-substitution; Cu, and 0, atoms are indicated. 
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in the Bi-Sr-Ca-Cu-0 system (3), with a general formula of the 
homologous series with the idealized formulations Bi,Sr,Ca,_,Cu,- 

0 2n+4 (n = 1,2,3) is significant, since all the copper atoms lie in the 
CuO, planes (40). The n = 1,2 and 3 phases have T, values of -lOK, 
90K and 110K respectively, determined both from magnetic flux 
exclusion and electrical resistivity measurements. All of the Bi-based 
superconductors exhibit superstructure modulations which are often 
incommensurate with the basic structure. The relationship of 
structural modulations with the oxygen content, and their role on the 
superconducting properties, are of considerable interest. A number of 
these modulations were revealed first by high resolution electron 
microscopy (4 l-43). HREM in appropriate zone-axis orientations, 

usually with the c-axis in the (x,y) image plane, was used to directly 
map the modulations. 

The average structure, ignoring the modulations, has been 
reported from x-ray diffraction (44)(40). The structure is orthor- 

hombic with a = 5.39 A, b = 5.41 A and c= 30.8 A. The space group 
Amaa is confirmed by CBDP (45). The structure consists of perovs- 

kite layers separated by (BiO), lamellae related to, but different from, 
those found in Aurivillius phases (Figure 8; based on Reference 44b). 

In Bi,Sr,CaCu,O, (or 2212), each B&O, layer consists of two BiO 
planes with rock salt arrangement of Bi and 0 atoms. Each perovskite 
layer consists of two CuO,, two SrO and one Ca layers. The stacking 
sequence along the c-axis is as follows: 

BiO-SrO-CuO,-Ca-CuOs-SrO-BiO 

The n = 3 phase has additional Ca and CuO, layers. In general, the 
samples are prepared by solid state reactions of the component oxides 
in appropriate amounts at -900°C in air. The compounds are 

micaceous (plate-like) in nature. The positioning of the lone pair of 
electrons for Bi3+ in the Bi,O, layers results in large Bi-0 interlayer 

spacing (of the order of -3.2 A). This means that the interlayer 
bonding is weaker and as a consequence, there is a preference for 

cleavage on (001) planes. It is often difficult to prepare single phase 
materials and extensive intergrowths are found to occur. AEM 
compositional analysis of 2212 shows that the phase contains strontium 
deficiency (Table 1). For quantitative EDX, calibrations are per- 

formed using standards of BisCuO,, SrCuO, and Ca,CuO,. It is 
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Figure 8: Idealized structure of BiaSraCaCuzOs (2212) showing 

perovskite layers separated by B&O, lamellae. 

Table 1: ‘2212’ Bi-Sr-Ca-Cu-0 
Quantification of Chemical Composition analyses: 
Spectra normalized to CuK, Peak: 

Bi/Cu Sr/Cu ca/cu 

1 .oo 0.845 0.45 

0.96 0.785 0.445 

0.93 0.80 0.465 
0.977 0.78 0.44 
0.85 0.74 0.386 
0.90 0.71 0.39 
0.91 0.82 0.45 
1.01 0.78 0.45 
1.10 1.09 0.658 
1.08 0.806 0.497 

0.978 0.87 0.42 

Average composition: Bil.g5Sr1.64Cao.g2Cu20~ 
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suggested that the strontium defects might create mixed formal 
copper oxidation states (46) assuming, however, that the anion 
sublattice is fully occupied. The concentration of holes therefore, is 

not uniquely determined by the presence of cation deficiency. The 
hole concentration can only be obtained unambiguously from 
measurements of the oxidizing power per unit copper, considering 
both the cation and anion stoichiometries. This will be discussed 
further. 

A number of models have been proposed to explain the crystal 
chemistry associated with the structural modulations. The following 
paragraphs survey the current understanding of the origin of the 

modulations: 
The structural modulations in the Bi-compounds are very 

strong, and the local structure deviates significantly from the average 
structure. The a-axis exhibits an incommensurate modulation with a 

periodicity -4.7 in 2212. The [OOl] electron diffraction pattern and 
the corresponding atomic image revealing the modulated structure are 
shown in Figure 9a. The spacing between the columns of atoms along 
the a and b axes in the image is -2.7 A. The modulations, leading to 
wavy patterns, are clearly visible in the structure image in the [OlO] 
orientation shown in Figure 9b. The image also shows modulations 

within the perovskite blocks, with the atom positions displaced from 
their ideal positions within the blocks (42). The heaviest atoms are in 
the Bi,O, layers (arrowed). The corresponding SADP is inset in 
Figure 9b. The modulations are schematically represented in Figure 
10a and show repeated shortening and widening of Bi-Bi distances. 
The modulations appear to be sinusoidal to a first approximation (42). 
In the case of a pure sinusoidal modulation, only the first order 
satellites would be visible in the electron diffraction pattern. Figure 
lob shows the modulated wave,. where Bi-Bi distances (from Figure 

9b) are plotted against the number of Bi-planes. 
In general, twinning of the modulated structures is present. 

Figure 11 shows a [OOl] 90” rotation twin in the 2212 sample. On the 
left part (A), the modulation is in the plane of view and on the right 
(B), it is along the viewing direction. No misfit dislocations are 
observed at the twin plane. 

The grain boundary interfaces are clean and essentially flat on 
the atomic scale, but contain large misorientations, as shown in Figure 
12 (48). Grain B is [l lo] 2212 phase, and grain C is strontium-copper 
oxide. 
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a

b

Figure 9: (a) Electron diffraction pattern (inset) with incommensu-
rate superstructure modulation and structure image in [001] orienta-
tion. (b) Structure image of2212 in [010] projection near the optimum
defocus. Corresponding SADP is inset. Structural modulations are
observed along the Bi2O2 (arrowed) as well as within the perovskite
blocks. The image also shows intergrowths with some of the Bi-layers
separated by ~ 19 A.
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Figure 10: (a) Schematic representation of structural modulations
showing repeated shortening and widening of Bi-Bi distances. (b)
Modulations in Bi-Bi separation in adjacent layers, indicating a
sinusoidal variation.

Figure 11: [001] 90° rotation twin in 2212. Modulation variant is in
the plane of view (A) and along the viewing direction (B). A gradual

decrease in the modulation towards the twin plane is seen.
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Figure 12: An interface in 2212 showing atomically sharp high angle
grain boundary with grain to grain connectivity. The diffraction
pattern from the grains is inset. Grain B is 2212 phase and grain C is
strontium-copper oxide.
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Interpretations of Structural Modulations: The following 

paragraphs summarize the reported models concerning the origin of 

the modulations and report some of the recent experiments. The 
origin of the modulations, the role of anion stoichiometry and of the 

cation substitution affecting the modulations and T, are not yet fully 
resolved and need further experimental clarification. 

Proposed models for the modulations include: (a) one of the 
earlier interpretations suggesting the rigid rotation of CuO, polyhedra 

resulting from, for example, small differences in the equilibrium bond 
lengths between the Bi-0 and the Cu-0 layers (i.e., due to a size 
mismatch) (42); (b) ordering of Bi-depleted and Bi-concentrated zones 
and site exchange of cations (43); (c) extra oxygen in the BiO layers 
and orientations of the lone pairs of electrons of BiS+ consistent with 
HREM and image calculations (47); and (d) the presence of strontium 
vacancies (46). These have been summarized in the literature (47). 

Oxygen Interstitials: Recently, based on (c), it has been 
proposed that the addition of one in ten oxygen atoms in the Bi-0 
planes (periodic insertion of one oxygen atom pair in B&O, layers, 

after every five unit cells along the a-axis) and the displacement of 
the surrounding atoms cause the superstructure modulations in the 

Bi-compounds with structural modulations of -5 (49). Electron 
diffraction studies on the substituted Bi-compounds are also reported 
showing the dependence of the modulations on the compositions, i.e., 
partial substitution of Sr or Ca by a trivalent rare earth element 
(50)(51), Cu by another 3d metal (51), as well as Bi by Pb (52). In the 
Biz_,PbXSr.&a2Cu20, systems, the superstructure modulations 

gradually disappear with increased Pb content, resulting in higher T, 
(of up to 110K). This apparent increase in T, might be due to the 
altered electronic states caused by the change in the modulation, or to 
lower oxygen content in the Bi-Pb-0 layers, or to a change in the hole 

concentration caused by the Pb substitution (52). In the BitSraMx 
CU~_~O,, (M = Co, Fe) structure, the substitution of Cu by Co reduces 
the periodicity of the commensurate modulation from 5 to 4 (with one 
extra row of oxygen inserted for every 8 rows of Bi atoms); for M = 
Fe the periodicity of the incommensurate modulation varies as a 
function of Fe, with drastic reduction in T, (51). The relationship 
between the structural modulations, compositions and magnetic 
properties of these materials is also of considerable interest, and more 

work on the Bi-compounds is necessary to better understand such 
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relationships. Recent muon spin resonance results (53a) have shown 
magnetic correlations in Bi,Srs_xY,Cu,O, which are analogous to those 
observed previously in La-Sr-Cu-0 and 123 systems (63b). The 
metal-insulator boundary has been found in these systems where the 
insulating state is associated with antiferromagnetism and long range 

magnetic order is apparently destroyed through Cu”’ doping before 
superconductivity is established. Compositions in the Bi-Y-Sr 
-Ca-Cu-0 system traversing the insulator-superconducting boundary 
have been investigated (53a). 

To examine some of the hypotheses described above concern- 
ing superstructure modulations in the Bi-Sr-Ca-Cu-0 materials, 2212 
samples reacted under different environments have been investigated 
by EM (54): (a) sample annealed (reduced) in nitrogen at 400°C for 12 

hours and slow cooled, with a T, value of 90K and (b) sample 
annealed in oxygen at 400°C for 12 hours and slow cooled, with a T, 

value of 70K. The SADP from [OOl] orientations are shown in Figure 
13a,b. Both the samples exhibit modulations. A preliminary analysis 

of the two figures indicates that the nitrogen reduced sample has a 
commensurate superstructural modulation (with a periodicity of 5) and 
the oxygenated sample has an incommensurate modulation (with -4.5). 
The lattice spacings are also different. The Cu-0 distance of the 

oxygenated sample also show a slight decrease in the x-ray data 
relative to the reduced sample. This indicates a complex dependence 

of the periodicity of the modulations on the oxygen content and T,. 
A CBDP from the oxygenated sample in the [OOl] orientation is also 

shown in Figure 13~. The first ring relating to the higher order Laue 
Zone (HOLZ), used to provide information in the third dimension, is 

shown by the arrow. The measurements from the pattern indicate a 
slight decrease in the c-lattice parameter and the images show an 
increase in the modulation amplitude. The oxygenated sample is 
relatively free of intergrowths. The EDX data shows cation deficien- 
cies of Sr and Ca, which do not appear to affect the periodicity of the 
modulation. Further, the samples prepared entirely in N, exhibit 
commensurate modulations (54), which may mean, either (a) the 
modulations are intrinsic to the materials, or (b) it is difficult to 
extract the extra oxygen even after prolonged reduction. 

Although the full implications of these data are yet to be 
analyzed, it seems likely that the lattice or size mismatch between the 

Bi-0 and the perovskite layers plays a key role in constituting the 
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a b 
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Figure 13: SADP in [OOl] orientation for (a) the sample annealed in (a) 
N2; (b) in 02. The patterns are at the same magnification. (c) [OOl] 
convergent beam diffraction pattern of the sample annealed in oxygen. 
HOLZ is arrowed. 
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driving force for the modulations. Further, a comparison of the T, 
values of the two samples implies that the interstitial oxygen causes a 
decrease in T,, presumably because of the over-doping of holes, or the 
over-oxidation of the CuO, sheets. (This is discussed further in 
Section 4.0). Partial oxidation of Bi3+ to B5+ is possible; however x- 
ray photoelectron (XPS) measurements (51) have shown that Bi is only 
in 3+ state in these cuprates. 

4.0 TI-BASED SUPERCONDUCTORS 

The discovery of thallium containing superconductors (4) was 
another important development. Several superconducting phases exist 
and consist of intergrowths of rock salt (Tl-0) and perovskite layers. 
They have been reported with zero resistance and Meissner effect up 
to 125K, i.e., with the highest critical temperatures discovered so far. 

Two homologous series exist, consisting of single and double 
thallium layers: 

TlBa,Ca,_,Cu,0,,+3, (n = l-6); and Tl,Ba,Ca,_,Cu,O,,+,, (n 
= l-4) (e.g., 55). The phases Tl,Ba,CuOe, (221); TlsBasCaCusO, 
(22 12); TlsBa,Ca,Cu3010, (2223); Tl,Ba,Ca,Cu,O,, (2234) and 
T1Ba,Ca,Cu,0,3 (1245) have T, values of -85K, 98-l lOK, 105-120K, 
119K and 114K, respectively. 

In addition, bulk superconductivity has recently been 
discovered at Du Pont in the (Tl,Pb)-based oxides (56) with the 
general formula, (Tl,Pb)Sr,Ca,_lCu,Os,+S; (n = 2,3). The T, values 
of 90K and 122K are obtained for the n=2 and n=3 phases, respective- 

ly. 
The basic structures of Tl-compounds are tetragonal body 

centered layer structures with layers normal to the c-axis. The lattice 
constants are a = 3.8A, and c = 29.4A (for 2212), 35.4A (for 2223), 
22A (for 1245) and so on. The common structural features are Tl-0 
layers sandwiched by Ba-0 sheets and blocks of Cu-0 layers separated 
by Ca intermediate layers. The structures differ from each other by 
the number of Cu-0 layers. For example, the number of Cu-0 layers 
in the 2212 phase is two; three in 2223 and five in the 1245 structure. 
A schematic representation of the 1245 structure is shown in Figure 
14. The samples are normally prepared from the component oxides in 
sealed gold tubes to avoid problems with the toxicity and loss of Tl 
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Figure 14: A schematic representation of the idealized TlBa,Ca,Cu, 
O,, structure. 

Table 2: Quantification of EDX 

Nominal Composition: TlsBa&asCu40rs 
Spectra Normalized to the Copper K, Peak 

TI/Cu Ba/Cu ca/cu 

0.4182 0.4601 0.6346 
0.4292 0.5063 0.6359 
0.4212 0.3888 0.6574 
0.4246 0.4426 0.6710 

0.4999 0.5198 0.6201 

0.4151 0.4275 0.7663 
0.4363 0.4445 0.6696 
0.4423 0.5072 0.6523 

0.4059 0.6691 0.7506 

0.4426 0.4743 0.7790 

Giving the Average Formula: Tlr.7sBa1.ssCas.7sCu40y 
with TI and Ca deficiencies. 
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(56). Alternative chemical techniques also exist (57). 
Major challenges in the complex Tl-series are the structural 

and compositional control and the contributions of structural 
irregularities (such as cation disorder, oxygen vacancies, syntactic 

intergrowths and strain effects due to lattice constant changes) to the 
superconducting properties. HREM and related techniques can 

provide some of the answers. In this section, it would be exceedingly 
difficult to give a comprehensive account of all the EM contributions. 

However, some of the major structural features revealed by EM are 
highlighted. 

4.1 Tl-Ba-Ca-Cu-0 Superconductors 

By means of HREM and electron diffraction a variety of 
intergrowth defects have been characterized in both the single and 
double layer Tl-systems. In some (Tl,Ba) systems weak superstructure 
modulations have been reported (47)(48)(58). 

2234 and 1245 Superconductors; Site Disorder and Intergrow- 

th Defects: 2234: The bulk topography of a typical sintered 
compacted pellet by SEM is shown in Figure 15a, illustrating the grain 

connectivity. The morphology shows angular crystals several 
micrometers in extent and evidence of less reactive sintering. HREM 

and SADP of the compound along [OlO] are shown in Figure 15b and 
c, respectively (48). The SADP confirms the lattice constants of a = 

3.8A and c = 42A, obtained from x-ray diffraction (59). An EDX 
spectrum of the phase is shown in Figure 15d. 

In addition, a high density of coherent intergrowths is 
observed, as shown in Figure 16a with the corresponding electron 

diffraction pattern. The weak superlattice reflections are present in 
some electron diffraction patterns. The intergrowth defects contain 

a different number of CuO, sheets and thus alter the local chemical 
composition. High precision microanalysis on the nanometer scale 

from two layers (Figure 16b) illustrates the difference in Cu-content 
as shown in Figure 16c and d respectively. EDX from several grains 

reveals cation site disorder as shown in Table 2. Small deficiencies in 
Tl and Ca are observed, giving an average composition Tll_,sBa,.,, 

Ca2.72Cu40y. This would increase the formal copper oxidation state 
to -2.33, if the anion sites are fully occupied (48). Ba stoichiometry 
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Figure 15: (a) SEM of the bulk TI2Ba2Ca3Cu4012 (2234). (b) Lattice
image of 2234 in [010] with SADP (c) inset. (d) EDX spectrum.
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Figure 16: (a) High density of intergrowths with various perovskite 
slab widths (arrowed), with the SADP (inset). (b) High resolution 
lattice image from FEG STEM showing layers with different 
perovskite slabs A and B. (c) and (d) EDX nanometer analysis from A 
and B, showing increased Cu content in A with more Cu-0 layers. 
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is essentially ideal, and partial exchange between Tl and Ca is possible. 
EM also elucidates the nature and composition of the grain 

boundary interfaces in these materials for the first time (48). Figure 
17a shows an HREM image of a grain boundary at a triple point. The 

three grains are identified by EDX and diffraction. The triangular 
amorphous region at the interface triple point consists of mostly 

copper (presumably copper oxide) as shown in Figure 17b and the 
amorphous region is -1Onm in extent. This is in contrast to the 

observations in Y- and Bi-superconductors where the grain boundaries 
are clean. The presence of chemically different grains indicate phase 
separation, probably during sintering. Furthermore, the absence of 
dislocations at the boundary is consistent with the rigid close packed 

structures of these ceramics and the limited extent of strain fields. 
1245 Superconductor: The layer stacking of the compound is 

elucidated in the HREM image along [OIO] in Figure 18a (48). The 
unit cell is outlined and the number of Cu-layers is indicated by the 
arrows. The corresponding selected area diffraction pattern is inset, 
with lattice constants a = 3.85A and c = 22.3A, in agreement with 

x-ray diffraction (59). The presence of coherent, yet nonstoichio- 
metric, intergrowths, with four and six Cu-0 layers, is frequently 
observed. The 4-layer intergrowths of the 1234 structure in the 1245 
are shown in Figure 18b with the associated structural schematic. 

Intergrowths of up to nine Cu-0 layers have been reported, indicating 
the possibility of even higher order Cu-0 layers in the system. 

The concept of topologically compatible coherent intergrowth 
defects in nonstoichiometric solids is of considerable significance, 

both from the structural and thermodynamic viewpoints. Structural 
compatibility enables the elements of two distinct structures to coexist 

as coherently intergrown domains as shown in the HREM images. 
Coherence can be achieved by local ordering of defects, e.g., point 

defect ordering (vacancy or interstitial ordering), or by substitutional 
ions within coherent crystal structures, or by a polyhedral, or 

compound shear mechanism. This would also in principle lead to 
models for defects. The intergrowths are revealed reliably only by 
HREM. If the intergrowths are random, the material is a nonstoichio- 
metric and a non-equilibrium phase. If they are ordered in a regular 
fashion, a new compound is produced. In the absence of other defects 
it should be possible to account for the stoichiometric variations from 
the ideal stoichiometry in terms of coherent intergrowths. Dislocation 
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a

Figure 17: (a) Grain boundary interface with amorphous region at the
triple point. (b) EDX from the area x. showing mostly copper (oxide).
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Figure 18: (a) HREM lattice image of TIBa2Ca4Cu5QlS (1245) with
SADP inset. The unit cell is outlined. (b) Coherently intergrown 4
layer inter growths (arrowed) of 1234 structure in 1245.
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structures facilitating insertion or removal of layers are also present 

(48). 
As far as the relationship between T, and the number (n) of 

Cu-0 layers in the perovskite structure is concerned, experiments on 
both the Tl, and T&-series show that T, increases with n up to n = 4 
and n = 3, respectively. Further increases in n do not raise T,. This 

is related to the optimum number of holes permissible in the CuO, 
sheets for maximum T,, and to the in-plane copper-oxygen bond 

lengths (60). Further, a comparison of the electronic structures of the 
Tl, and Tl,-series obtained from tight-binding calculations (60b) show 
the Tl-6s block bands for the T&O, double layers, to be below the 
Fermi level, and above for the TIO, single layers. This means that 
TlO, layers do not remove electrons from the d,s_ys bands of the 
CuO, sheets and the stoichiometric Tl,-series has a high enough 
formal Cu-oxidation state and can superconduct without the introduc- 
tion of additional holes. From EM the density of intergrowths in the 
1245 is low relative to the 2234 or 1234 compounds. Empirically, this 
might imply that a lower Ca content leads to more intergrowths. 

However, the existence of such defects must depend critically on the 
synthesis conditions, the energies of formation of the defects and 
configurational entropy associated with them due to the number of 
ways in which they can be distributed in the material. Microanalysis 

reveals stoichiometric variations in cation sites in the unit cell, 
providing a mechanism for creating formal mixed valence copper. 
However, a more systematic study of oxygen stoichiometry is required. 
In principle, titration methods can be used to provide this information. 

However, difficulties may arise for the thallium phases since the redox 
chemistry of TI conflicts with that of Cu. 

4.2 (Tl,Pb)-Sr-Ca-Cu-0 Superconductors: 
(T1,Pb)SrtCaCua07 (x1=2) and (T1,Pb)Sr&a2CusOg (n=3) 

These compounds are isostructural with the corresponding 
(Tl,Ba) compositions, possessing two or more CuO, sheets separated by 
(TI,Pb)-0 and Sr,O, sheets. The (TI,Pb) system possesses a narrow 
composition range. The phases n=2 and 3 are line phases, and thus 

correspond to the equilibrium states in the (Tl,Pb) system. HREM 
image corresponding to the (Tl,Pb)Sr,Ca,Cu,O, (n = 3) phase is shown 

in Figure 19a. An occasional intergrowth with four Cu layers can be 
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Figure 19: (a) HREM image of (TI,Pb)Sr2Ca2Cu309showing a4-layer
intergrowth (arrowed). (b) SADP in [010]. (c) [001] SADP with no
superstructure spots, indicating that structural modulations are not
present. (d) EDX spectrum showing the presence of TI and Pb.
Quantification is shown in Table 3. (e) Flux exclusion behavior for
n=2 and n=3.
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seen in the image (arrowed) suggesting the possibility of higher order 
Cu-0 perovskite blocks in the (Tl,Pb) system. Figure 19b and c show 
an [OlO] and [OOl] SADP, respectively for the n = 3 phase (61). The 
significant information obtained from EM is that the materials are 
relatively free of intergrowths compared to the (TI,Ba) systems, and 

have a smoother microstructure, (with larger grain sizes up to -200 
pm). This indicates that Pb stabilizes the compositions. In addition 
electron diffraction experiments with tilting to various orientations, 

including the [OOl] shown in Figure 19c and [llO], do not reveal 
superstructure modulations of the type observed in some (TI,Ba) and 

Bi-based superconductors. Furthermore, EDX microcomposition 
analysis based on the characteristic x-ray lines (Figure 19d) provides 

a powerful tool enabling Tl and Pb, which are adjacent elements in the 
Periodic table, to be clearly distinguished. This distinction is not 

attainable with either x-ray or neutron diffraction techniques which 

depend on relative structure factor intensities. Quantification of EDX 

analyses reveals site disorder in the (Tl,Pb) and Ca-sites giving 
average compositions of (Tl,.,Pb,.,)Sr,.,,Ca~.sCu~O~ for the n = 2 

phase and (Tle.,Pbe,)Sr,.,, Ca&&.O, for the n = 3 phase (Table 3), 
as confirmed by neutron diffraction. The formal Cu-oxidation states 
are deduced to be 2.78 and 2.65 for the phases, with essentially full 

occupancy for Sr and assuming full anion site occupancy. Flux 
exclusion behavior of the phases is shown in Figure 19(e). The grain 
interfaces in the (Tl,Pb) materials contain narrow (-2 nm) amorphous 
Cu-oxide layers. These are of the order of coherence lengths in the 

superconducting oxides. 
The weak modulations in the (Tl,Ba) system have been 

discussed based on various hypotheses, including partial reduction of 
T13+ to Tll+, insertion of extra oxygen in the Tl-0 layers, orientation 

of a lone pair, or ordering in the rock salt layers where the atoms are 
displaced from their ideal position to create a more favorable bonding 

environment (47)(58)(6). However, in the (T1,Pb) system, X-ray 
Absorption Near Edge Spectroscopic (XANES) studies are consistent 

with the formal oxidation states of T13+ and Pb4+ (61). The outer 
electronic configurations of T13+ and Pb4+ are similar, thus facilitating 

smoother incorporation of Pb atoms into the structure. The existence 
of correlated atomic displacements in the (Tl,Pb)-0 layers is suggest- 
ed. Based on the average tetragonal structure, these result from chains 
or pairs of (Tl,Pb) and 0 atoms; local ordering of the pairs is only 
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Table 3. Chemical composition analysis n = 3 

TI/Cu (TI+Pb)/Cu calcu SrlCu 

0.13 0.27 0.54 0.63 

0.12 0.26 0.567 0.63 

0.12 0.246 0.60 0.60 

0.136 0.27 0.58 0.62 

0.125 0.255 0.51 0.64 

0.145 0.27 0.54 0.66 

0.15 0.29 0.56 0.77 

Table 4. Microchemical analyses using the 

nanoprobe in the STEM for a sample of nominal 

composition Ttt.&de_4Ba~CuC, 

TVBu CdlCu TI+Cd/Cu B&u 

1.50 0.38 1.88 1.73 

1.69 0.31 2.00 1.86 

1.47 0.41 1.88 1.60 

1.51 0.37 1.88 1.87 

1.72 0.32 2.04 1.85 

1.55 0.25 1.80 1.85 

1.41 0.42 1.83 2.10 

1.55 0.33 1.88 2.05 

1.58 0.34 1.92 1.95 

1.65 0.33 1.98 1.92 

Mean valuesa 
1.56(10) 0.35(5) 1.91(8) 1.88(14) 

aThe standard deviations (in brackets) of the mean 
ratios (with respect to an assumed Cu stoichiometry 
of 1.0 per formula unit) are calculated from the 
variance, a2 = [Zi(<ti-q)2/rt-l] where <h is the mean, 
and fi is an individual analysis and the sum (Z) is over 

the n values. 
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short range (6). It seems likely that the cooperative displacements and 
the extent of local order within this unit with lower oxygen content 

might not be sufficient to induce structural modulations of the type 
observed in some (Tl,Ba) systems. Since the (TI,Pb) and the corre- 
sponding (Tl,Ba) systems have similar T, values, structural modula- 
tions appear to be secondary to superconductivity in these systems. 

Substitution of Pb might result in intrinsic flux pinning sites due to 
local variations in free energy terms associated with the substitution. 
Further, the increased stability of the (Tl,Pb) systems may be related 
to the enhanced bond strengths in the (Tl,Pb)-0 layers. 

Substitutional chemistry in Tl-compounds over a wide 
composition range is also of interest and superconducting phases 
isostructural with the Tl-series can be prepared by a suitable choice 
of cations and characterized by electron microscopy (62)(63). 

Substitutions of Cd in Tls_,Cd,BasCuOe+~ (62) show the T, depen- 
dence on hole concentration, which can be adjusted either by cation 

doping (x) or by oxygen excess (6). Metallic behavior is observed for 
x > 0.6. EDX confirms that Cd2+ substitutes exclusively for Tl (Table 
4). Figure 20 shows SEM (a) and an HREM image (b) for the system. 
The HREM image shows a well ordered structure. The corresponding 
electron diffraction pattern is inset. The HREM and EDX on the 
nanometer scale show smooth incorporation of Cd in the TI-layers. A 

comparison with the undoped structure shows a decrease in the Cu-0 
bond length correlating with the oxidation of the CuO, sheets. Based 

on the variations a-axial dimension as a function of x, in combination 

with single crystal x-ray analysis, the optimum ‘hole’ concentration on 
the CuO, sheets is estimated to be 0.3 + 0.1 per Cu (62), which gives 
the highest T, of -92K. An increase in the c-axis is also observed, 
consistent with the substitution of the larger Cd2+ for Tls+. This 
material also exhibits a wide range of superconducting stoichiometry 

compared to Y,_,Ca,Ba2Cus0, and La2_,Sr,CuOd. It seems likely, 
therefore, that the range of doping levels over which bulk high 

temperature superconductivity is observed is material specific. 

In conclusion, electron microscopy techniques reveal consider- 
able evidence for variability in composition and defect structures, 
such as cation and anion vacancies, extended defects, substitutional 
ions and oxygen interstitials; these are common to all of the high 
temperature superconducting oxides. These defects play an important 

role in controlling the carrier concentrations and therefore the 
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Figure 20: (a) SEM of T12_xCdxCu06+6 plates. (b) HREM with the 
corresponding electron diffraction pattern inset. 
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superconducting properties. Understanding of the microstructural 
heterogeneity should yield a better fundamental understanding of the 
structure-property relationships in the HTSC oxides and facilitate a 
more plausible theoretical explanation of the phenomenon of high 
temperature superconductivity. 
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Oxidation State Chemical Analysis 

Daniel C. Harris 

1.0 SUPERCONDUCTORS EXIST IN VARIABLE OXIDATION 
STATES. . . 

A hallmark of high temperature superconductors is that they 
contain elements whose oxidation states vary over a range of values. 
The archetypical family of compounds whose superconductivity was 
discovered by Miller and Bednorz (1) has the formula La,_,(Sr,Ba), 

CuO4+6 (x = 0 to 0.3, 6 is a small positive number), (2) in which the 
copper oxidation state depends on the alkaline earth content and exact 
oxygen stoichiometry. For example, the composition La,.86Sr0.15 

cuo4.03 can be described as (La3+),~s,(Sr2+)o~,5(Cu2’)o~sr,(Cu3+)o~~7 

(02-)4.03 in which the sum of cation charge is +8.06 and the sum of 
anion charge is -8.06. Since other oxidation states of La and Sr are 
extremely unlikely, the variable oxidation state is assigned to Cu, 
whose +3 state is rare, but not unknown (3). By altering the Sr content 
in this formula, the relative amounts of Cu2+ and Cu3+ change. The 
charge carriers in these oxidized compounds are mobile holes. 
Another class of high temperature superconductors containing mobile 
electrons is exemplified by (Nd3+)1~sr,(Ce4+)o.1S(Cu+)0.29(Cu2+)0.71 
(02-),.,, (4), whose postulated (5) quadrivalent Ce and variable oxygen 
content require that some of the Cu be in the +1 oxidation state. 

The most heavily studied high temperature superconductor is 
YBa2Cu307_, (x = 0 to l), whose Cu oxidation state is determined by 
the oxygen content. The parent structure, YBa,Cu,O,, contains layers 
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of Cu-0 sheets and layers with Cu-0 chains (6). Heating removes 
oxygen atoms from the chains (7). The composition YBa,Cu,O, can 
be thought of as (Y3+)(Ba2+)2(Cu2+)2(Cu3+)(02-)7, with one-third of 
its Cu in the +3 state. When the oxygen content is reduced to 6.5, all 
Cu is formally in the +2 state and the material is a semiconductor. 
Upon further reduction to YBa,Cu,O,, one third of the Cu is in the 
+l state, but the material remains semiconducting. In general, the 
electronic (8) and crystallographic (9) properties of high temperature 
superconductors are strong functions of their oxygen contents and 
valence states. 

. ..AND WE DON’T KNOW WHAT IS OXIDIZED 

A striking chemical behavior of YBa2Cu307 is the vigorous 
evolution of gas when the solid is added to acid or water (lO)(ll). It 
was first thought that this represented oxidation of water to 0, by 
Cu3+, but it was conclusively shown with 180-enriched superconduc- 
tor that the evolved 0, is derived from the solid, not the solvent 
(12)-(14): 

YBa Cu 2 3 1807 + 12H+ + Ys+ + 2Ba2+ + 3Cu2+ + 6H,l*O + +1802 (1) 

This result casts doubt on the existence of Cu3+ in YBa,Cu,Oz. An 
alternative formulation is (Y3+)(Ba2+)2(Cu2+)3(02-)e(022J-,s, with a 
cation charge of t 13 and an anion charge of - 13. However, other 
experiments cast similar doubt on the existence of peroxide (022-) in 
YBa,Cu,O, (13)( 15)(16). It seems likely that any description of 
localized holes in YBa,Cu,O, is simplistic, and the solid is better 
described by holes in electronic bands. The nature of the ephemeral 
redox-active species liberated when the superconductor dissolves is 
unknown, and not critical to the discussion of analytical methods in 
this chapter. It is possible that redox chemistry occurs on the surface 
of the dissolving superconductor, and no unusual species are ever 
liberated. In any case, for the sake of balancing chemical equations, 
it is permissible to write the redox chemistry of YBa,Cu,O, in terms 
of Cu3+ and recognize that this is not a true representation of the 
mechanisms of the redox reactions. 
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2.0 ANALYSIS OF SUPERCONDUCTOR OXIDATION STATE 
BY REDOX TITRATION 

Immediately after the discovery of YBasCusO,_,, numerous 
groups employed iodometric titration procedures to measure the 
effective oxidation state of the material, and therefore the value of x. 
The procedure described below involves two different titrations 
(lO)( 17)( 18) and is more accurate than a procedure in which the first 
titration is omitted (19). Experiment A measures the total copper 
content of the superconductor and Experiment B measures the total 
charge of the copper. The two experiments, together, give the average 
oxidation state of copper. 

In Experiment A, YBa,Cu,O,_, is dissolved in dilute HClO,, 
in which all copper is reduced to Cu2+ (eq. 1). The total copper 
content is determined by addition of iodide 

cu” + :I- + CuI(s) + 4 Is- 
L L 

and titration of the liberated iodine (actually Is-) with standard 
thiosulfate: 

(3) 

Each mole of Cu in YBa2Cu30,_, requires one mole of Ss032- in 
Experiment A. 

In Experiment B, YBa,Cu,O,_, is dissolved in dilute HClO, 
containing I-. Cu3+ (or whatever is really the oxidized species) 
oxidizes one equivalent of I-, and then all of the Cu2+ oxidizes more 
I- as the copper is reduced to CuI(s): 

cus+ + +I- +cus+ + +r3- 

cu2+ + $I- -+ CuI(s) + $- I,- 

The difference between the moles of thiosulfate per gram of super- 
conductor in the two experiments equals the moles of Cu3+ per gram 
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of superconductor. 
Suppose that mass mA is analyzed in Experiment A and volume 

V, of standard thiosulfate -is required for titration. Let the corre- 
sponding quantities in Experiment B be mB and V,. Let the average 
oxidation state of Cu in the superconductor be 2+p. Then p is given 

by (18) 

and x in the formula 

p _ (VB/%) - (vA/mA) 

WmA 
(6) 

YBa2Cus0,_x is related to p as follows: 

x- f +2+ p) (7) 

For example, if the superconductor contains 1 Cus+ and 2 Cu2+, the 
average oxidation state of copper is 7/3 and p is l/3. Setting p = l/3 
in Eq. 7 gives x = 0 and the formula is YBa2Cus07. Eq. 6 does not 
depend on the metal stoichiometry being exactly Y:Ba:Cu = 1:2:3, but 
Eq. 7 does require this exact stoichiometry. 

A significant limitation on the accuracy of the iodometric 
procedure is that Eq. 6 requires the subtraction of one large number 
from another. Relatively small uncertainties in each quantity lead to 
a relatively large uncertainty in the difference, and hence in the value 
of p. Both titrations are heterogeneous, with suspended solid CuI 
making it somewhat difficult to measure the end point. An advantage 
of eq. 6 is that errors in the standardization of the thiosulfate cancel 
each other. In fact, it is not necessary to standardize the thiosulfate 
at all to apply eq. 6. However, the determination of absolute copper 
content in Experiment A requires accurately standardized thiosulfate. 
The results of Experiment A should agree closely with the expected 
copper content of YBa,Cu,O,_,. 

A sensitive, elegant citrate-complexed copper titration (20) 
that directly measures the Cus+ content eliminates some of the 
experimental errors associated with the previous analysis. The sample 
is first dissolved in a closed container with 4.4 M HBr, in which Cu3+ 
oxidizes Br- to Brs-. 



Oxidation State Chemical Analysis 613 

Cuse + YBr- + CuBr:’ + iBrs_ 

Further reduction of Cu(I1) does not occur. The solution is transferred 
to a vessel containing excess iodide, excess citrate and enough 
ammonia to neutralize most of the acid. Cu2+ is complexed by citrate 
and is not reduced to CuI. The Brs- from eq. 8 oxidizes I- to an 
equivalent amount of Is-, 

Brs- + 31- + 3Br- + Is- (9) 

which is then titrated with standard thiosulfate. The solution remains 
homogeneous, and the moles of thiosulfate required are equal to the 
moles of Cu3+ in the sample. If R is defined as the moles of Cu3+ per 
gram of superconductor, then x in the formula YBa2Cu30,_X is given 

by 

1 - 666.20R 
‘- 2- 15.9994R 

(10) 

where 666.20 is the formula mass of YBa2Cu30, and 15.9994 is the 
atomic mass of oxygen. A general formula analogous to eq. 10, but 
applicable to other superconductors, is found in reference 20. 

The citrate-complexed copper procedure can be modified to 
analyze samples with oxygen content in the range 6.0 - 6.5, which 
formally contain Cu+ and Cu2+. A small excess of standard Br2 is 
added to the 4.4 M HBr in which the solid is to be dissolved. Cu+ 
reduces Br2 to Br-, decreasing the quantity of I, produced in eq. 9. 

Our experience with the two-titration iodometric procedure 
shows that the uncertainty in oxygen content of YBa2Cu307_X is 
approximately f 0.04 (e.g. YBa2Cu30es, * ,,-,J. Nazzal et al. (18) find 
an uncertainty of it: 0.03. These uncertainties are reduced to near + 
0.01 in the citrate-complexed copper procedure. The relative 
uncertainty of the Cu3+ content when the oxygen content is close to 
6.5 is much smaller for the citrate-complexed copper procedure than 
the two-titration iodometric procedure. Application of the citrate- 
complexed copper procedure to compounds such as Lal,Sr,-,,CuO,+,, 

La2Cu04+x and La,NiO,+, g ives three decimal place precision for the 
oxygen content (e.g. La,CuO,,,,) (15). 
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Another popular titrimetric analysis of superconductor 
oxidation state is based on the oxidation of ferrous ion (21)-(24): 

Cus+ + Fe2+ + Cu2+ + Fe’+ (11) 

The superconductor is dissolved in 2.6 M H,PO, solution containing 
standard 0.1 M Fe2+ under an inert atmosphere. The Fe2+ remaining 
after reaction 11 is titrated with standard dichromate or permanganate. 
For the most complete details, see reference 21. Samples containing 
excess Cu+ (i.e., oxygen content < 6.5) are dissolved in 2.6 M H,PO, 
solution containing standard 0.1 M Fe’+, which is reduced to Fe2+ that 
can be titrated with dichromate (22). 

A method that can distinguish between the oxidation states 
Cu3+ and Bi5+ in bismuth-based superconductors has been described 
(33). Bi6+ (BiO,-) can oxidize Mn2+ to MnO,-, while Cu3+ is not a 
strong enough oxidizing agent to accomplish this task. 

5BiO,- + 2Mn” + 14I-P + SBi% + 2MnO,-+ 7H20 (12) 

The superconductor (100 mg) is dissolved in 10 mL of 0.025 M 
Mn(NO,), in 3 M HNO,, cooled to room temperature, diluted with 70 
mL of cold water, and treated with 10 mL of standard 0.1 M Fe2+ in 
1 M H,SO,. Permanganate produced in reaction 12 oxidizes Fe2+ to 
Fe’+. A mixture of concentrated acids (1.5 mL H,SO, + 1.5 mL 
H,PO, + 7 mL H,O) is added and the remaining unreacted Fe2+ is 
titrated with standard 0.017 M potassium dichromate using sodium 4- 
diphenylamine sulfonate indicator. In a second experiment, the 
superconductor is dissolved in acid containing standard Fe2+ and the 
unreacted Fe2+ is determined by dichromate titration. The Fe2+ 
consumed by superconductor is equivalent to the total Cu3+ amd Bib+. 
By this method, it was found that the superconductors BiCaSrCu,O, 
and Bi,Ca,Sr,Cu,0, contain Bi’+, but little Cu’+, since the moles of 
Fe2+ consumed in both parts of the procedure were nearly equal. 

2.1 Iodometric Titration Procedure 

0.03 M Na&Oe Solution. Dissolve 3.7 g of Na2S203~5H20 
plus 0.05 g of Na,CO, in 500 mL of freshly boiled water. Add 3 
drops of chloroform (a preservative) and store in a tightly capped 
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amber bottle. The solution shouid be restandardized after several 
weeks. 

Starch Indicator. Add to 90 mL of boiling water a slurry 
containing 1 g of soluble starch and 1 mg of HgI, (a preservative). 
The resulting clear solution is stable for weeks. 

Standard Cu. In a fume hood, add 15 mL of water and 3 mL 
of 70% nitric acid to 0.5 - 0.6 g of accurately weighed reagent Cu wire 
in a 100 mL volumetric flask and boil gently to dissolve the wire. Add 
1 .O g of urea or 0.5 g of sulfamic acid and boil 1 min to destroy HNO, 
and oxides of nitrogen that would interfere with the iodometric 
titration. Cool to room temperature and dilute to 100 mL with 1.0 M 
HCl. 

Standardization of NaaS20, with Cu. To prevent air 
oxidation of iodide in the acidic solution, use a 180 mL tall-form 
beaker (or a 150 mL standard beaker) loosely fitted with a 2-hole 
stopper. One hole serves as inlet for a brisk flow of N, or Ar that 
leaks out the side of the stopper. The other hole is used for the buret. 
Pipet 10.00 mL of standard Cu solution into the beaker and flush with 
inert gas. Remove the cork briefly to add 10 mL of water containing 
1 .O- 1.5 g of freshly dissolved KI and begin magnetic stirring. Titrate 
with Na,S,O, from a 50 mL buret, adding 2 drops of starch just 
before the last trace of I, disappears. Premature addition of starch 
leads to irreversible binding of I, to the starch, and makes the end 
point harder to detect. 

Experiment A. Dissolve an accurately weighed 150-200 mg 
sample of powdered YBa,Cu,07_X in 10 mL of 1.0 M HClO, in a 
titration beaker in a fume hood. [CAUTION: Perchloric acid is 

recommended because it is inert to reaction with superconductor. 
Solutions of HCIO, should not be boiled to dryness because of their 

explosion hazard. We have used HCl instead of HCiO, with no 

significant interference in the analysis.] Boil gently for 10 min, cool 
to room temperature, cap with the two hole stopper - buret assembly, 
and begin inert gas flow. Add 10 mL of water containing 1.0 - 1.5 g 
of KI and titrate rapidly with magnetic stirring as described above. 

Experiment B. Place an accurately weighed 150-200 mg 

sample of powdered YBa,Cu,Oz_x in the titration beaker and begin 

inert gas flow. Add 10 mL of 1.0 M HClO, and 0.7 M KI and stir 

magnetically for 1 min. Add 10 mL of water and complete the 
titration. 
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2.2 Citrate-Complexed Copper Titration Procedure 

Place an accurately weighed 20-50 mg sample of superconduc- 
tor in a 4-mL screw cap vial with a Teflon cap liner and add 2.00 mL 
of ice cold 4.4 M HBr by pipet. (The HBr is prepared by diluting 50 
mL of 48% HBr to 100 mL.) Cap tightly and stir or gently agitate the 
sample for 15 min as it warms to room temperature. Cool the solution 
back to 0°C and carefully transfer it to a titration beaker (as in the 
Na,S,O, standardization above) containing an ice cold freshly 
prepared mixture of 0.7 g of KI, 20 mL of water, 5 mL of 1.0 M 
trisodium citrate and approximately 0.5 mL of 28% ammonia. The 
exact amount of ammonia should be enough to neutralize all but 1 
mmol of acid present in the reaction. When calculating the acid 
content, remember that each mole of YBa,Cu,07_X consumes 2(7-x) 
moles of HBr. Wash the vial with 3 I-mL aliquots of 2 M KBr to 
complete the quantitative transfer to the beaker. Add 0.1 mL of 1% 
starch solution and titrate with 0.1 M standard Na,S,O, under a brisk 
flow of inert gas using a 250 PL Hamilton syringe to deliver titrant. 
The end point is marked by a change from the dark blue-black 
starch-iodine color to the lighter blue-green hue of the cupric ion. A 
blank reaction must be run with CuSO, in place of superconductor. 
The moles of Cu in the blank should be the same as the moles of Cu 
in the superconductor. In a typical experiment, 30 mg of YBasCu, 
0 es8 required approximately 350 CCL of Na,S,O, and the blank 
required 10 PL of NasSsO,. 

3.0 REDUCTIVE THERMOGRAVIMETRIC ANALYSIS 

When YBa,Cu,O,_, is heated to 1000°C in a flowing atmo- 
sphere containing Hz-, [CAUTION: The H, should be diluted with 10 
volumes of Ar to reduce the hazard of an explosion. A lo-turn 5- 
cm-diameter coil of glass tubing should be inserted next to the H, 
tank to prevent flashback of the tank. The thermal analyzer must be 
purged completely so there are no dead volumes of air and the exit 
gas must be exhausted carefully.] reduction to BaO, Y,O, and Cu 
occurs: (10)(25) 
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Figure 1: Thermogravimetric analysis of YBa,Cu,O,_, in 
flowing H, (8% by volume in Ar) heated at a rate of lO“C/ 
min, The sample was held at 1000°C for 30 min. (From 
Reference IO. With Permission.) 
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Figure 2: Apparatus used to measure volume of 0, released 
when superconductor is dissolved in acid (27) Key: (1) 
flowmeter for CO, stream, (2) reaction ampoule with HNO,, 
(2a) electrolysis chamber for calibration (substituted in place 
of reaction ampoule), (2b) sealed, evacuated capsule containing 
superconductor to be analyzed, (3) absorption chamber filled 
with KOH solution, (3a) mercury bubbler to prevent KOH 
from reaching reaction ampoule, (3b) gas buret, (3~) microme- 
ter-driven syringe to measure volume of liberated oxygen (k 
0.001 mL), (3d) bottle for adding or removing KOH solution, 
(3e,f,g) valves between chambers - constructed from ground 
joints with tips of plexiglass rods. (From Reference 27. With 
Permission.) 
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a mass loss of exactly 8% (1.6 mg) with an uncertainty of + 0.02 mg. 
(Although mass can be measured more precisely than + 0.02 mg, the 
mass of the sample continues to vary with temperature and the loss 
might not be more certain than it: 0.02 mg.) Using the value F = (1.6 
+ 0.02)/20 in eq. 14 gives x = 0.18 f 0.05. The formula of the 
superconductor is YBa,Cu,O,~,,,,~,,. 

4.0 OXYGEN EVOLUTION IN ACID 

Reaction 1, in which 0, evolves from superconductor when it 
is dissolved in acid, is the basis for another analytical procedure useful 
for YBa,Cu,O,_, when the oxygen content is greater than 6.5. 
Methods have been described involving volumetric (27)(28) or gas 
chromatographic measurement (29) of the evolved oxygen. 

The most accurate analysis claimed in the literature uses the 
apparatus in Figure 2 (27) and gives a precision off 0.001 for x in the 
formula YBa,Cu,O,_x. A 150-300 mg sample in a sealed, evacuated 
ampoule (2b) is broken with a magnetic hammer in a chamber (2) 
containing nitric acid solution. The evolved oxygen is swept by a 
stream of high purity CO, through a solution of KOH (3) that absorbs 
CO, but permits 0, to rise into the thermostatically controlled gas 
buret (3b). A blank test in which CO, runs at 40 mL/min for 10 min 
produces 0.006 - 0.015 mL of gas in the buret. Superconductor 
samples subjected to the same conditions give 1.5 - 3 mL of gas. The 
equipment is calibrated by substituting the electrolysis chamber (2a) 
for the reaction chamber (2). Oxidation of water (H,O + l/2 0, + 2H+ 
+ 2e-) to produce known quantities of oxygen demonstrated an accur- 
acy of oxygen volume determination of kO.009 mL, corresponding to 
a typical uncertainty in x of +0.0008 in the formula YBa&usO,_,. 

A gas chromatographic method for measuring oxygen 
evolution from superconductor dissolved in acid is based on the 
apparatus in Figure 3. A 25 to 30 mg solid sample is placed on the 
spoon in the reaction flask (G) that also contains 10 mL of 8 M HNO,. 
After purging the system with He, the spoon is rotated 180” to drop 
the sample into the acid. The pulse pump (PP) circulates the gas 
through tube T containing solid NaOH and through the 1 mL volume 
loop L. After 20 to 30 min the system reaches equilibrium and the gas 
in the 1 mL loop is injected into a gas chromatograph equipped with 
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Figure 3: System for gas chromatographic measurement of 
0, evolution from superconductors dissolved in acid (29) (A) 
enlarged view of reaction flask, (B) circulating system includ- 
ing flask (G), NaOH U-tube. (T), three-way valves (S), 1 mL 
loop (L), pulse pump (PP) and vacuum system (V), At the right 
is the gas chromatograph (G.C.). (From Reference 29. With 
Permission.) 
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Figure 4: Rotating ring-disk electrode. 
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a molecular sieve column and thermal conductivity detector. The 
system is calibrated with injections of known volumes of oxygen 
through the septum at the top of flask (G). Five replicate injections 
gave a standard deviation of 22% of measured gas volume. 

5.0 ELECTROCHEMICAL INVESTIGATION OF SUPERCON- 
DUCTOR OXIDATION STATE 

A fascinating study of the chemistry of YBa&usOr_, is based 
on the rotating ring-disk electrode in Figure 4 (30). A disk of 
superconductor and a Pt ring are embedded in the base of a rotating 
cylinder made of non-conductive material. The Pt ring is part of a 
circuit that includes a reference electrode and static auxiliary electrode 
immersed in the same solution as the rotating electrode. Rotation of 
the ring-disk electrode causes solution to flow up toward the electrode 
and then off to the side, as shown in Figure 4. The potential of the Pt 
ring can be adjusted to any desired value and the current flowing 
between the Pt ring and static auxiliary electrode as a result of 
oxidation-reduction chemistry can be measured. Disks made of Cu,O, 
CuO, YBasCusO,, and YBa,Cu,O, s9 were studied in solutions 
containing NaCl plus HCl, NaBr plus ‘HBr or NaI plus HI. 

Figure 5 shows a voltammogram for YBasCusOs.as immersed 
in 14.4 mM HI plus 1.0 M NaI. The chemistry can be understood 
based on dissolution of the superconductor according to the stoichiom- 
etry 

YBa,Cu,O,_ x+ (14 - 2x)H+ + (12 - 3x)1- 4 Ys+ + 
(15) 

2Ba2+ + 3CuI,-+ (2 - x)1,-+ H,O 

As the superconductor dissolves, CuI,- and Is- are carried within tens 
of milliseconds past the Pt ring electrode. In the potential range +0.2 
to -0.5 V (vs. a saturated calomel reference electrode) a current near 
-0.1 mA flows due to reduction of the I,- at the Pt ring: 

I,- + 2e- -+ 31- (16) 

At potentials more negative than -0.6 V, the current of -0.2 mA arises 
from reduction of CuI,-: 



622 Chemistry of Superconductor Materials 

Ba 2ycb"6.99 

14.4 mH H+ t 

- 0.3 

lOMI- 2 -0.2 

8 
z -0.1 z 

.5 

I I I 
,\ --0.3 

-0.8 -0.4 0 0.4 

POTENTIAL (V, vs SCE) 

Figure 5: Current versus potential for rotating disk-ring 
electrode. (From Reference 30. With Permission.) 
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Figure 6: Apparatus used for coulometric titration of super- 
conductor. (From Reference 32. With Permission.) 
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CuIs- + e- + Cu(0) + 21- (17) 

Current from reaction 16 is proportional to the total Cu in the sample. 
Current from reaction 15 is proportional to (Cu2+ t 2Cu3+), since Cu3+ 
oxidized twice as much iodide as Cu2+. The relative currents from 
reactions 15 and 16 can be used to deduce the fraction of Cu in the 
Cu3+ state. A, sample whose composition was YBa,Cu,Os.,, by 
reductive thermogravimetric analysis appeared to be YBa,Cu,O,.,, by 
the rotating ring-disk electrode. 

The most interesting conclusion of the rotating ring-disk 
electrode experiment is the absence of a reduction wave due to any 
species other than Cu12- and I,-. The implication is that no free Cu3+ 
or any other reducible species with a lifetime beyond tens of millisec- 
onds is produced when YBa,Cu,O., dissolves. 

In another electrochemical study (31), thin films of YBa,Cu, 
O,_, sputtered onto a tungsten surface were anodically oxidized in 0.1 
M KC1 solution. The current flowing in successive oxidation processes 
was used to probe the oxidation state of the film. 

The apparatus in Figure 6 was employed for a coulometric 
titration of YBa,Cu,O,_, (32). The main compartment into which the 
sample is added through the inlet contains a known excess amount of 
CuCl dissolved in HCl. (All solutions are handled in a glove box to 
avoid oxidation by air.j Oxygen evoived from the sample slowly 
reacts with Cu+, oxidizing it to Cu2+. After a period of time for the 
reaction to go to completion, a known, constant current of 1 - 5 mA 
is passed between the working electrode (Pt anode) and the counter 
electrode (cathode) that is separated from the main compartment by 
a cation-exchange membrane (Nafion). The working electrode 
oxidizes unreacted Cu+ to Cu2+. The potential, E, measured by the 
indicator (Pt) electrode depends on the relative amounts of Cu+ and 
Cu2+ in the solution . 

E- E”(Cu2’ 1 Cu’ ) - y In [cu’ (18) 
[Cu2’ ] 

where R is the gas constant, T is temperature (K), F is the Faraday 
constant and E” (Cu2+l Cu+) is the formal potential for the reaction 
Cu2+ + e- + Cu +. When all of the Cu+ has been oxidized to Cu2+ at 
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the working electrode, the quotient [Cu+]/[Ct?+] in eq. 18 changes 
rapidly and the voltage measured between the indicator and reference 
electrodes suddenly increases, signaling the end point. Knowing the 
current and time required to complete oxidation of the Cu+, one can 
calculate how many electrons were required to oxidize the Cu+, and 
therefore how much 0, was released from the superconductor. This 
method is just another variety of redox titration, but reagent is 
generated electrochemically instead of being introduced from a buret. 
The end point is indicated by an electrode potential change instead of 
an indicator color change. 

6.0 ASSESSMENT OF ANALYTICAL PROCEDURES 

Among the procedures described in this chapter, reductive 
thermogravimetric analysis is the simplest, but not very accurate. For 
accurate analyses of slightly oxidized superconductors, the citrate- 
complexed copper titration is recommended. The difficult problem of 
assessing oxidation states of individual elements in Bi- and Tl-con- 
taining superconductors has not been addressed, and remains a 
significant challenge to analytical chemists. 
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Transport Phenomena in High 
Temperature Superconductors 

Donald H. Liebenberg 

1 .O INTRODUCTION 

Transport in high temperature superconductors refers to both 

electron and phonon processes and will include in this section 

discussions of resistivity, critical currents and the onset of resistance 

in the intermediate state, Hall resistivity, magneto resistance, thermal 

conductivity, thermo-power, and tunneling transport. The procedures 

for measurements of these properties strongly interact with the 

analysis so that for each phenomenon the current practice and the 

limitations of the measurement will be described. These determina- 

tions are of importance for a fundamental understanding of the 

mechanisms of superconductivity and especially in the case of critical 

current measurements are essential for the technological development 

and practical application. As will be shown for the high temperature 

superconducting oxides, there is a significant variation of the transport 

properties dependent upon the synthesis/fabrication procedures. 

2.0 RESISTIVITY MEASUREMENT 

The first property measured to determine superconductivity 

has been the variation of resistance with temperature to determine the 

onset of ‘zero resistance. This temperature is denoted as T,(O), and 

lies below T,, the transition temperature or the temperature at the 

627 



628 Chemistry of Superconductor Materials 

midpoint of the drop from normal resistance to ‘zero’( 1). This 

property requires particular care in the measurement and analysis to 

provide a creditable datum. A typical schematic of the low tempera- 

ture apparatus for this measurement is shown in Figure 1. Tempera- 

ture measurement must provide for good thermal contact to the 

ceramic which is not an especially good thermal conductor (2). In 

some experiments the sample is located in a copper thermal shield as 

shown in the figure, thermally separated from the cryogenic bath and 
provided with an imbedded diode thermometer and heater coil to 

maintain temperatures above a cryogenic bath that is commonly either 

nitrogen or helium liquid (3). The use of a small refrigerator to 

maintain and control the sample volume temperature is an alternative 

technique. Thermometer lead wires as well as the electrical connec- 

tions for resistivity need to be thermally isolated such as by heat 

sinking to a thermal reservoir at a similar temperature as the sample. 

Consideration must be taken of Joule heating produced in the course 
of the measurement. In the case of a thin film the heat conduction 

through the substrate is frequently the important thermal path to 

remove Joule heat so that the substrate must be thermally lagged for 

example by attachment to a copper block. Thermally conducting 

grease such as Dow CorningTM or Apiezon NTM are appropriate 

choices although Celvacene TM (CVC) is more easily removed after use. 

Electrical connections for resistivity measurements usually 

include separate current and voltage leads and the resistance is 

measured by determining voltage changes with a constant current 

source across the sample. This technique avoids spurious voltages at 

the contact points of a two or three contact connection but introduces 

a consideration of current path separate from the voltage measurement 

that can lead to faulty measurements. 

The application of the leads on ceramic samples can be a 

source of measurement difficulty, more so as will be discussed in the 

measurement of critical currents when larger current densities are 

required. With the YBa,Cu,O,_X (Y-Ba-Cu-0) material, where 

oxygen depletion at the surface can give a lower transition tempera- 

ture or semiconducting material, the lead connection should penetrate 

the surface. This is frequently accomplished by using either silver or 

gold dust in a solvent, painting the contact pads on the ceramic and 

reannealing the material to drive off the solvent and reoxygenate the 



Transport Phenomena in High Temperature Superconductors 629 

TO ROOM TEMPERATURE 

PUMPING TUBE FOR INNER CAN - 

PUMPING TUBE 

J 

FOR OUTER CAN 

ENTIRE 
PROBE IN 
LIQUID 
HELIUM OR 
NITROGEN 

Figure 1: Typical apparatus for the measurement of resistivity after 
M. Osofsky, Naval Research Laboratory. 

Figure 2: Schematic diagram of applied contact pads with gold film, 
silver paste and gold wire. (Ref. Sugimoto, I., Tajima, Y., Hikita, M., 
Low Resistance Ohmic Contact for Oxide Superconductor Eu-Ba-Cu- 
0, Jpn. J. Appl. Phys. 27:L864 (1988). 
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surface. Such pads with wires subsequently soldered with indium 

solder, sometimes using ultrasonic soldering techniques, have given 
reliable results. The reannealing process is carried out at temperatures 

of 400-500°C in air for about 4 hr. A cartoon of this process is shown 

in Figure 2. A recent recipe for this process used on Bi-Sr-Ca-Cu-0 

single crystals is described by Martin et al. (4). They attached 25 

micron diameter gold wires using a silver paste and silver paint 

mixture which they cured by heating to 300°C in dry oxygen gas. They 

report resistance of 2-6 Ohm for an area of contact lo-’ cm2. 

Alternative techniques have used an air drying silver paste to attach 

leads although these are less secure than with soldering, and in some 

cases the indium can be directly soldered to the ceramic, aided by the 

use of ultrasonic techniques. Since indium is soft the application of 

a small piece of indium pressed onto the sample has been effective. 

Then either the lead is soldered or after “tinning” with indium is 

pressed onto the pad. And Goldschmidt (5) has used an indium-gal- 

bum amalgam to wet the sample and then an indium solder. This 

technique has been used also with thin films; a Pb pencil applicator 

works well without scratching the film. The use of gold or silver pads 

cured with annealing has proven to be the most reliable although it is 

more time consuming. For the Bi-Sr-Ca-Cu-0 material that in single 

crystal form is micaceous there are reports of resistivity measurements 

made with tungsten pressure contacts (6). When there is ready access 

to an evaporator the use of evaporated gold or silver pads to which 

leads can be soldered has provided low resistance connections. 

For the usual dc measurement the constant dc current source 

should be capable of providing currents in the range 0.1-10 mA; for 

a typical bar of 1 mm square cross-section, 1 cm length, and a 

resistivity at 100 K of 50 POhm-cm the voltage measured for a 1 mA 

current source would be 1 pV. Since even for a typical low value of 

the critical current density, 100 A/cm2, the measurement current 

would be 1000 times less and thus have essentially no effect on the 

measurement. However, the measurement of 1 PV to a precision of 

1% already requires care to assure that noise and thermal voltages are 

reduced well below this value. Currents of similar value are used for 

measurements in thin films. 

Voltage measurements that require resolution of tens of 

nanovolts for signals of the order 1 PV (measured to 1%) can be made 

with commercially available instrumentation. To reduce noise in the 
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voltage measurement the wiring leads into the cryostat need to be 
matched in size and length, shielded, and soldered to vacuum 
pass-throughs to avoid thermal gradients at the connections. Heat 
sinking to equalize thermal gradients in the cryostat and to reduce heat 
leak to the sample and careful sample temperature control to reduce 
thermal contact voltages are necessary to obtain the accuracy and 
precision of the resistivity measurement. 

Data analysis in the normal state of the superconductor is 
relatively straightforward, measurements of I, V, and T together with 
sample geometry are used to obtain resistivity vs temperature. 

P = W/MA/l) (1) 

where A is the cross sectional area of the sample and 1 is the distance 
between the voltage leads. Sources of errors are possible in the cross 
sectional measurement for bulk or film materials that may not have 
uniform cross sections between the voltage lcads. Errors may result 
from stray (such as thermally induced) voltages, poor electrical 
contacts to the sample, and a current path that is non-uniform. This 
latter error has been the source of an occasional claim to zero 
resistivity at much higher temperatures than could be verified. As 
will be discussed more fully in the section on critical current measure- 
ment the current is best introduced into the sample several cross 
sectional distances beyond the voltage leads. The possibility of surface 
effects may also inhibit an accurate measurement. Corrections to the 
temperature variation of the cross section and length are generally not 
made with the high temperature superconductors since for the thermal 
coefficient of expansion -lo-* K-l over 200 K this effect would just 
begin to be significant at the 1% level. The effect of increasing 
measurement current is illustrated by Goldschmidt (5) for currents 
between 1 mA and 1 A; at the upper value a low temperature tail 
develops indicating that some fraction of the weak links in the bulk 
Y-Ba-Cu-0 have gone normal with a current above the critical 
current. 

In the superconducting state the observation of a near zero 
value on the voltage meter is frequently taken as the completion of the 
‘zero’ resistance state. However, for the measurements in the above 
example a 10 nanovolt reading (the resolution of the voltmeter) would 
represent - 10s7 Ohm-cm resistivity and this value is about 7 orders of 
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magnitude greater than is needed to be assured of a superconducting 
state by a resistivity measurement (7). That is of course the reason 
for the skepticism expressed by Bednorz and Muller in their first 
paper until the Meissner effect could be determined. The field cooled 
flux exclusion is an effect unique to superconductivity, as compared 
with simply the zero resistivity that produces zero field cooled flux 
exclusion; see for example Poole, Datta, and Farach (8). 

Measuring the magnetoresistance or the dependence of the 
resistivity on applied magnetic field requires the addition of a uniform 
magnetic field and is further complicated by the anisotropy of the 
high temperature superconductors. The magnetic field is oriented 
perpendicular to the larger surface area; this direction is usually 
perpendicular to the current direction also. Corrections for the 
geometry of the sample may be needed. Since the values of the lower 
critical field, H,,, has a range 5-100 Gauss (although the exact value 
for any given sample is usually not well determined) some care must 
be given to shielding the standard resistivity measurements against 
small fields in a laboratory environment. 

Resistivity measurements are also routinely made with an ac 
four probe technique. The wiring would follow according to Figure 
1 and the measuring currents used would be in the range 0.1 - 10 mA 
with frequencies of -100 Hz (9). For flux creep now known to 
modify susceptibility and critical current measurements care must 
taken with ac measurements of resistivity although for the low current 
densities involved the effect will not likely be observed except very 
close to T, (10) or in a magnetic field. 

An interesting alternative technique was discussed by Harris, 
et al. (11) who made a contactless measurement. A toroidal specimen 
is formed of the superconductor and is used as the tertiary winding of 
a small ferrite transformer. Signals from the secondary yield the 
resistivity in the normal state. Measurements were made at a 20 kHz 
frequency. 

2.1 Survey of Results of Resistivity Measurements 

The purpose of this section is not to review the more than 1000 
papers that discuss resistivity measurements in the high temperature 
superconducting materials but to show some selected results, discuss 
in a limited way the interpretation, and to indicate some current 
avenues of research. 
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Single Crystal Resistivity: Single crystal samples of the high 
temperature superconductors provide information on the anisotropy 
of the resistivity and on the lower values of the normal state resistivity 
expected in the fully dense material. A Bi-Sr-Ca-Cu-0 single crystal 
measurement was reported by Martin, et al. (4). In Figure 3 the 
resistivity as a function of temperature is shown in the case of a 
magnetic field perpendicular and parallel alignment with the a,b 
plane. These measurements on Bi-Sr-Ca-Cu-0 which does not exhibit 
twinning also provided measurements in the a and b directions 
separately. The normal state resistivity is linear with temperature in 
the a,b directions but semiconductor-like in the c axis direction. 
Similar results have been reported for Y-Ba-Cu-0 crystals (12). 
Recent measurements by Iwasaki et al. (13) on a Tl-Ba-Ca-Cu-0 
crystal (suggested to be 1212 composition) indicate broadening of the 
transition as the magnetic field is increased. When the field is 
perpendicular (perp) to the c axis, Figure 4a, this broadening is less, 
even at 21 Tesla, than when the field is parallel (para) to the c axis as 
in Figure 4b. In Figure 4b the broadening at 6 Tesla is large and there 
is also a knee that develops in the curve around 60 K. Also this shape 
of the curve is similar to results for Bi-Sr-Ca-Cu-0 and the recent 
measurements for YBasCusO, single crystals of Palstra et al. (12) The 
knee results from a transition from flux flow to flux creep that has 
been discussed recently by Malozemoff et al. (14). 

Film Resistivity: Films of Y-Ba-Cu-0 materials, Bi-Sr-Ca- 
Cu-0, and Tl-Ba-Ca-Cu-0 have been extensively studied; an 
interesting recent report by Sun et al. (15) shows, in Figure 5, 
resistivities for Er-Ba-Cu-0 (123 phase) oriented films with the 
magnetic field in both perpendicular Figure 5a and parallel Figure 5b 
directions to the c axis. The enhanced broadening for the field 
perpendicular to the a,b plane is similar to that for single crystals in 
Figure 4 a,b and there is also indication of a knee in the curve (14) 
suggesting a flux flow regime. This will be further discussed in 
relation to the critical current. For these films the normal resistivity 
just above the transition is about 100 POhm-cm compared with values 
of 20 POhm-cm for single crystals. Of interest is the ability of very 
thin films to obtain the superconducting state. T. Venkatesan, et’al. 
(16) have shown that films as thin as 10 nm show a resistive transition 
to superconductivity while a 5 nm film did not show superconductivi- 
ty to about 10 Kelvin. Other measurements show superconductivity 
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Figure 3: Resistivity of a single crystal Bi-Sr-Ca-Cu-0. (a) Aver- 
aged a,b plane resistivity and the ratio of c to a,b plane resistivity vs 
temperature. (b) Three components of the resistivity tensor. Ref. 4. 
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for thicknesses down to 2 nm although the transition is broadened. 
These authors, Xi et al. (17), suggest that in all cases the system 
behaves as a 3D system and there is no crossover to 2D at their thinner 
films. 

Bulk Ceramic Resistivity: There are many resistivity measure- 
ments on ceramic samples and an example is taken from D. Gold- 
Schmidt (5), in Figure 6, an expanded scale resistance vs temperature 
measurement where the normal state is 3 mOhm or with nominal 
sample dimensions about 40 POhm-cm. There is very similar normal 
state resistance for good quality samples of single crystals, films, and 
bulk ceramics. Some additional information on the current depen- 
dence of the resistivity measurement is given by W. McGinnis, et al. 
(18). The silver painted leads had resistance of 50-100 mOhm 
although measurements were made with a pulsed current technique 
that will be discussed in the section on critical currents. The current 
densities were well below the critical current density of the sample 
and yet the depression of superconductivity is very large as shown in 
Figure 7 by McGinnis et al. (19). 

2.2 Theoretical Notes 

Theoretical discussion of the normal state remains incomplete. 
Models have been developed that depart from the usual interpretation 
of conduction by single type carriers in simple metallic bands. Two 
simple models were proposed by S. Bar-Ad, et al. (20) one involving 
a single wide band with nearly perfect electron-hole symmetry that is 
sensitive to dispersion in the c direction and to orthorhombic splitting. 
This model gives a better fit to the Hall carrier density. The split 
narrow band model with the upper part that consists of localized states 
and enters only into the chemical potential gives a better fit to the 
linear resistivity with temperature but the Hall carrier density and 
thermoelectric power saturate at values small compared with the 
bandwidth. The normal state resistivity remains a research problem; 
the solution is important to understanding the normal state and may 
be important in identifying the mechanisms leading to pairing in the 
superconducting state. 
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Figure 6: Resistivity of a bulk sample Y-Ba-Co-0 showing evolut- 
ion of a low temperature tail as the current density increases. Ref. 5. 
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Figure 7: Resistivityof a bulk sample Y-Ba-Cu-0 for a high normal 
resistance sample, evolution of the low temperature tail at current 
densities below critical. Ref. 19. 
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Figure 6: Resistivity of a bulk sample y -Ba-Cu-O showing evolut-
ion of a low temperature tail as the current density increases. Ref. 5.

Figure 7: Resistivity of a bulk sample y -Ba-Cu-O for a high normal
resistance sample, evolution of the low temperature tail at current
densities below critical. Ref. 19.
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3.0 CRITICAL CURRENT DENSITY MEASUREMENTS 

The determination of critical current density in the high 
temperature superconductors has importance for the fundamental 
understanding of the superconductivity and is a primary parameter in 
the technological development for applications. Both in bulk materials 
and thin film configurations the critical current density and the 
dependence on temperature and magnetic field limit the potential 
applications. There is ample evidence at present that the intrinsic 
critical current density is high enough to support numerous applica- 
tions. Also clear is the extreme sensitivity of the critical current 
density to flux pinning mechanisms that can be related to materials 
chemistry, structure, and processing. 

3.1 Measurement of Critical Current 

Critical current measurements have been made with a variety 
of techniques. The indirect technique, that of obtaining the critical 
current from the magnetization response is discussed in Chapter 18. 
Direct transport measurements, using attached current and voltage 
leads, and indirect measurements requiring macroscopic current 
circulation will be discussed. Critical currents are desired as a 
function of both temperature and applied magnetic field since a 
variety of theories discuss the functional relationship. And applica- 
tions may require either or both of these data. 

The transport critical current is measured by using a four wire 
method for current and voltage leads often in a dc current mode 
although both ac and pulsed methods are in use. Techniques for 
placing the leads on the sample were described above (2.0 Resistivity 
Measurement) but critical current measurements frequently operate 
with large currents, 100 A or more, and thus a minimal contact 
resistance becomes important to avoid local sample heating at the 
contact interface. Several techniques have been reported. Low 
resistance contacts by Ekin et al. (21) are made with a thin gold film 
contact produced by sputter deposition of gold (or as an alternative, 
silver) with subsequent annealing at 500 - 600°C in an oxygen 
atmosphere. Their contact resistivity (contact resistance times the 
contact area) was in the range lo-” Ohm-cm2. More recently Suzuki 
et al. (22) discussed direct wire bonding to Y-Ba-Cu-0 materials. 
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Silver wire was welded directly to Y-Ba-Cu-0 bulk pellets with spot 
welding and ultrasonic bonding. The contact resistivities are reported 
at room temperature and 78 K; the latter values range from 2x10-s to 
3x10-* Ohm-cm2. Wires of 50 micron diameter were used and a 
contact area of about 0.03 mm2 was measured optically. For currents 
of 100 A the heating would be of the order 10 mW so that larger wire 
size would be needed. For many samples this wire size would be 
adequate;. however, for a 1 mm2 bar with an expected critical current 
density J,= 10,000 A/cm2 the critical current would be 100 A and for 
a film 1 micron thick, 1 cm x 1 cm with J,= lo6 A/cm2 the critical 
current would be 100 A. For a sample immersed in liquid helium the 
maximum heat flux without boiling is about 1 W/cm2 and in liquid 
nitrogen is about 10 W/cm2. In the above example if the heat at the 
contact area were released to a helium bath in no larger area than the 
contact resistance area the maximum convective heat transfer would 
be reached (23). Thus, low resistance contacts are essential as the 
critical current densities improve. The pressure contacts of tungsten 
as used in resistivity measurements (6) were noisy at lower tempera- 
tures when used for critical current measurements. 

A technique for producing very low contact resistance is 
described by S. Jin, et al. (24). During the sintering of the material 
silver wire is embedded in the pellet. The pellet is sintered at 920°C 
for 40 hr in oxygen and slowly cooled to below 400°C. Wire stubs 
extending 2 cm beyond the pellet were then used in the connection. 
Two other variations were reported also by Jin (24); an embedded 
silver particle configuration and a silver clad patterned configuration. 
Contact resistivities of 10-l’ Ohm-cm’ were measured. A summary 
of electrical contact techniques to superconductors has been given by 
J. Talvacchio (25). The lower resistance techniques become necessary 
as the critical current increases. 

The criterion for determining the critical current from 
measurements is not at all unique. The measurement proceeds from 
an experimental set-up similar to that shown in Figure 8 where the 
voltage is measured across the sample in this set-up for a pulse 
technique. For the more usual dc measurement a similar diagram with 
constant current source and dc voltmeters would replace the pulse 
generator, oscilloscope and differential amplifier/box-car averager. 
The advantages and disadvantages of these techniques will become 
more clear in the subsequent discussion. The typical results are shown 
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Figure 9: Voltage vs current and onset of resistance above the crit- 
ical current for (A) “ideal case”, (B) premature thermal runaway, (C) 
damaged sample, and (D) inadequate current transfer length between 
voltage and current taps as discussed for low temperature supercon- 
ductors. Ref. 26. 
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in Figure 9 by curves A and C while curve B represent a premature 
thermal runaway (26). Curve D represents a sample that may show 
inadequate current transfer between current contact and voltage taps 
or lack of single phase material and percolation of superconductivity. 
These general results discussed by Ekin for low temperature supercon- 
ductors are similar to results for the high temperature superconduc- 
tors. At high currents the materials become normal conductors and 
will exhibit ohmic resistance. A voltage criterion, such as 0.1 pV/cm 
is considered to represent the value at which the current has become 
critical. Other criteria are used 1, 5, or 10 pV/cm since with short 
samples and the need for low currents a low voltage can not be 
determined due to system noise. As seen in the various curves of 
Figure 9 these criteria could give very different values of the critical 
current. This problem is exacerbated in most of the high temperature 
superconductors where a curve similar to C in Figure 9 is frequently 
observed and in addition the samples are often short and voltage leads 
only a few millimeters apart. Whether the curve C shape arises from 
intrinsic low current resistance or from impurities in the sample or 
from contact resistivity problems must be carefully determined in each 
measurement and in most of the published data has not been com- 
pletely reported. Recognition of these problems has led some 
investigators to use pulsed measurements to avoid sample and contact 
heating in order to reach higher absolute currents in macroscopic 
samples (18). Pulsed measurements are more difficult to interpret 
when flux creep and flux flow are important issues. In addition 
response times of measuring instruments must be less than pulse 
durations. 

The establishing of a criterion for critical current measurement 
led earlier investigators to formulate standards (27) and discuss for the 
composite (in the sense of low temperature superconducting wires that 
are fabricated with stranded superconductor in a copper or normal 
conductor matrix) superconductors problems such as current transfer 
voltage that can occur when the voltage tap is too close to the current 
contacts. The voltage (or more precisely the electric field) criterion 
is compared to a resistance criterion by R. Powell and A. Clark (28) 
and more recently by Ekin (29) and is shown in Figure 10. The 
electric field or voltage criterion is compared to the critical resistivity 
criterion and to the extrapolated offset J, criterion for each curve at 
a constant magnetic field. The magnetic fields decrease from H,, that 
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Figure 10: Critical current criteria as described in Ref. 29. The 
electric field vs. current density is shown as a function of magnetic 
field. The electric field criterion is set and the tangent at that 
intersection to the field vs current curve is extrapolated to obtain the 
offset J,. 
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Figure 11: Voltage (in percent of full scale) vs current at 7 Tesla 
magnetic field for a commercial low temperature superconductor using 
a voltage criterion of different values to indicate the importance of 
specifying the criterion. Ref. 30. 
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is close to H,,, to He. Some idea of the variation in critical current is 
obtained by comparing this value with the first appearance of voltage 
as indicated in Figure 10. The offset criterion is related to the 
critical-current distribution function and is an intrinsic criterion based 
on the concept of an average flux-flow J,. Depending on the 
technological needs a non-zero but small resistance may be acceptable 
especially in high magnetic field so that the choice of criterion for I, 
or J, should be specified. Since most of the measurements to be 
discussed have been based on an electric field or voltage criterion, we 
will use that designation but understand that the recent result by Ekin 
may be a more useful indicator of J, and has suggested advantage 
from a physics viewpoint. An example of the variation of the I-V 
curve at different voltage detection levels is shown in Figure 11 from 
Goodrich and Fickett (30) for the multifilamentary low temperature 
superconductor of NbsSn at 7 Tesla. 

The current transfer problem that had been identified with low 
temperature superconducting composites deserves additional mention 
for the high temperature superconductors, that in the bulk material are 
frequently not fully dense. Making the electrical connection in such 
a manner as to obtain uniform current distribution throughout the 
cross section of the material is difficult. The method described by Jin, 
et al. (24) with embedded wires or particles may provide for a 
significant improvement but the present techniques used to determine 
the critical current by a surface contact on the ceramic sample are 
subject to this problem. A discussion for the multifilamentary wire 
of NbsSn is provided by Goodrich and Fickett (30) and this discussion 
is likely to be similar to the high temperature materials that are not 
fully dense. 

Measurements of critical current are desired as a function of 
temperature and of magnetic field. The same care as discussed above 
(2.0 Resistivity Measurement) must be taken with temperature 
measurements; good thermal contact, shielding of the probe, and 
shielding and thermally anchoring the leads is required. In addition, 
the dependence of the temperature transducer upon magnetic field 
must be determined. Commercial transducers are available that have 
reduced sensitivity to applied magnetic fields including carbon glass, 
capacitive, and platinum transducers. The magnetoresistance of the 
transducers may need to be corrected but for these types is frequently 
small (31). Magnetic field measurements with rotating coils or Hall 
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effect probes can be used to measure the field at the sample location. 
Many magnets in use currently have fairly uniform fields over 
volumes large compared to sample size, e.g., the usual superconducting 
solenoids. 

3.2 Results of Critical Current Measurements 

Thin films have shown the largest critical current densities, 
exceeding those of some conventional superconductors at temperatures 
of 4 Kelvin. The initial work in this field that provided a demonstra- 
tion that critical currents were not intrinsically limited to a few 
hundred amps per square centimeter was published by Chaudhari et 
al. (32) where J, > 10’ A/cm2 at 77 K and >lOe A/cm2 at 4.2 K were 
established. Techniques for quality film fabrication are still being 
improved. _ At present the reactive sputtering techniques (33), 
frequently without post annealing, and the laser ablation techniques 
(16) have given films with T,‘s of 90 K and J,‘s of greater than lo6 
A/cm2 at 77 K. Recent work by Hettinger et al. (31) has also shown 
that substantial current densities can be maintained in magnetic fields 
up to 15 Tesla. These improvements have occurred mostly during the 
last part of 1988 and further advances are expected including the 
ability to place these quality films on silicon substrates. An important 
feature of the reactively sputtered films of Buhrman (33) is the smooth 
(on the scale of 0.1 microns) upper surface. This smooth continuous 
upper surface is achieved now (except for an occasional “boulder”) in 
laser ablated films and is essential to the fabrication of multilayer 
structures. 

Film Critical Current Densities: Critical current densities of 
thin films have been reported by several hundreds of papers; a few 
representative but by no means inclusive are noted here in addition to 
those mentioned above. Desirable attributes of thin films for 
technology are: high transition temperature to zero resistance, high 
critical current, low substrate temperature during deposition, no high 
temperature post anneal, and atomically smooth surface without 
pinholes. A thermal coevaporation of yttrium, barium, and copper in 
an oxygen atmosphere have been deposited by Berberich (34) on 
substrates at 650°C with T,‘s of 91 K‘on MgO and 89 K on SrTiO, 
without post anneal. Although critical currents of lo6 A/cm2 were 
obtained at 4 K, values of lo4 A/cm2 were found at 77 K. However, 
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this technique combined with a short post anneal produced a film with 

=, = 85 K on bare Si. Several contributions by the group at Bell 

Communications Research (35)(36)(37) discuss the laser ablation 

technique with YBa&u,07 films on SrTiOs and on Si with BaTiO,/- 

MgAI,O, buffer layers. Conventional optical lithography was used 

together with argon ion milling to produce micron-sized wires for 

four-probe measurements. Films of YBa,Cu,O, 200 nm thick with 

zero resistance T, = 89 K have zero field critical current densities of 

0.7 x lo6 A/cm2 at 77 K on SrTiO,. No post anneal was used but the 

use of oxygen in the chamber during laser deposition was crucial. In 
a magnetic field the critical current density dropped significantly at 

77 K (to about 100 A/cm2 at 14 T (37)) although at temperatures of 60 

K and a field of 14 T the value J, was 10’ A/cm2. Their reported 

variation of J, with temperature and magnetic field is shown in Figure 
12a. Another result from Hettinger et al. (31) is shown in Figure 12b. 

For this Y-Ba-Cu-0 epitaxial film critical currents greater than those 

in NbsSn filaments can be carried above 20 K and at 15 T (compared 

to 4.2 K and 8 T). Plasma-assisted laser deposition techniques have 

been developed by Witanachchi et al. (38) to produce films on a silicon 

substrate at a temperature of 400°C. Films with a buffer layer of MgO 
showed higher values of T, = 70 K and J, - 10’ A/cm2 at 31 K. The 

lower substrate temperature is important to provide compatibility with 

semiconductor processing for potential hybrid electronics. 

Other deposition techniques have been used (35) and a 

promising technique of chemical vapor deposition has been reported 

and substantial critical current densities obtained by Berry et al. (39) 

and by Watanabe et al. (40). Values of J, at 77 K and at 2 T and 27 

T were 4 x 10’ and 6.5 x lo4 A/cm2 respectively (40). The surface of 

the film shows significant growth of c axis material in the plane as 

well as the desired normal to the plane growth. On the other hand this 

mixed phase growth may supply additional pinning centers for the 

improved critical current. 

Films of Bi-Sr-Ca-Cu-0 have been produced by a wide 

variety of techniques, a recent effort by Steinbeck et al. (6) shows 

results for a film with T, = 90 K and J, = 8 x lo4 A/cm2 at 77 K. This 

film was prepared on an MgO substrate and a packed micaceous-like 

structure is seen on the top surface of the film. 

An oriented film of Tl-Ba-Ca-Cu-0 (2212) on an MgO 

substrate was produced by Ichikawa et al. (41) by rf magnetron 
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Figure 12a: Critical current of a Y-Ba-Cu-0 film measured using 10 
PV criterion as a function of temperature in magnetic fields of (from 
the right) 0.1, 5, 10, and 14 Tesla. The normal state region (I), fully 
superconducting state (III) and low resistance ohmic state (II) are 
indicated. The inset shows I-V characteristics of these three regions 
(III) region has been expanded by a factor 2000. Ref. 37. 
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Figure 12b: Critical current density vs magnetic field applied normal 
to the film surface and current direction for a thin film microbridge 
of Y-Ba-Cu-0 at various temperatures. Ref. 31. 
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sputtering and post-annealing. The highest value of zero resistance 
was found to give T, = 102 K. At 77 K the value of critical current 
density was 1.2 x lo5 A/cm2. These films showed c axis orientation 
normal to the substrate. 

Other substrates are being investigated for purposes such as 
obtaining reduced high frequency losses. The LaAlO, material has 
been used (42) for frequencies of 10 GHz. Reasonable critical current 
densities are found, J, = 8 x lo* A/cm2 at 77 K. A bilayer structure 
of the film was found; at the substrate surface the first layer had the 
c axis normal to the substrate and the second layer had the c axis in 
the plane. 

Of interest for the future design of devices are techniques that 
can change the critical current after fabrication. The use of laser 
damage to produce a weak link for a Josephson junction was investi- 
gated by Buhrman (33). Ion irradiation has been used by White et al. 
(43) to reduce the critical currents in high quality films by orders of 
magnitude. Ions of Ne+ at 1 MeV energy were used to ensure the 
range or penetration was greater than the film thickness of 200 nm. 
Values of J, before irradiation were -5 x 10’ A/cm2 and no sign of 
enhancement in J, was obtained for fluences as low as 10” Ne+/cm2. 
The decrease in J, could be measured at five times this fluence and at 
ten times this fluence the authors estimate pinning centers introduced 
by atomic displacements every 5 nm. They argue that while some 
pinning centers are needed to maintain high critical current densities, 
when the pinning centers are overlapped on the scale of the coherence 
length the fluxoids can move freely between pinning centers, thus 
reducing the critical current density. Recent work by Roas et al. (44) 
finds an enhancement of J, in epitaxial films of YBa2Cu,0, grown on 
SrTiOs and irradiated at 77 K with IsO ions at 25 MeV energy. For 
fluences from 3.7 x 10” to 2.1 x 101’ ions/cm2 a steady increase in 
normal state resistivity and a nonlinear decrease of T, is found. An 
enhancement in J, in magnetic fields above 1 T is observed at 60 K 
and 77 K. The magnetic field was applied at an angle of 30 degrees 
to the c axis which was normal to the substrate plane. In Figure 13 
these results are summarized. The very high J, = 5.2 x 106A/cm2 at 
77 K made measurements at 4 K difficult because of the contact 
resistance with evaporated silver contacts and bonded aluminum wires. 
Values of J, ~10’ A/cm2 at 4 K were found even at 6 T which is 
better than J, values of NbsSn commercial wires. 
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Figure 13: Critical current density vs. magnetic field as a function of 
increasing oxygen ion irradiation for Y-Ba-Cu-0 at 60 and 77 K. 
Ref. 44. 
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Single Crystal Critical Current Densities: Single crystals 

provide an opportunity to study the critical current anisotropy of the 

high temperature superconductors. One of the earlier measurements of 

critical current anisotropy in single crystal YBasCusO, was inferred 

from magnetization techniques (45). [see Chapter 181 Recently a 

Bi-Sr-Ca-Cu-0 (2212) single crystal was grown by Martin et al. (4). 

In addition to the resistivity measurements noted above the transport 

critical current densities were determined. An attempt was made to 

remove the 2D fluctuations that cause a rounding of the transition. A 

pulsed method with 5- 10 microsec pulses, repetition at 50- 100 Hz, and 

boxcar integrator averaging was used to avoid contact heating. They 

found different functional dependencies of J, on T,-T depending on 

whether the current was parallel or perpendicular to the ab plane. 

That is J,(perp) -(T,-T) while J,(para) -(T,-T)‘/‘. Neither of these 

results is in agreement with the expected functional dependence from 

the Ginzburg-Landau theory (46) J,-(T -T)si2 or with the form from 

the Bardeen expression Je-( 1 -(T/T,)2)3~2. 

Bulk Ceramic Critical Current Densities: The ceramic samples 

offer the most room for improvement of the critical current density 

and provide significant complications in interpreting and comparing 

the data. Only a sampling of the literature can be provided since the 

number of critical current measurements is large and to date the large 

values of J, seen in films and single crystals have yet to be realized 

although as will be seen there is important progress. One of the earlier 

reports of transport critical current measurements by Cava et al. (47) 

finds a relatively low resistivity of 200-300 FOhm-cm and a J, >l 100 

A/cm2 at 77 K. Many subsequent samples have exhibited values 

I-500 A/cm2. 
The transport critical current of polycrystalline Y-Ba-Cu-0 

(123 phase) depends on previous magnetic field history (48) as shown 

in Figure 14. There is an enhancement in the field cooled critical 

current density compared to the zero field cooled measurements. 

McHenry et al. relate these results to the idea that intragranular 

diamagnetic current in zero field cooled field-increasing measure- 

ments are contributing substantially to the suppression of J,. These 

hysteretic effects need further detailed understanding and must be 

reckoned with in technological applications. 

The limitation on critical currents has been discussed by J. 

Clem (49) as due to weak link or Josephson coupling between grains. 
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This model which had been discussed much earlier in connection with 

granular classical superconducting films has been developed by many 

others (50). The nature of the weak link is still under much study, 

impurities at the grain boundaries were thought to be a problem but 

careful electron microscopy on well made samples indicates clean 

boundaries. The possibility of oxygen depletion and hence a lower 

temperature phase of the Y-Ba-Cu-0 material has not been ruled out 

and in view of the difficulty in observing by photoemission the Fermi 

edge in single crystals without cleaving a fresh surface at low 

temperature this would seem a still likely possibility. Such an 

explanation is more difficult for Bi-Sr-Ca-Cu-0 or Tl-Ba-Ca-Cu-0 

where the oxygen is known to be more stable. The experimental 

observations are mostly consistent with the weak link model that 

predicts greatly reduced critical currents in modest magnetic fields as 

the superconductivity in the weak links is quenched (51). 

Measurements on ceramic samples of both YBa,Cu,07 and 

Bi-Sr-Ca-Cu-0 have been made using a pulsed current technique by 

McGinnis et al. (18) and the temperature variation compared with the 

BCS value as obtained by Ambegaokar and Baratoff (52) J, -(T,-T)si2. 

The data have yielded different interpretations that may be dependent 

on sample preparation. 

Recent studies of both YBa,Cu,O., and DyBa2Cu,07 by Aponte 

et al. (53) have shown that the best fit to the data is with the relation 

J, -(T,-T)” where v=l is an average value. The actual fit is not 

exactly power law. A comparison with the previous crystal data would 

suggest that the current flow perpendicular to the a,b plane is 

controlling J, in the ceramic polycrystalline material. Lobb (54) 

suggested that the departure from the expected J, -(T,-T)si2 value is 

due to the presence of strong fluctuations. Although Tinkham (10) 

suggests that flux creep can give the linear dependence near T, the 

question of functional dependence between J, and (T,-T) is not fully 

answered at this time. 

Oriented Grain Ceramic Critical Current Densities: In 
addition to the mixed orientation polycrystalline material various 

attempts have been made to align the c axis of the grains normal to the 
current flow direction in order to enhance the critical current density. 

Hampshire et al. (55) suspended the powders in a magnetic field of 0.5 

T letting the alcohol solution evaporate and then compacting the 

aligned powder. While the J, values were not large, 30-35 A/cm2, 
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they observed that at 4 K and magnetic fields of 22-27 T there was 

an abrupt drop of the critical current. Another texturing experiment 

by Jin et al. (56) obtained values of J, -10,000 A/cm2. Recently 

Salama et al. (57) have reported texturing that gave 75,000 A/cm2 in 

zero field and 30,000 A/cm2 at fields of 0.6 T. At these current 

levels the question of contact resistance does become important and 

the actual measurements were reported to be likely lower limits. 

These experiments were repeated at the Naval Research Laboratory 

(66~) but with dc currents rather than pulsed currents and have shown 

that the high field value is above 3,000 A/cm2 at 1 T. These results 

and others currently being announced indicate that substantial 

progress toward larger critical currents in bulk materials has been 
made in a relatively short time. 

4.0 DISSIPATION IN THE INTERMEDIATE STATE 

Dissipation or resistive behavior in a superconductor develops 

when the quantized vortices depin and cut across the current flow. 

Vortices are established in these superconductors either with an 

applied magnetic field or from the self field of a current. Visualiza- 

tion of the vortex structure in the high temperature superconductors 

has been studied with a Bitter decoration technique by Dolan et al. 

(58). The quantized nature of vortices has been studied in these 

materials by various techniques including microwave Josephson effect 

(59) and quantized currents in rings (60). These authors find that the 

quantum of flux is h/2e demonstrating that pairing occurs in these 

new materials as in the BCS theory and the classical superconductors. 
An early discussion of dissipation is given by Anderson and 

Kim (61) and they discuss flux creep in the low dissipation regime. 

More recently Yeshurun and Malozemoff (62) have discussed the 

applicability of flux creep to the high temperature superconductors 

since these superconductors have relatively low pinning energy and the 

higher temperatures provide thermal activated flux motion. Tinkham 

(10) has presented a detailed theory. He applied the analytic theory of 

flux motion over a barrier developed by Ambegaokar and Halperin 

(63) and was able to describe the broadening to lower temperatures of 

the resistivity curves obtained in increasing magnetic fields. The 

barrier energy is 
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U o = A( 1 - T/T,)‘/‘/ H 

and in the limit of low resistivity and driving force the resistivity is 

P = @J~lwexPeU,/kT) (3) 

where pn is the normal state resistivity. While this model works well 
in describing the low resistivity data Malozemoff et al. (14) have 
shown that the knee in the resistance curves developing at higher 
fields suggests a transition to a flux flow model that they develop. 
This model describes their new single crystal data and that by Palstra 
et al. (12). Recent data by Iwasaki et al. (i 3) for TI-Ba-Ca-Cu-0 
shows similar knee structure at higher magnetic fields. Malozemoff 
also analyzes thin film measurements in terms of this model. 

The situation in bulk material is more complex because the 
grain boundaries are shown to behave similarly to Josephson junctions 
and thus the measurements do not give directly the intrinsic transport 
currents. The magnetic field behavior as indicated in Figure 15 from 
Ekin (29) as well as in Figure 13 shows a rapid decrease of J, with 
modest fields impressed on bulk material. This region represents the 
suppression of Josephson current in the distribution of junctions with 
various barrier heights. The flux flow region is in the non-linear 
regime and near the upper limit H,, the I-V curves are more linear 
where the flux pinning is weak. Flux creep effects, when detectable 
(as in single crystals and thin films) result in a low resistivity linear 
I-V region extending up to the non-linear region. 

The power law approximation of the voltage current character- 
istic for superconductors above I, has been known for some time (64). 
Such studies have been made in Y-Ba-Cu-0 (65) with results similar 
to those shown in Figure 16. The value of n in V - In has been found 
to decrease as the magnetic field is increased, and of course becomes 
ohmic above H,,. Another representation of the current voltage data 
is shown in Figure 17 from Enpuku et al. (66), log V vs l/T for 
increasing currents (above critical). The expected near straight line . 
arises from the flux creep model of Tinkham for T/T, <<l . 

Understanding flux motions and especially identifying the 
mechanism(s) for pinning at present remain a challenging opportunity. 
Measurements of a dissipation peak at near 45 K (well below T,) in 
Bi-Sr-Ca-Cu-0 samples oscillating in a magnetic field and interpreted 
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Figure 15: Critical current density vs. magnetic field for different 
criteria. Ref. 29. 
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Figure 16: Logarithmic plot of electric field vs current for Y-Ba-Cu- 
0 silver clad wire showing the value of n for different magnetic 
conditions. (a) for B = 0; (b) B = 27 mT; (c) as (b) after reduction of 
B to zero. Ref. 65. 
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Figure 17: Temperature dependence of the voltage when the Y-Ba- 
Cu-0 thin (800 nm) film is current biased. The linear dependence of 
log(V) on l/T is observed. Ref. 66. 
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as flux lattice melting (66a) and measurements and interpretation of 
log(V) vs log(I) nonlinear curves as indicating a second order phase 
transition between the normal and superconducting states in a 
magnetic field (66b) are recent examples of ideas that are in the 
process of development and testing. And flux jumps, similar to those 
that have been seen in low temperature superconductors have been 
identified in recent transport critical current measurements (66~). 

5.0 THERMAL CONDUCTIVITY 

The transport of heat in metallic materials depends on both 
electronic transport and lattice vibrations, phonon transport. A 
decrease in thermal conductivity at the transition temperature is 
identified with the reduced number of charge carriers as the super- 
conducting electrons do not carry thermal energy. The specific heat 
and thermal conductivity data are important to determine the 
contribution of charge carriers to the superconductivity. The 
interpretation of the linear dependence of the specific heat data on 
temperature in terms of defects of the material suggests care in 
interpreting the thermal conductivity results to be described. 

Several techniques are available for thermal conductivity 
measurements, in the steady state technique a steady state thermal 
gradient is established with a known heat source and efficient heat 
sink. Since heat losses accompany this non-equilibrium measurement 
the thermal gradient is kept small and thus carefully calibrated 
thermometers and heat source must be used. A differential thermo- 
couple technique and ac methods have been used. Wire connections 
to the sample can represent a perturbation to the measurement. 
Techniques with pulsed heat sources (including laser pulses) have been 
used; in these cases the dynamic response interpretation is more 
complicated. 

Early results (67) for YBa,CusO, showed an increase in k 
(thermal conductivity) from lower temperatures to about 60 K, a slight 
decrease to near T, and a nearly constant value between loo-150 K. 
The low temperature thermal conductivity in single crystal Bi-Sr-Ca- 
Cu-0 (2212 phase) has been measured by Zhu et al. (68) and at 
temperatures less than 1 K they obtain a fit k = 0.15 T2 W/mK which 
they note is similar in temperature dependence to Y-Ba-Cu-0 and 
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also to a superconducting metallic glass, Zr,+,Pd,.s. A recent measure- 
ment in sintered samples by Peacor and Uher (69) determined the 
thermal conductivity of Bi-Sr-Ca-Cu-0 in the (1112) and (2212) 
phases. Figure 18 shows their data for the (1112) phase sample that 
has T,(O) = 91 K and these data are similar to other measurements in 
single crystals as well. Measurements to below 100 mK temperature 
did not show evidence for a crossover to a linear temperature 
dependence but rather a power law variation of k - T2 is found (the 
exponent varied from 2 - 2.3) similar to the single crystal measure- 
ments. A peak in the conductivity curve is near 70 K with a value of 
1 W/mK or about l/25 the value of NaCl at this temperature. The 
peak is at a lower temperature than the transition temperature, 110 K. 
The lack of a linear temperature dependent term is correlated to the 
lack of a linear specific heat term. Thus, the linear terms are not 
intrinsic to the superconductor. The T2 term might be interpreted as 
arising from phonon scattering on the tunneling states of a system 
similar to the situation in glasses. At temperatures above T, the T3 
dependence of phonon boundary scattering is observed in contrast to 
the earlier results (67). 

The effect of fast neutron fluence on thermal conductivity and 
thermopower has been determined by Uher and Huang (70). For 
fluences to 3 x 1018 n/cm2 T, decreases in Y-Ba-Cu-0 to a tempera- 
ture of 86 K, the thermal conductivity decreases and is without a peak 
above T, and the thermopower starts from a negative value and 
approaches zero and becomes positive. As will be seen below the more 
usual value of thermopower is positive in the superconducting material 
but these authors note the variability dependent on sample preparation 
conditions. 

6.0 THERMOPOWER 

The thermopower or thermoelectric power is the electrostatic 
potential difference between the high and low temperature regions of 
a material with an impressed thermal gradient and zero electric current 
flow. The sign gives an indication of the sign of the charge carriers 
- positive for hole carriers. 

Measurements in the La-Ba-Cu-0 material were reported by 
Maeno et al. (71). At the optimum Ba concentration (0.15) the 
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thermopower is positive and has a weak maximum of about 30 pV/K 
in the range 100-160 K as shown in Figure 19. For La-Cu-0 the 
value is a factor 12 larger near 100 K and drops to low values 
beginning near 60 K. The data from Uchida et al. (72) show the 
decrease at lower temperatures for the pure nonsuperconducting 
La-Cu-0 material. These authors do agree on the shape and absolute 
value for the stoichiometric Ba addition. 

In single crystals of YBa,Cu,Oz Ong et al. (73) reported 
out-of-plane thermopower linearly increasing with temperature above 
T, from about 1 to 10 pV/K between 90 and 300 K. The in-plane 
thermopower exhibited a peak just above T,, decreased to near 200 K 
and rose slightly to 300 K. The absolute value at maximum was 4 
pV/K. This group has also determined the effect of selected impurities 
on the thermopower (74). Nickel and zinc were added and negative 
thermopower values measured as a function of concentration. The 
rapid change in thermopower implies that a very small change in band 
filling strongly affects the entropy transport. The thermopower of 
Tl-Ba-Ca-Cu-0 (approximately the 2223 phase) bulk sample was 
determined by Mitra et al. (75) and showed a peak at about 170 K of 
S = 9 pV/K, decreasing to about 4 pV/K at 300K. 

Theoretical interpretation is incomplete; early measurements 
on La-Sr-Cu-0 by Hundley et al. (76) were suggested to indicate a 
phonon drag to explain some features although more recently a narrow 
band Hubbard model has been developed by Fisher (77). 

7.0 HALL EFFECT 

The Hall effect, an electric field perpendicular to both the 
impressed current flow and to the applied magnetic field, gives 
information about the mobility of the charge carriers as well as their 
sign. The Hall coefficient R, = E,/J,H, is proportional to the 
reciprocal of the carrier density. The Hall coefficient is negative for 
electron charge carriers. 

Early results of Hall coefficient measurements were presented 
in a review article by Tanaka (78). For the La-Ba-Cu-0 material as 
a function of the increasing fraction of barium the Hall coefficient is 
positive, decreasing, and nearly temperature independent above T,. 
These results are shown in Figure 20. For Y-Ba-Cu-0 R, increases 
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with decreasing temperature and with decreasing oxygen content. 
Early single crystal measurements were reported by Iye et al. (79). 
Their resistivity results show linear normal state resistance in the ab 
plane and semiconductor behavior in the c direction and may be taken 
as indication of quite good crystal quality although the resistivity is 
larger than for the current best crystals. The Hall coefficient for 
magnetic fields along the c axis shows that l/R, is linear in T in 
Figure 21. For a field applied in the ab plane the Hall coefficient is 
negative or electron like and the value is -2 x low4 cma/C. 

For Bi-Sr-Ca-Cu-0 (a mixture of 2212 and 2223 phases) the 
Hall coefficient is found (80) to be positive and decreasing from 5 to 
3 (x lo-’ ms/C) between 120 to 280 K. In the case of Tl-Ba-Ca-Cu-0 
(2223 phase) positive R, decreasing from 5 to 3 (x10-’ m’/C) is 
measured by the Ong group. There are not yet single crystal measure- 
ments in these materials. 

These results, Hall coefficient and thermopower, are fairly 
consistent in indicating that the carriers are holes in the ab plane of 
the Y-Ba-Cu-0 and the Bi-Sr-Ca-Cu-0 materials at temperatures 
just above T,. Extrapolation to below T, is assumed. The Hall 
coefficient in a single crystal suggests electron transport in the c 
direction for Y-Ba-Cu-0 and for the newer materials of the T’ class, 

Nds_XCeXCu04_y, * the indication of electron pairing is also suggested 
by these measurements. Preliminary measurements including 
thermopower and resistivity for Nd-Ce-Cu-0 are reported by Uji et 
al. (81) where a dependence on Ce concentration is given. The Hall 
coefficient in an applied field of 15 Tesla is measured by Wang et al. 
(82) for a single crystal Nd-Ce-Cu-0 with T, = 20 K as shown in 
Figure 22. 

8.0 TUNNELING TRANSPORT 

Electron pair tunneling through a thin layer of insulating 
material between two superconductors was predicted by Josephson and 
forms the basis for the Superconducting Quantum Interference Device 
(SQUID) with unique properties for superconducting electronic 
devices. Studies in low temperature superconductors have provided 
direct evidence for the superconducting energy gap and phonon 
spectra and extensive literature is available (83). Although measure- 
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ments at this time are tending toward similar values of the energy gap 
(and thus may be considered more reliable), the technique requires 
considerable care and neither the residual values of conductance at 
zero voltage nor the linearly increasing conductance above the gap 
value have been explained. In this section a brief discussion of 
tunneling and recent results will be given. 

8.1 Josephson Effect 

Electron pair tunneling across a gap in the absence of an 
applied electric or magnetic field gives a dc current of magnitude I = 
I,sin(r$) where 1, is the maximum or critical current and 4 is the 
quantum phase factor across the gap. This current is only the 
dissipationless current, that is, the supercurrent. When the current 
exceeds the critical current of the junction a voltage V appears and 
the phase 4 evolves with time, d#/dt = 2eV/h. The supercurrent is 
modulated by the phase factor i.e., # = #,-2eVt/fi and the frequency 
of the oscillation is f = 2eV/h. Interference effects in addition to 
diffraction effects may be observed as macroscopic manifestations of 
quantum phase coherence of the superconducting electrons (84). At 
higher bias voltages there is a change in conductance above the energy 
gap and features of the phonon spectrum can be observed in the low 
temperature superconductors (83). A Josephson junction connected by 
a ring of superconducting material forms an rf SQUID (Superconduc- 
ting Quantum Interference Device) in which a very small current flow 
can be detected, that current flow in response to magnetic flux 
through the ring. Detection is obtained with an inductive rf coupling 
to an external circuit. Two Josephson junctions inserted into a 
superconducting ring form a dc SQUID, called dc because a dc current 
can be used to bias the junctions to near their critical currents. A 
voltage output in response to a small input flux can be measured 
directly across the junctions although frequently an ac inductive 
coupling is needed. The description of SQUID operation involved the 
inductance, capacitance, and resistance of the ring and because of the 
small junction size and necessity of external coupling there can be 
interaction with other circuit elements and the introduction of noise 
from those elements. When the current across the junction is above 
critical the dissipation in the presence of a microwave field is marked 
by distinct Shapiro steps in the IV curves with a separation h/2e = 
2.068 microV/Ghz. 
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8.2 Tunneling Results 

Josephson junctions can be made in a variety of configurations: 
a point contact between two superconductors can be adjusted to 
maintain a small gap, either a spatial gap, or a gap across an insulating 
barrier such as an oxide material; a film barrier of insulating or 
normal metal material can be used; a constriction in the superconduc- 
tor also exhibits Josephson current behavior. A break junction 
technique has been used, most recently by Moreland et al. (85) in 
which a bulk of film material is fractured perhaps by bending the 
beam on which the material is mounted and then controlling the 
relaxation until a tunneling contact is obtained. The nature of the 
junction produced is of course quite uncertain but the method has 
been effectively used with the brittle ceramic superconductors (86). 
A thin oxide barrier such as produced by a controlled oxidation of 
aluminum has been used as a barrier and other film techniques using 
lithography have proved effective as illustrated for low temperature 
superconductors by Foglietti et al. (87). This IBM group has reported 
an eight level mask process with Nb-Pb alloy edge junction dc SQUID 
with a low value of extrinsic energy sensitivity. A constriction in a 
superconductor can act as a Josephson junction equivalent. Such a 
device has been made recently by the Raveau group (88) of Tl,Ba, 
CasCusO, material with a gradually engraved construction. The I-V 
characteristics are shown in Figure 23 and the Shapiro steps observed 
with the junction bathed in a microwave field at 9.169 GHz at 77 K 
is shown in Figure 24. These and earlier measurements have demon- 
strated that the steps are separated by values of 2.06 pV/Ghz, a value 
related to h/2e, demonstrating electron pair transport. 

The conductance of a tunnel junction, dI/dV, measured against 
an increasing bias voltage displays evidence for the energy gap and 
phonon spectrum of a superconducting material (83). This technique 
has been applied to the high temperature superconductors with some 
success. So far it has not been possible to make a S-I-S tunnel 
junction of the high temperature superconducting materials using a 
prepared film insulating barrier. Thus, grain boundary barriers or 
break junction gaps have been used. Some success has been obtained 
with a S(HTS)-I-S(LTS) tunnel junction as shown by Lee et al. (89). 
They used a Y-Ba-Cu-0 (123 phase) material with a native barrier 
and a Pb counter electrode. The results are shown in Figure 25. At 
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Figure 23: I-V characteristics of Tl-based ceramic with I, = 350 PA 
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applied magnetic flux. Ref. 88. 
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Figure 24: Schematic view of the sample with the constriction (a) and 
the Shapiro steps induced on the I-V characteristics by a microwave 
field at f = 9.169 GHz and T = 77 K. Ref. 88. 
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Figure 25: Differential conductance of a sandwich-type tunnel 
junction of Y-Ba-Cu-0( 123) T, = 60 K, formed with native oxide and 
a Pb counter electrode. Ref. 89. 
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a temperature 0.5 K, well below the transition temperature, in zero 
magnetic field the sharp edge of the Pb gap is seen and at increasing 
energy some evidence of the Pb phonon spectrum and then at near 20 
mV a feature interpreted as the gap in Y-Ba-Cu-0 is seen. This gap- 
like depression of the tunneling density of states is observed to go to 
zero at a temperature of 60K suggesting that the interface material 
next to the barrier is oxygen depleted Y-Ba-Cu-0 with the lower T, 
= 60 K. Other measurements are discussed in this reference with a 
conclusion that gap values 2A/kT - 6-7 are obtained from a variety 
of experiments for both the Y-Ba-Cu-0 (123) and the Bi-Sr-Ca-Cu- 
0 (2212). Questions of the anisotropy of the energy gap, the possible 
closure of this gap at some points or lines on the Fermi surface, and 
of the residual conductance that is found in many S(HTS)-I-S-(HTS) 
measurements remain to be definitively answered. The challenge to 
produce adequate artificial junctions remains important for the 
fundamental understanding and crucial for the realization of many 
devices. 
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Static Magnetic Properties of High- 
Temperature Superconductors 

Eugene L. Venturini 

1 .O INTRODUCTION 

The two fundamental physical properties of a superconduct- 

ing material are zero electrical resistance and the Meissner effect 

(1) which is the expulsion of an externally applied magnetic field. 

The Meissner effect arises because the lowest energy state for the 

superconductor in weak external fields occurs when the internal 

magnetic induction B is zero (2)(3). The existence of the Meissner 

effect can be shown to prove that superconductivity is a stable 

thermodynamic equilibrium state (4). The expulsion of a field 

leads to unique magnetic properties of superconductors (5-7) which 

are the topic of this chapter. The chapter is divided into four 

main parts: the static response of superconductors to low magnetic 

fields, the response in relatively high fields, the relaxation of 

magnetization (flux creep), and the distinct features of porous 

ceramic superconductors. 

Magnetic measurements have played a major role in the 

discovery and understanding of high-temperature superconductors, 

and an overwhelming body of literature has appeared in less than 

three years. In general, the magnetic properties of high-temperat- 

ure superconductors were first understood for “conventional” 

superconductors, and several classic books are particularly useful. 

Appropriate papers on high-temperature superconductivity are 

cited, but not exhaustively, and there is no claim that a particular 

675 



676 Chemistry of Superconductor Materials 

reference is the first or even the “best” report concerning a given 
measurement. 

There are four common instruments used to measure the 
magnetic response (moment) of a sample to an externally applied 
magnetic field, and each has strengths and weaknesses. Perhaps 
the most popular due to its sensitivity, ease of use and calibration, 
and accuracy is the SQUID magnetometer which employs an RF 
superconducting quantum interference device (SQUID) as the 
detector. The SQUID magnetometer measures the magnetic flux 
through a sense coil due to the sample magnetic moment. Also 
widely used is the vibrating sample magnetometer (VSM) which 
measures the changing dipolar field due to the magnetic moment 
of a vibrating sample. A third common instrument is the Faraday 
balance which determines the magnetic moment via the force 
exerted on a sample placed in a magnetic field gradient. The 
change in force (weight) is measured with a microbalance as a 
function of the average magnetic field strength. Finally, the 
torque magnetometer measures the torque on the sample when its 
magnetic moment is not aligned with an external magnetic field. 

The VSM has the advantage of a fast response time and the 
ability to measure the sample moment in a continuously swept 
magnetic field. A minimum time constant of 1 second is typical 
for VSM studies of sample moments above 0.1 emu, and field 
sweeps are limited only by the inductance or power supply of the 
magnet. This fast response is particularly useful in studies of flux 
creep in superconductors (discussed below). In contrast, the 
SQUID magnetometer has the advantage of sensitivity: a moment 
of lOWe emu is typically two orders of magnitude above the noise, 
allowing measurements on superconducting phases weighing a few 
micrograms distributed in a nonsuperconducting matrix weighing 
up to a few grams. However, the magnetic field must be stable 
to insure the sensitivity of a SQUID detector which limits the 
minimum response time to one or two minutes after a change in 
field strength. Hence, SQUID magnetometer data are obtained at 
discrete field values, although continuous temperature sweeps at a 
fixed field are possible. All data in this chapter were obtained 
with a commercial SQUID magnetometer (Biomagnetic Technolo- 
gies, Inc., San Diego, CA, model VTS-905) with a temperature 
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range of 2 to 400 K and a magnetic field range of approximately 
1 Oe to 50 kOe (10v4 to 5 Tesla). Although the technical journals 
strongly prefer the SI system of units, most books and research 
scientists continue to rely on the more convenient and practical 
Gaussian cgs units such as emu, Gauss (G) and Oersted (Oe) for 
magnetic measurements; these units are used throughout this 
chapter. 

2.0 LOW-FIELD MEASUREMENTS 

2.1 Normal State Response 

Consider a long thin cylinder of superconducting material 
placed in a weak uniform magnetic field H as shown in Figure 1. 
Figure l(a) illustrates the magnetic response of the cylinder in the 
normal state, i.e., at a temperature T above the superconducting 
transition temperature T,. The magnetic field lines penetrate the 
cylinder, inducing a small magnetic moment m parallel to the field. 
In contrast, the magnetic field does not penetrate the cylinder 
when T < T, as shown in Figure l(b) and discussed in the next 
subsection. The magnetization M is just this moment divided by 
the volume V of the cylinder, M = m/V. The moment m is 
commonly measured in emu and the volume in cm’, leading to a 
magnetization in emu/ems or Gauss (G). For most superconductors 
in the normal state, M (or m) is proportional to the internal 
magnetic field H; 

M = m/V = X,-Hi (T > T,) (1) 

where the proportionality constant x,, is termed the volume 
magnetic susceptibility and is dimensionless in the cgs system. 
Actually, there is a negligible difference between the external 
magnetic field H, and the internal field Hi for nonmagnetic and 
nonsuperconducting solids, but the distinction is important for 
superconductors as discussed below. The magnetic induction B 
inside the sample is defined by: 

B = Hi + 4rM = (1 + 4q,).H, (2) 
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Figure 1: Magnetization M and magnetic field pattern for a 
long thin cylinder of material with a superconducting transition 
at temperature T, placed in a small external field H: (a) at 
temperature T > T,; (b) T << T,. 
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Since it is much more convenient to weigh a sample than to 
measure its volume accurately, the magnetic response is often 
expressed as the moment per unit mass, m/W, where W is the 
weight of the cylinder. The proportionality between the internal 
field and the moment per unit mass is termed the mass magnetic 
susceptibility x, with units of cmS/g. Obviously, xv and x, are 
simply related by the density of the cylinder p = W/V: 

X” = p’x, 

It is useful to consider typical values of different contribu- 
tions to the magnetic susceptibility. One important component is 
the Curie susceptibility arising from isolated (i.e., noninteracting) 
paramagnetic ions with g-factor g and spin S which is given by: 

x = N(g/+z,)2.S(S+l)/(3.kg.T) (4) 

where N is the number of such ions, ,.&B is the Bohr magneton, k, 
is the Boltzmann constant, and T is the absolute temperature (8). 
The high-temperature superconductors contain Cu ions which are 
predominantly divalent. An isolated divalent Cu ion has a 
paramagnetic spin S = l/2 and a g-factor g near 2, so Eq. 4 
simplifies to: 

X = (N/T)*(pB)2/kB = 6.230~10-~~.(N/T) (5) 

The superconducting material YBa2Cus07 weighs 666 g/mole or 
222 g/mole Cu. If all the Cu ions were divalent and acted as 
isolated spins, N in Eq. 4 would be 2.7 x 102’ CU+~ ions per gram. 
Hence, the mass susceptibility x, would be 5.6 x lo-’ cm’/g at 
room temperature (295 K) and would increase inversely with 
decreasing temperature, tripling to 1.7 x lo-’ cm’/g at 100 K. 

Another additive term in the magnetic susceptibility arises 
from the temperature-independent core diamagnetism of all the 
ions in a solid. For YBa,CusO, the core diamagnetism is approxi- 
mately -2 x lob7 based on a calculation using Pascal’s constants (9). 
This small negative contribution serves to reduce the total suscepti- 
bility. A third possible contribution arises from Van Vleck 
paramagnetism (10) caused by excited states in the atoms of the 
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solid, while a fourth term is the band or Pauli paramagnetism 
minus the orbital diamagnetism (11) of the electrical carriers in the 
solid (holes in the case of YBasCusO,). Both the Van Vleck and 
Pauli contributions are positive and typically lo-’ to lo-’ cmS/g, 
comparable to the Curie contribution above 100 K. 

Finally, there is the question of interactions between the 
magnetic ions in the solid. There is a strong antiferromagnetic 
exchange coupling between the Cu ions in the CuO, sheets in 
high-temperature superconductors (actually superexchange coupling 
through the oxygen ions) (12). The insulating parent compounds 
such as La,CuO, and YBasCusO, exhibit long range antiferromagn- 
etic ordering at temperatures near room temperature (12)( 13). This 
ordering leads to a nearly temperature independent positive 
antiferromagnetic mass susceptibility below room temperature in 
the range of 10m7 to low6 cm’/g from the Cu spins, in contrast to 
the inverse temperature dependence for a Curie susceptibility from 
Eq. 2. As carriers are added to the system, the correlation length 
for antiferromagnetic order decreases monotonically (as does the 
ordering temperature), and there is no long range antiferromagnetic 
order in the superconducting phase (14). 

Typical normal state magnetic susceptibilities in the CuO- 
based high-temperature superconductors are nearly temperature 
independent above T, and of order lo-’ ems/g. The values are 
not strongly affected by doping, remaining relatively constant from 
insulating antiferromagnetic La,CuO, or YBaaCusOe with long 
range magnetic order to “metallic” La1~85Sr,,15Cu04 or YBa,Cu,O., 
(15)(16). There is evidence from neutron scattering that the Cu 
ions continue to carry a spin in the metallic superconducting phase. 
The relative size of the various contributions to the magnetic 
susceptibility has not been firmly established for these systems, 
although estimates have been obtained for Lar_,Sr,CuO, (17). 
However, it is clear that any strong positive increase in susceptibil- 
ity with decreasing temperature reflects the presence of impurity 
phases with isolated paramagnetic CU+~ ions, producing a Curie 
susceptibility. (Similarly, the detection of an electron paramagnetic 
resonance absorption near g = 2 indicates impurity phases contain- 
ing isolated divalent Cu (18-20)). 
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2.2 Diamagnetic Shielding by a Superconductor 

Diamagnetic shielding or flux exclusion is the response of a 
superconductor below T, to a small applied magnetic field 
following zero-field cooling from above T,. Figure l(b) illustrates 
the situation for a superconducting cylinder in a small field H at 
a temperature well below T,. The lowest energy state has the 
magnetic induction B equal to zero in the interior of the cylinder. 
Screening (shielding) supercurrents flow in the near surface region 
of the cylinder to exactly cancel the applied field in the interior, 
and the cylinder appears to have a large negative moment. The 
field relationship inside may be written as (21): 

B = Hi + 4rrM = 0 (6) 

Hence 47rM = -Hi, and the volume susceptibility for a long thin 
superconducting cylinder with its axis oriented parallel to the 
applied field is given by: 

xv = M/Hi = m/(V*Hi) = - 1/4~ (7) 

The shielding fraction is a comparison between the measured 
volume susceptibility and -1/47r, and it is given simply by -47rx, 
= -4?r&. 

There are several details which complicate this simple 
picture. All high temperature superconductors are type II 
superconductors, and they have a lower critical field strength H,, 
above which the shielding is no longer complete. This is illustrat- 
ed schematically in Figure 2 which shows the magnetization M 
versus increasing field Hi. The solid line indicates the response of 
a “perfect” type II superconductor. M increases linearly with Hi 
(slope = x, = -1/4s from Eq. 7) when Hi < H,,. There is a cusp 
at H,,, above which the magnetic induction B is no longer zero in 
the lowest energy state, and magnetic flux enters the superconduc- 
tor. When Hi reaches the upper critical field strength H,,, the 
superconducting order parameter is zero, and the material acts as 
a normal metal for Hi > H,,. For H,. < Hi < H,, the flux in the 
superconductor is less than that in the normal state, and the 
material is said to be in the mixed state. 
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Figure 2: Shielding magnetization M versus increasing internal 
field Hi for a type II superconductor. The solid line shows the 
“ideal’! response (i.e., with no flux pinning) with a cusp at the 
lower critical field H,l; the dashed line shows the changes due to 
pinning. The material is superconducting for Hi below the upper 
critical field H,2 and a normal metal at higher fields. 
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There are two characteristic length scales in superconductors, 
the coherence length < and the penetration depth X. The super- 
conducting ground state is characterized by an order parameter 
which exhibits coherence over a spatial distance <, the coherence 
length for the paired carriers. The internal magnetic field Hi and 
supercurrent J, vary over a characteristic distance X, the penetra- 
tion depth. For most type II superconductors including the 
high-T, materials, X >> <. When a type II superconductor is in 
the mixed state, the flux appears as quantized units termed 
magnetic vortices, flux lines, or simply fluxoids. Each fluxoid 
contains one flux quantum #0 = hc/2e = 2.07 x lo-’ G-cm2 where 
h is Planck’s constant, c is the speed of light in vacuum, and e is 
the electron charge. A fluxoid consists of a cylindrical core where 
the superconducting order parameter rises from zero to its full 
value over a coherence length e. This core is surrounded by a 
cylinder of supercurrents flowing in a circular vortex pattern 
throughout a thickness equal to the penetration depth A, generating 
a quantum of flux #0 (22). 

These flux lines are “pinned” at internal defects and by 
surface imperfections in all type II superconductors, leading to the 
magnetic response shown by the dashed line in Figure 2. Pinning 
has no effect when Hi < H,,, since there is no flux entering the 
bulk of the superconductor (see below). However, the linear M-H 
curve has no cusp at H,, when pinning is present; rather, there is 
a gradual deviation from linearity as flux lines overcome surface 
pinning and internal defect pinning to penetrate the superconduc- 
tor. Finally, the magnetization reaches a minimum determined by 
the strength of the pinning and decreases for higher fields. Note 
that pinning has no effect on the value of H,,, although the shape 
of the M-H curve in the mixed state is affected. Flux lines are 
not independent, and under appropriate conditions they can interact 
to form a flux lattice (Abrikosov lattice (22)) which exhibits 
collective pinning. The effects of this lattice are beyond the scope 
of this chapter. 

When Hi < H,,, B = 0 in the interior of the superconducting 
cylinder as shown in Figure l(b), but magnetic flux enters the 
walls for a distance X (~1400 A for fields parallel to the a-b plane 
in YBa2Cus07 at low temperatures (23)). Provided the sample is 
of macroscopic size, the penetration depth is negligible, but it 
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becomes important for fine powders, fine-grained ceramics, and 
thin crystal plates. Two equations are useful for determining the 
correction for the penetration depth. First, the penetration depth 
is nearly temperature independent except when T approaches T, 
(24): 

X(T) = X(T=O).(l - (T/T )4)-1/2 
C (8) 

For a field applied parallel to the broad face of a thin rectangular 
plate of thickness d, the penetration depth reduces the shielding 
susceptibility by (25): 

XIX, = 1 - ((2.X)/d)tanh(d/(2.x)) (9) 

where x, is the susceptibility when the penetration depth is 
negligible. Similar correction formulas for fine powder samples are 
available (26). 

Another complication is the demagnetization correction due 
to the geometry of the specimen. Demagnetization (or the 
equivalent depolarization problem for dielectric bodies in an 
electric field) can only be solved analytically for an ellipsoid of 
revolution (27)(28). When H, is applied parallel to one of the 
three axes of revolution, the magnetization is parallel to H,, but 
the internal field Hi is given by (29): 

Hi = H, - 4rDM (10) 

where D is termed the demagnetization factor. Substituting this 
relation for Hi in Eq. 7 and solving for M, we can define an 
experimental susceptibility x, relating M to the external magnetic 
field H,: 

X.2 = M/H, = x,/( 1 + 4rD.Q = - 1/(4z.( 1 - D)) (11) 

Since D is between 0 and 1 in all cases and x, < 0, demagnetiza- 
tion produces an enhanced experimental susceptibility compared to 
the true volume susceptibility. 

Some common shapes have the following demagnetization 
factors (30). D = 0 for fields applied parallel to an infinite sheet 
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and D = 1 for fields normal to the-sheet (i.e., xB becomes infinite). 
D= l/2 for fields applied normal to the axis of an infinite 
cylinder and D = 0 for fields parallel to the axis (hence the choice 
of a “long thin” cylinder parallel to H in Figure 1). Finally, D = 
l/3 for fields in any direction if the sample is a sphere. Measure- 
ments with the applied field normal to a thin crystal or a thin film 
must be corrected for demagnetization which can be very large. 
For example, the measured low-field susceptibility was -4750/4r 
with the field normal to a 0.3 pm-thick Tl,Ca,Ba,Cu,O, film with 
a 3x3 mm2 cross-section (31). 

An example of a diamagnetic shielding or flux exclusion 
measurement is shown in Figure 3 where we plot the magnetization 
versus external field strength at 5 K for a thin crystal of YBa, 
CusO,_6. This crystal has dimensions 1 .lO x 0.62 x 0.040 mms, 
and the data were taken with the field applied parallel to the 
longest dimension. The demagnetization factor D is approximately 
0.02 for this geometry, so complete diamagnetic shielding would be 
reflected in an experimental susceptibility xe = - 1.02/4x from Eq. 
11 compared to the measured value of -0.96/4r; hence the 
shielding fraction is 0.94. There is a slight correction for the 
penetration depth X which is 1400 A for fields parallel to the a-b 
plane of YBa,Cu,0,_6: using the thickness d = 40 pm in Eq. 9, we 
obtain x/x, = 0.993. Hence, the finite penetration depth reduces 
the susceptibility for complete diamagnetic shielding by nearly 196, 
effectively raising the measured shielding fraction to 0.95. Clearly, 
as T approaches T, and X increases dramatically according to Eq. 
8, the measured shielding susceptibility will fall rapidly. This 
decrease in x with increasing temperature provides a direct 
measurement (23) of X(T) using Eq. 9, provided Hi remains below 
H,, at all temperatures. 

The data in Figure 3 also provide a determination of the 
lower critical field H,,. The shielding response will remain linear 
in the applied field until flux lines start to enter the crystal. 
Assuming a negligible surface barrier to flux penetration, H,, is 
determined by the point where the M-H curve deviates from 
linearity. In Figure 3 this occurs between 280 and 300 Oe, in 
good agreement with a recent estimate of 250&50 Oe from 
magnetic relaxation (32), but somewhat higher than estimates of 
120( 10) Oe obtained by the same method of deviation from 
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Figure 3: Shielding magnetization at 5 K versus increasing 
external field for a superconducting YBa2Cu307_6 single crystal. 
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Figure 4: Flux exclusion (shielding) versus increasing tempera- 
ture (solid triangles) and flux expulsion (Meissner effect) versus 
decreasing temperature (open triangles) in a 25 Oe external field 
for a superconducting YBa2Cu307_S single crystal. Exclusion 
and expulsion are equal for temperatures above the irreversibility 
point Tirr (w90.5 K at 25 Oe); T, is 92 K. 
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linearity in the M-H curve (33) and 180(20) Oe obtained from flux 
exclusion versus temperature (34). 

2.3 Magnetic Flux Exclusion and Expulsion 

Diamagnetic shielding is measured by applying a small 
magnetic field after cooling the superconductor below T, in nearly 
zero field. This effect is also termed flux exclusion since the 
superconductor supports screening currents near the surface to 
exclude the magnetic flux associated with the applied field. In 
contrast, one can apply the external field at a temperature T above 
T, and measure the magnetization as the sample cools. In 
sufficiently small fields (Hi < H,,(T)), the lowest energy state of 
the superconductor has B = 0, and the sample achieves this state 
by expelling the magnetic flux associated with the external field. 
This flux expulsion is termed the Meissner effect after its 
discovery by Meissner and Ochsenfeld in 1933 (1) (it should be 
called the Meissner-Ochsenfeld effect). 

Figure 4 compares the flux exclusion and flux expulsion 
versus temperature measured in a field of 25 Oe applied parallel 
to the long axis of the same single crystal of YBa,Cu,07_6 
discussed above. For temperatures above T, = 92 K the magneti- 
zation is slightly positive (W 6 x lo-’ G), but becomes large and 
negative at lower temperatures for both expulsion and exclusion 
measurements. This is one of the simplest tests for superconductiv- 
ity: an abrupt decrease in the measured susceptibility. Typically, 
a SQUID magnetometer can easily detect a superconducting volume 
fraction of 0.001% since x, is - 1/47r compared to a normal state 
xv of 10e6 or less. The rapid decrease in exclusion with increasing 
temperature beginning near 75 K in Figure 4 occurs because Hi 
exceeds H,,(T). Flux lines enter the superconducting crystal, and 
the magnetization decreases. This offers another method to 
determine H,,(T) by measuring exclusion versus temperature as a 
function of magnetic field (34). 

Note that the expulsion and exclusion responses are equal for 
T close to T,. This “reversible” region extends from T, down to 
an “irreversibility” temperature Ti, which is a function of the 
applied field, varying as (H,) 2/3 (35). The lack of reversibility at 
temperatures below Ti, indicates pinning of the magnetic flux: the 
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Meissner state requires that the sample expel the flux as it cools, 
and this cannot occur if the flux lines are pinned by impurities, 
defects or perhaps an intrinsic pinning mechanism (36). If there 
were no flux pinning, the exclusion and expulsion data would 
overlap at all temperatures. Hence, Ti, is that temperature below 
which the flux expulsion does not reach a true equilibrium 
Meissner state. If the field is removed following field cooling to 
a temperature T < Ti,, the sample exhibits a “remanent moment” 
opposite in sign to the Meissner signal. In fact, this moment 
equals the difference between the exclusion and expulsion curves 
at temperature T (see Figure 4). This equality demonstrates the 
importance of flux pinning in understanding magnetization data of 
high-temperature superconductors (37). 

In the previous section we defined the shielding fraction as 
the ratio of the measured volume susceptibility following zero field 
cooling to the complete shielding value of -1/4x (neglecting the 
finite penetration depth and including a correction for demagneti- 
zation). In a similar fashion, we can define a Meissner fraction 
as the ratio of the measured volume susceptibility to -1/4x 
following field cooling. The shielding fraction will always be 
greater than the Meissner fraction for temperatures below Ti, 
where flux pinning occurs. Why is this important? Consider the 
situation where the superconducting portion of the sample is a 
relatively thick “shell” on a nonsuperconducting interior (38)(39). 
Provided that the shell thickness is large compared to the penetra- 
tion depth A, the flux will be excluded from the entire body by 
screening currents in the shell. Hence the shielding fraction will 
approach unity, indistinguishable from the situation where the 
entire sample is superconducting. In contrast, the nonsupercon- 
ducting interior will not expel the flux in a Meissner measurement, 
and only the superconducting shell will produce a Meissner signal. 
Hence, the Meissner fraction provides a reliable lower estimate on 
the “true” superconducting fraction (with the same caveats about 
penetration depth and demagnetization correction as in the 
shielding fraction). 

If the entire body is superconducting, the Meissner fraction 
will be reduced due to flux pinning (40). How can one determine 
whether a low Meissner fraction is due to flux pinning and/or due 
to a sample problem like superconducting “shells”? One approach 
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is to measure both the shielding and Meissner fractions as a 
function of applied field. If the two fractions agree at low 
temperature, the entire sample must be superconducting. There is 
always a reversible region sufficiently close to T, where a true 
equilibrium Meissner state is achieved (i.e., where exclusion and 
expulsion are equivalent). If H,,(T) exceeds Hi during cooling in 
the reversible region, the sample will achieve a true Meissner state, 
and the exclusion and expulsion will remain in complete agreement 
at all lower temperatures. The experimental difficulty is choosing 
a sufficiently small measurement field to satisfy this criterion. 

Our approach has been to measure both exclusion and 
expulsion at a low temperature (typically 10 K for YBa,Cu,0,_6) 
and plot the ratio versus applied field. Figure 5 shows exclusion 
and expulsion measurements at 10 K versus applied fields from 2.5 
to 700 Oe. The Meissner data are nearly independent of field 
above approximately 60 Oe, suggesting that the trapped flux is 
strongly pinned at higher fields when T decreases through Ti,,. 
This also means that the Meissner fraction will be anomalously low 
if the measurement field is “too large”. The shielding data are 
linear in field to approximately 300 Oe as previously shown in 
Figure 3 (a different crystal was used for the data in Figure 5). 
However, the shielding magnetization saturates near 600 Oe in 
Figure 5, while it is still increasing at 725 Oe in Figure 3. This 
implies that the crystal used for Figure 5 has less flux pinning at 
10 K than that used for Figure 3. The onset of nonlinear 
behavior in the M-H exclusion curve indicates that the internal 
field Hi has reached H,, at that temperature. Stronger fields place 
the sample in the mixed state, and pinning will prevent the flux 
from entering the sample freely. More pinning will result in a 
higher shielding magnetization at a given Hi > H,, due to less 
complete flux penetration. 

Figure 6 shows the exclusion/expulsion ratio versus applied 
field using the data from Figure 5. The inset to Figure 6 
emphasizes the behavior at low fields: as the measurement field is 
reduced below 10 Oe, the exclusion/expulsion ratio decreases 
smoothly to unity. This confirms that the entire crystal is 
superconducting, since the shielding fraction for this crystal is 
approximately 0.97 from the linear portion of the shielding M-H 
curve. There is a decided advantage to plotting the exclu- 
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sion/expulsion ratio as in Figure 6: the complications due to 
demagnetization and penetration depth are removed since they 
enter both exclusion and expulsion equally in the limit of no 
pinning. Hence a ratio of unity implies complete superconductivi- 
ty, provided that the shielding fraction is unity. 

3.0 HIGH-FIELD MEASUREMENTS: HYSTERESIS LOOPS 
AND CRITICAL CURRENT DENSITY 

Magnetization measurements at high magnetic fields H, >> 
H,, can be used to study flux pinning and to extract a magnetiza- 
tion critical current density J,,. Figure 7 illustrates schematically 
a complete isothermal hysteresis loop for a typical type II super- 
conductor with strong flux pinning (41). The dashed line shows 
the initial shielding response versus increasing field following 
cooling to the measurement temperature in zero field. At the 
highest field to the right of Figure 7 the sample is well into the 
mixed state, and the shielding current is uniform and equal to the 
critical current density throughout the sample. If the field sweep 
is then reversed, there is a rapid reversal of the shielding current 
near the surface, while the flux which entered during the increas- 
ing field cycle remains pinned within the sample. This results in 
a positive external magnetization (i.e., parallel to the external field) 
and a substantial hysteresis (difference) between M for increasing 
and decreasing fields. As the decreasing field sweep crosses zero 
and approaches a maximum in the opposite direction, the shielding 
currents again become uniform at the critical current density, but 
in the reverse sense. Hence, as the sweep direction is reversed 
again at the far left in Figure 7, the magnetization reverses sign 
and hysteresis is observed. Note that after the initial increasing 
field sweep (dashed line), the magnetization is reasonably symmet- 
ric about zero field, and the curve shown as a solid line can be 
retraced indefinitely. 

For H, much larger than H,, the magnetization in Figure 7 
is nearly the same on the initial (dashed) and repetitive (solid) 
curves for a given increasing field value. Hence one can accurate- 
ly determine the hysteresis AM for “large” fields using only a 
partial loop where the field is increased from zero to a maximum 
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Figure 7: Sketch of a complete magnetization hysteresis loop 
versus internal magnetic field Hi. The dashed line is the initial 
response following zero field cooling, while the solid line is the 
response for repeated cycles between maximum and minimum 
field strengths. The arrows indicate the direction of the field 
sweep, and the hysteresis is the difference in magnetization at a 
given field during increasing and decreasing field sweeps. 
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Figure 8: Partial magnetization hysteresis loop at 5 K for a 
superconducting YBa2Cu307_6 single crystal. The solid triangles 
represent the response to increasing fields while the open 
triangles are for decreasing fields. 
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value and then decreased back to zero. Figure 8 shows such a 
partial hysteresis loop measured at 5 K with the magnetic field 
applied along the long axis of the same YBa,Cu,0,_6 single crystal 
used for Figure 3. The arrows indicate the field change direction 
beginning near zero field; increasing field data are shown as solid 
triangles, while open triangles represent decreasing fields. The 
large negative magnetization due to the shielding supercurrents 
reaches a minimum near 800 Oe as flux lines penetrate the crystal. 
As the field strength increases to 50 kOe, the magnetization 
decreases as more flux enters the crystal and the critical current 
density decreases in the stronger field. As the field is decreased 
below 50 kOe, the magnetization reverses direction rapidly to a 
positive value nearly equal in magnitude to the negative magnetiza- 
tion recorded at the highest increasing field. 

This behavior reflects strong pinning of the flux lines in the 
crystal at 5 K and is explained by the Bean critical state model for 
hard (strongly pinned) type II superconductors (42-47). In fact, 
the hysteresis in magnetization AM = M(H;) - M(Hz), where H; 
denotes decreasing field and Hz denotes increasing field, is 
proportional to the critical current density J,, flowing in the 
sample (the subscript “m” is used to distinguish this result from the 
critical current density measured by direct transport and denoted 

JA’ Two common geometries for magnetization field-loop 
(hysteresis) measurements are with the field applied parallel to the 
axis of a cylinder (or thin disk) of diameter d or normal to one 
face of a rectangular slab with cross-section axb. In the case of 
the cylinder: 

J cm = 3@AM/d, (12) 

while for the rectangular slab with a > b: 

J cm = (20sAM/b)/(l - b/3a). (13) 

We obtain AM(H,) from the data in Figure 8 and calculate 
J&H,) using the rectangular slab Eq. 13 where a = 0.62 mm and 
b = 0.040 mm. The result is shown in Figure 9 where the 
magnetization critical current density J,, falls monotonically with 
increasing field strength. Actually, Eq. 13 must be modified for 
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Figure 9: Magnetization critical current density Jcm at 5 K 
versus external magnetic field calculated from the hysteresis loop 
data in Figure 8 using the Bean critical state model [42]. 
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Figure 10: Comparison of partial magnetization hysteresis loops 
at 30 and 77 K for a superconducting T1$hl&t$h208 single 
crystal (Tc is 105 K). The lack of hysteresis at 77 K is due to 
weak flux pinning. 
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the case of anisotropic critical current observed in all the high- 
temperature superconductors (48). J,, in Figure 9 reflects critical 
current flowing along the c axis of the YBa,CusO,_~ crystal and 
is in good agreement with similar measurements on other crystals 
(48-50). 

Certain conditions must be satisfied for Eqs. 12 and 13 to be 
valid: (1) the applied field H, must be large compared to H,,, (2) 
the field variation across the sample must be small, and (3) the 
maximum field in the loop must be large enough to insure that 
critical currents are induced in the same sense throughout the 
sample (51). Condition (3) can be expressed as a minimum field 
strength H, for complete penetration of critical current to the 
center of the sample (41,52). The situation for H, comparable to 
or less than H,, is considerably more complicated (53). Condition 
(2) is not satisfied when the flux lines are weakly pinned. Weak 
pinning combined with high temperatures in the copper-oxide 
based superconductors leads to “giant flux creep” (54) which is the 
subject of the next section. 

Figure 10 shows the dramatic effects of weak pinning by 
comparing isothermal hysteresis loops at 30 and 77K in a T&a, 
BasCusOs single crystal. These data were recorded with the field 
applied along the crystal c axis (normal to the large surface), and 
the solid triangles represent increasing field strength while the open 
triangles show decreasing fields. The hysteresis loop at 30 K is 
relatively open, suggesting reasonably strong flux pinning (the 
hysteresis persists to 10 kOe). Conditions (1) to (3) above are 
satisfied, and we can use Eq. 13 to estimate J,, w 5.3X104 A/cm2 
at 30 K in 400 Oe. In contrast, there is virtually no hysteresis 
above 200 Oe at 77 K for this same crystal (note the change in 
vertical scale). The negative magnetization and lack of hysteresis 
suggests reversible flux concentrations, the opposite of strong 
pinning. The thermal energy at 77 K results in easy flux motion 
(see below), and condition (2) above is not satisfied. Hence the 
Bean model is not applicable, and Eqs. 12 or 13 cannot be used to 
obtain J,,. Small hysteresis has also been reported for YBa, 
Cu,O,_6 (50,55-57), Bi2Sr2CaCu20, (58-60) and Tl,Ca,Ba,Cu,O,, 

(61)(62). 
The comparison of critical current density obtained from 

direct transport measurements (termed J,,) with that inferred from 
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magnetization hysteresis data J,, is controversial when the flux 
pinning is weak, i.e., at high temperatures in YBa,Cus07_6 or 
moderate temperatures in the Bi-Sr-Ca-Cu-0 and Tl-Ca-Ba-Cu-0 
superconductors (58)(61)(63-68). J,, from a pulsed measurement 
can exceed J,, from hysteresis by two orders of magnitude when 
flux motion is rapid (58)(61), but J,, from the critical state model 
(Eq. 12) may not be valid when pinning is weak. The agreement 
is considerably better at low temperatures where flux motion is 
limited (58)(61)(68). A further complication in this comparison is 
caused by the different time scales of the two experiments: 
magnetization data in a SQUID magnetometer are recorded over 
minutes (isothermal hysteresis loops with 50 points typically require 
8 hours), while transport data are frequently obtained using 
submillisecond pulses to minimize sample heating at the current 
contacts (58)(61)(63). In fact, the amount of hysteresis can depend 
on the rate of field sweep (64), and vibrating sample magnetome- 
ters have a decided advantage over SQUID magnetometers in this 
situation. Since flux creep is a dynamic process, J,, and J,, must 
be measured on the same time scale for a realistic comparison. 

4.0 MAGNETIZATION RELAXATION OR GIANT FLUX 
CREEP 

Thermally activated flux motion or creep has been studied 
extensively in conventional type II metallic superconductors 
(69-74). This motion is governed by the thermal energy relative 
to the average flux pinning energy. The thermal energy is higher 
in high-T, superconductors because of the higher possible measure- 
ment temperatures, while the pinning energy is considerably 
smaller due to the short coherence lengths (54). Hence, flux 
moves easily in high-T, materials (75-77) compared to conventional 
superconductors, leading to the phenomenon termed “giant flux 
creep” (54) where the magnetization changes by a large fraction on 
a time scale of minutes. An alternate interpretation of magnetiza- 
tion relaxation in terms of a superconducting “glass” state has been 
proposed (75)(78). 

The basic measurement of flux creep is magnetization versus 
time (relaxation) in a constant field at fixed temperature (73). The 
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magnetization changes as flux lines move into or out of a super- 
conductor. Inward flux creep in the mixed state is studied by 
stabilizing the sample at a fixed temperature at one field strength 
(typically zero field) and then applying a stronger field H, > H,,. 
Flux motion into the sample is reflected by the decrease in 
magnetization with time as it relaxes toward the equilibrium 
Meissner state for that field and temperature. Outward flux creep 
is analogous: the sample is stabilized at the measurement tempera- 
ture in a high field H, > H,,, the field is changed to a lower 
value (typically zero field), and the magnetization relaxes with time 
toward the equilibrium Meissner state (which is zero magnetization 
for zero field). 

Typical magnetization relaxation data (65) at 10 K are shown 
in Figure 11 with the external magnetic field applied normal to a 
0.7 pm-thick Tl,Ca,Ba,Cu,O,, (Tl-2223) film on SrTiO,. The 
solid triangles reflect flux motion out of the film following a step 
change from 10 kOe to nearly zero field. The open triangles show 
flux creep into the film after a step change from nearly zero field 
to 500 Oe. These situations are quite different: for flux creep out 
of the film, the measured signal reflects critical current flow at 
nearly zero field arising from pinned flux remaining after a field 
sweep from the mixed state to zero field (top data in Figure 11). 
An important point is the history of the mixed state preparation: 
we have found that consistent results are obtained if the large field 
(10 kOe for this case) is applied at an elevated temperature (> 50 
K for Tl-2223) where flux motion is rapid and a near equilibrium 
state is achieved quickly (as shown by the absence of hysteresis). 
Then the sample can be cooled to the measurement temperature 
prior to lowering the field strength. For flux creep into the film, 
the shielding response reflects critical current flow to exclude the 
applied field (bottom data in Figure 11). Clearly, the flux motion 
is similar in these two physically distinct measurements. 

The semi-log plot in Figure 11 emphasizes the logarithmic 
time dependence of the magnetization signal for times between 200 
and 4000 seconds. These data are consistent with thermally 
activated flux motion (54)(63)(65)(69-74)(79-86). The data for flux 
motion out of the film were extended to 7500 seconds with no 
observed change in behavior. Similar relaxation data (76) for 
La,sSr,~,CuO, ceramic showed logarithmic time dependence over 
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Figure 11: Magnetization relaxation versus log(time) at 10 K in 
fields applied normal to a 0.7 pm-thick T12Ca2Ba2Cu3010 
superconducting film (Tc is 108 K). The solid trrangles show 
relaxation due to flux creep out of the film in zero applied field 
after cooling in a 10 kOe field and removal of the field. The 
open triangles represent flux creep into the film in a 500 Oe field 
applied following zero field cooling. The dashed lines show the 
fit to Eq. (13). 
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Figure 12: Ratio of flux creep rate S(T) to the magnetization at 
1 second MO(T) versus temperature. S and MO are obtained by 
fitting data such as those in Figure 11 using Eq. (13). The slope 
of the dashed line corresponds to an effective flux pinning 
potential U = 83 meV according to a simple thermally activated 
flux creep model which yields Eq. (14). 
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four decades from 10 seconds to 24 hours. The zero of time for 
the magnetization data in Figure 11 is defined as the time when 
the field sweep in our SQUID susceptometer reaches the measure- 
ment field. Due to the design of this instrument, there is a dead 
time of approximately 200 seconds after the field sweep stops 
before useful data can be recorded. 

The dashed lines in Figure 11 represent a simple two-param- 
eter linear fit to the logarithmic time dependence: 

M(t,T) - M,,(T) = M,(T) + S(T)ln(t) (14) 

where M(t,T) is the magnetization at time t and temperature T, 
M,,(T) is the equilibrium magnetization for the Meissner state at 
the measurement field and temperature (MBs is zero for flux creep 
out of the sample when the measurement field is zero), M,(T) is 
the extrapolated magnetization at t = 1 second, and S(T) = 
d(M(t,T)-M,,(T))/dln(t) is the creep rate (63)(73)(83-85). Measure- 
ments at temperatures between 5 and 40 K for flux creep into the 
film in 500 Oe show a similar logarithmic time dependence. The 
simple time dependence in Eq. 14 is valid over a limited range of 
field, temperature and time in an activated flux creep model 
(63)(73)(83-85), and we have frequently observed strong deviations 
experimentally at both short and long times, particularly for single 
crystals. 

The two fitting parameters in Eq. 14 can be used to extract 
an average pinning potential U by fitting the magnetization time 
dependence for data taken over a range of temperatures (83-85): 

W’VM,V) = k,-WJ (15) 

where k, is the Boltzmann constant. Figure 12 plots this ratio 
S(T)/M,(T) for flux creep out of the film versus temperature, 
demonstrating the linear relation given by Eq. 15. The dashed line 
corresponds to U = 83 meV (65), which is a rather small pinning 
potential. This weak flux pinning with activated motion explains 
the hysteresis collapse at 77 K shown in Figure 10. Considerably 
more detailed treatments of magnetization relaxation than Eq. 15 
have been published (63)(81)(84)(85). 

Eq. 15 predicts no flux creep at T=O (no thermal energy), 
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while the data in Figure 12 do not extrapolate to zero at T=O. 
This suggests that the creep in these films may be driven by 
mechanisms more complex than simple thermal activation including 
a distribution of activation energies (63). Other Tl,Ca,Ba,Cu,O,, 
films with higher transport critical current densities show somewhat 
lower pinning potentials between 50 and 60 meV. In contrast, 
magnetization relaxation measurements on a Tl,Ca,BasCusO,, single 
crystal with the field applied along the c axis (normal to the broad 
face) show a pinning potential of only 15 meV, consistent with the 
weak pinning in BisSrsCaCusOs (60)(80). It is clear that grain 
boundary pinning has an important influence on flux motion and 
transport critical currents in granular thin films or bulk ceramics, 
and the pinning strength will differ at grain boundaries and within 
individual grains. Further, the presence of impurity phases can 
also dramatically alter the magnetization hysteresis and flux 
pinning. 

5.0 PROBLEMS WITH POROUS AND WEAK-LINKED CE- 
RAMICS 

A final topic in magnetization studies of high-temperature 
superconductors is the problem of ceramic samples where porosity 
and the presence of both intergranular and intragranular supercur- 
rents complicate the analysis. Soon after the discovery (87)(88) of 
copper-oxide-based high-temperature superconductors, transport 
measurements (89) on ceramic samples showed a dramatic drop in 
critical current in the presence of very modest magnetic fields. 
This behavior was attributed to weak links acting as Josephson 
junctions between grains, leading to a two order of magnitude 
drop in J,, between zero field and 100 Oe. A similar decrease 
occurs in the intergranular magnetization shielding supercurrents 
(90)(91) which has been termed “grain decoupling” (90) at low 
magnetic fields. The effects of granularity on critical current 
density and magnetization have been treated theoretically (92). 

Typical shielding data at 5 K versus low field are shown in 
Figure 13 for a sintered, oxygen-annealed YBa,Cu,Oz_6 bulk 
ceramic plate cut to a rectangular plate of dimensions 8 x 6 x 
0.7mms. Preparation conditions are given elsewhere (90). The plate 
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was oriented with the long direction parallel to the applied field 
to minimize demagnetization effects. The shielding response is 
linear in field below about 20 Oe (dashed line) with a slope x, = 
-1.02/4x, exhibits a nonlinear field dependence between 20 and 60 
Oe, and becomes linear again between 60 and 200 Oe (solid line) 
with a slope x, = -0.69/4x. 

Consider first the linear response at very low field. The 
demagnetization factor with the field along the longest dimension 
is D # 0.05 (27), so from Eq. 11 we obtain a volume susceptibility 

X” = (1-D).x, = -0.97/4x. Hence the shielding fraction is 97%, 
corresponding to nearly complete screening from the entire volume 
of the sample. However, the measured density obtained from the 
approximate dimensions and weight is 4.45 g/cm3 or 70% of the 
X-ray density of 6.36 g/cmS for stoichiometric YBasCusO, using 
published lattice constants. Hence, the maximum superconducting 
volume is 70% of the plate due to the porosity of the sintered 
ceramic, while the shielding response suggests 97% is superconduct- 
ing. This discrepancy is explained by the ability of the near 
surface shielding supercurrents to screen the interior of the plate. 
Low-field shielding data do not provide an accurate estimate of 
the superconducting fraction due to this screening effect which 
hides the interior porosity and any nonsuperconducting impurity 
phases as well. This fact dictates our preference for the Meissner 
fraction as indicated in section 2.3 despite the complications due 
to flux pinning. 

Next, consider the nonlinear shielding response between 20 
and 60 Oe in Figure 13. This is the field range where the 
transport critical current decreases by two orders of magnitude in 
typical ceramic YBa,Cus0,_6 (89-91), and the magnetization is 
reflecting grain decoupling in the plate. Although J,, is small 
above 100 Oe in weakly linked material, the shielding can remain 
substantial due to intragranular supercurrents. The nonlinear 
region is the crossover from intergranular to intragranular screen- 
ing. The volume susceptibility above 60 Oe in Figure 13 is x, = 

xe = -0.69/4n, where we have not used a demagnetization correc- 
tion since the appropriate sample “shape” or effective dimensions 
are not determined in the decoupled grain regime, This problem 
has been solved for the ideal case of a spherical sample consisting 
of isotropic spherical decoupled grains close-packed on a cubic 



702 Chemistry of Superconductor Materials 

Temp - 5 K 

I I, 1 * I I I L I I. 81 I I I 
50 100 150 200 

Magnetic Field (Oe) 

Figure 13: Shielding magnetization at 5 K versus external 
magnetic field for a thin plate cut from sintered superconducting 
YBa2Cu307_6 ceramic. The dashed line indicates shielding of the 
entire volume by near surface supercurrents below 20 Oe. 
Intergranular supercurrents decrease rapidly above 20 Oe, 
resulting in essentially complete “grain decoupling” above 60 Oe. 
The solid line indicates intragranular shielding which dominates 
the magnetization at higher fields. 
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array (93). One way to test for grain decoupling is to measure the 
diamagnetic shielding for different orientations and look for 
demagnetization enhancements based on the shape of the entire 
sample. Full demagnetization corresponds to coupled grains, while 
little demagnetization implies decoupled grains (90). 

Note that there is excellent agreement between the shielding 
fraction -4rx, = 0.69 and the measured density of 70% of the 
x-ray density. We have found empirically that the mass suscepti- 
bility shielding fraction defined as -41rpxs, where p is the x-ray 
density and x, is the mass susceptibility from Eq. 3, is nearly 
equal to one in a fully superconducting ceramic for fields above 
the grain decoupling field but below Hcl, independent of the 
porosity of the sample. The indication that grain decoupling has 
occurred is a magnetization response similar to that in Figure 13 
where there are two well-defined linear regions. These two linear 
regions are not observed when the sample is ground to a powder 
such that the grains are always decoupled, and there is no obvious 
crossover from coupled to decoupled (intergranular to intragranular) 
shielding when the sample is almost completely dense such as 
hot-pressed ceramic. Mixed phase ceramics with grains which are 
decoupled at all fields show a nonlinear response even at the 
lowest fields, and the magnetization can be used to obtain an 
effective grain size if the penetration depth is known (26). Similar 
grain decoupling and low J,, values in modest magnetic fields have 
been reported in ceramic samples of the newer Bi-Sr-Ca-Cu-0 and 
Tl-Ca-Ba-Cu-0 superconducting systems (62)(94). 

Finally, consider the effect of grain decoupling on high-field 
magnetization hysteresis loops. The measured response is solely the 
intragranular mixed state behavior including shielding supercurrents 
and flux pinning. The critical current can be estimated using a 
modified Eq. 12 to accommodate the individual grain morphology 
and alignment, provided that “d” is the grain diameter rather than 
the bulk sample dimension. Note that an increase in hysteresis 
reflects better intragranular flux pinning, but it does not imply an 
improvement in the macroscopic intergranular critical current 
density. For example, neutron irradiation (95) or melting and 
quenching (96) have produced dramatic increases in hysteresis and 
thus J,, for YBa,Cu,07_g ceramic, but these data alone do not 
imply any improvement in J,,. 
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A combination of DC magnetization, AC susceptibility, 
inductive and microstructural data can be used to determine an 
intrinsic J,, value in ceramic material (39)(62)(90-92)(94)(97-99). 
An alternate approach is to disperse isolated grains from a ground 
superconducting powder in epoxy and induce grain alignment by 
applying a strong magnetic field while the epoxy hardens. If the 
grain morphology and relative concentration in the epoxy are 
known, magnetization hysteresis determines the anisotropic, 
intragranular J,, (100)(101). These techniques yield values for 
intragranular J,, in the 10910’ A/cm2 range for high-temperature 
superconductors, and J,, measurements on thin films confirm that 
these are realistic values. 

One final point concerns the detection of impurity phases in 
ceramic samples. A substantial fraction of the common impurity 
phases contains isolated divalent paramagnetic Cu ions which have 
a Curie susceptibility given by Eqs. 4 and 5. Hence this contribu- 
tion becomes strongest at low temperatures. Figure 4 shows that 
the low-field exclusion and expulsion in the superconducting 
phase(s) are temperature-independent at low temperatures, so the 
presence of a paramagnetic impurity phase(s) is detected by a 
diamagnetic exclusion or expulsion which becomes smaller in 
magnitude (less negative) as the temperature decreases. In 
particular, the Meissner signal can only increase as the temperature 
decreases (including flux creep, penetration depth, and H,, 
considerations), so a decreasing Meissner signal at low temperature 
indicates that paramagnetic impurity phases are present. Shielding 
data are less reliable since surface screening currents can hide 
impurity phases in the interior of the sample. Impurity phases will 
also appear in high-field magnetization data: the superconducting 
diamagnetic response remains negative and decreases toward zero 
with increasing field in the mixed state (Figures 2 and lo), while 
a paramagnetic impurity phase will have a positive contribution 
that increases linearly with increasing field. Hence at sufficiently 
high field (but below Hc2), the impurity phase will become 
apparent as a linear field response in the magnetization data. 
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6.0 CONCLUDING REMARKS 

Magnetization is a versatile and fundamental probe for 
superconducting materials, including the high-temperature copper- 
oxide-based superconductors. The normal state magnetic suscepti- 
bility contains information about both the electrical carriers and 
the copper spin system in the superconductor plus the behavior of 
any impurity phases present. The low-field magnetization in the 
superconducting state includes flux exclusion (diamagnetic shield- 
ing) and flux expulsion (Meissner effect) responses which differ 
due to flux pinning in single crystals and due to pinning, porosity, 
grain decoupling, and impurity phases in typical sintered ceramic 
material. Low-field data can be used to determine the fraction of 
superconducting material and the lower critical field H,,. 
High-field data are used to study flux pinning and magnetization 
hysteresis which can be related to the critical current density 
versus field and temperature. Weak pinning and the associated 
“giant flux creep” are major concerns in high-temperature super- 
conductors, and magnetization relaxation directly addresses this 
phenomenon. Two substantial challenges for application of these 
materials are to increase flux pinning and to improve intergranular 
supercurrents in ceramic samples. Magnetization measurements are 
essential in assessing progress on these challenges. 
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Electronic Structure and Valency in 
Oxide Superconductors 

Arthur W. Sleight 

1 .O INTRODUCTION 

In view of the other chapters in this book, very little introduc- 

tion of this chapter is required. Both oxide superconductors based on 

copper, e.g., YBa,Cu,07, and bismuth, e.g., (Ba,K,Rb)(Bi,Pb)O,, will 

be considered as high T, superconductors. The upper T, for cuprates 
has not increased above 122 K in the last year. However, the T, in the 

(Ba,K)BiO, system has been pushed up to 34K (l), and a T, of 37K 
has been reported in the (Ba,K,Rb)BiO, system (2). Thus, we now 

have cubic, noncuprate superconductors with Tc’s as high as that 

originally reported by Bednorz and Miller for the cuprate supercon- 

ductors. We will be exploring the common features of the bismuth- 

based and copper-based high T, oxides, and we will be relating these 

common features to electronic structure and to possible mechanisms 
for high Tc. Consideration will be given to mixed valency, high 

covalency, band structure, magnetic properties, charge fluctuations, 
polarizibility, defects and stability. A more complete discussion of 

valency in inorganic solids generally has been recently given (3). 

2.0 MIXED VALENCY AND THE PARTIALLY FILLED BAND 

A feature common to both bismuth and copper oxides is the 

availability of three consecutive oxidation states: Cu’, Cu”, Cu”’ and 

714 
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Bi”‘, BiIV, BiV. All of these oxidation states are well known to 

chemists, with the exception of Br -Iv. We know that s1 cations such as 

BiIV are unstable when concentrated. Thus, we do not normally find 

discrete compounds where bismuth is entirely in the tetravalent state. 

However, we do find BiIV in dilute systems, both insulating and 

metallic systems (3). 

The lowest oxidation states for copper, Cu’(3d1’), and for 

bismuth, Bi”‘(6s2), are diamagnetic. The middle valency, Cu”(3d’) or 

Biv’(6sf), is always a one electron state. The highest oxidation state 

is always diamagnetic in the case of bismuth, BiV(6so). However, the 

3d8 state for Cu”’ is paramagnetic for cubic (octahedral or tetrahedral) 

copper but is diamagnetic for square planar copper. It would seem 
significant that all copper oxide superconductors have a square planar 

arrangement of oxygens around copper. There may be a fifth, or a 
fifth and sixth oxygen, ligand; however, these are always at much 

longer distances. Thus, the mixed valency analogy between bismuth 
and copper is complete for the structures where superconductivity is 

observed. Both the lower and upper oxidation states are diamagnetic 
and the middle oxidation state is spin one half. 

The mixed valency in any given superconductor may be 
viewed as involving just two oxidation states: Cu”~“’ in La2_$-, 

CuO,, Ct.&” in Nd,_,Ce,CuO, and BiIvIv in Ba,_,K,BiOs. It is 

essential for metallic properties and for superconductivity that the two 

oxidation states be present on one crystallographic site. Thus, 

YBa2Cus0, is neither metallic nor superconducting because Cu’ and 

Cu” occupy distinct crystallographic sites and there is no mixed 

valency on either site. On the other hand, YBa2Cu,07 is metallic and 

superconducting, and this is related to CU”~“’ mixed valency in the 

CuO, sheets. 

The mixed valency situation may be equally well described in 
terms of bands. The band to be considered in the case of bismuth is 

the Bi6s-02p band. The band in the case of copper is the Cu3d,2_,2 

-02~ band. Both of these are a* bands. For the lowest oxidation state 

(Cu’ or Bi”‘), these bands are filled; for the highest oxidation state 

(Cu”’ or BiV), these bands are empty. According to simple band 

structure considerations, we would expect metallic properties for any 

partial filling of these 8 bands in bismuth and copper oxides. While 

metallic properties are indeed observed for most of the intermediate 
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band fillings, insulating properties are always found for the half-filled 
band in both cases, i.e., the situation for pure BiIV or pure Cu”. 

There are two competing mechanisms to produce an insulating 
state for the half-filled a* band. One is through valency dispropor- 
tionation, and this is the case for BaBiOs, i.e., 2BiIV + Bi”’ + BiV. If 
BirV had not disproportionated in BaBiOs, we would expect this com- 
pound to be metallic because it would have a half-filled band. Many 
have been confused by this disproportionation description because of 
confusion about the meaning of valent states as opposed to real 
charges. We will come back to the subject later. 

Disproportionation of BiIV in BaBiOs leads to two distinct sites 
for Bi”’ and BiV. Thus, we formulate this compound as Ba,Bi”‘BiVO,. 
The Bi-0 distances are those expected of these oxidation states (3). 
The real charges on Bi”’ and BiV are very much lower than the 
oxidation states due to covalency effects. Thus, the real charge 
difference between Bi”’ and BiV is much less than two. An equivalent 
description of the disproportionation situation in BaBiO, is the term 
charge density wave (CDW). 

There is another way to achieve an insulating state for the 
half-filled band, and that is through antiferromagnetic ordering. This 
happens for all of the copper oxides which contain copper only as 
Cu”. Thus, spin pairing of electrons on Cu or Bi sites is always relat- 
ed to the insulating state of the Cu” and BirV oxides. For the copper 
oxides, it is spin pairing between adjacent Cu” sites. In the case of 
BiIV, spin pairing occurs on alternate Bi sites creating Bi”’ and BiV. 
The magnetic situation in the Cu” oxides may also be described as a 
spin density wave (SDW). 

We will refer to the two competing mechanisms for localization 
at the half-filled band as disproportionation and magnetic. We could 
say that if BaBiO, did not become insulating through disproportionat- 
ion, it would have become a BaBiIVOs antiferromagnetic insulator. 
However, muon spin rotation experiments have completely ruled out 
that unlikely possibility (4). We could also say that if Cu” oxides did 
not become antiferromagnetic insulators, disproportionation into Cu’ 
and Cu”’ would have occurred. This is, of course, exactly what 
usually happens for Ag” and Au”. For AgO, the oxidation state of 
silver is clearly not two. This compound is instead Ag’Ag”‘0,. 

Schematic band structures for the copper and bismuth oxides 
just discussed are given in Figure 1. The hypothetical half-filled band 
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Melal Insulator 
La&u4 La2Cu04 
OaOiOs BaBi03 

Superconductor Superconductor 
(La, Sr)2Cu04 (Nd. Ce),Cu04 

(Ba. K)(Bi, Pb)Os Nd2Cu(0.V4 

Figure 1: Schematic band structures for pure and doped BaBiO, and 
LasCuO,. The metallic compounds (a) are hypothetical materials 
without disproportionation or magnetic interactions which cause band 
splitting (b) when the a* band is half filled. Both p-type (c) and n- 
type (d) conductors are shown. 
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Figure 2: Schematic phase diagram (lower) and schematic band 
structure (upper) for AsCuO, phases, both n- and p-types. 
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metals do not exist due to electron-electron correlations which cause 

band splitting. The fl band is placed so that it is always below the 

Fermi level. This is consistent with all band structure calculations. 

However, band structure calculations are not reliable on this issue 

because they ignore the electron-electron correlations which split the 

a* band and which could cause the filled portion of the a* band to 

drop below the top of the A* band. The primary assurance that the fl 

band always lies below the Fermi level is that an obvious symmetry 

exists at the Fermi level, i.e., doping either p- or n-type produces 

essentially the same result (Figure 2). This would not be expected if 
the rr* band overlapped the Fermi level. The consensus from nuclear 

resonance studies is also that there are carriers in only the dc band (5). 

3.0 VALENT STATES VS. REAL CHARGES 

An understanding of the chemistry of the copper and bismuth 

superconductors is hardly possible without a good understanding of 

oxidation states or valent states. These states are basically unrelated 

to the magnitude of the real charges on cations and anions (3). The 

term valent state originated in organic chemistry where carbon is 

tetravalent, nitrogen is trivalent, oxygen is divalent, and hydrogen is 

univalent. Carbon is tetravalent even in diamond and in graphite 

where its real charge is obviously zero. 
The term oxidation state is an outgrowth of valent states; now’ 

oxygen is the standard. Oxygen is by definition in an oxidation state 

of minus two unless it bonds to itself. Thus, oxidation states are 

entirely unrelated to the actual charge on oxygen or on the cations in 

oxides. Oxygen is divalent in 0, but has an oxidation state of zero in 

this case. Knowing the real charges on cations and anions may 

sometimes be useful, but real charges are not nearly as useful as 

oxidation states or valent states. One only has to look at one example: 

SiO,. Any estimate of the real charges in SiO, leads to the conclusion 

that oxygen is better represented as O’- than as O,_. Thus, we might 

describe SiO as Si’+O ‘-. 

paramagnetitm from Si& 

We then must account for the lack of 

and 01-. Of course, these unpaired electrons 
on Si2+ and O’- ions are paired in the bonds, but this is clearly a very 

clumsy way to describe the bonding electrons in SiO,. There is no such 

problem with the oxidation state approach where SiO, is Si’v02-“. 

Bonding in SiO, is highly covalent. Thus, we expect real charges to 
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be much lower than the oxidation state assignments. The real charges 
may be estimated using the electronegativity values of silicon and 

oxygen. 
The systems of valent states and oxidation states introduced by 

chemists are not merely electron accounting systems. They are the 
systems which allow us to understand and predict which ratios of 

elements will form compounds and also suggests what are the likely 
structures and properties for these compounds (3). In the case of 

highly covalent compounds, the actual occupancy of the parent 
orbitals may seem to be very different than that implied from 

oxidation states if ionicity were high. Nonetheless, even some 

physicists have recognized the fundamental validity and usefulness of 

the chemist’s oxidation state approach where the orbitals may now be 

described as symmetry or Wannier orbitals (6). 

For significantly covalent compounds, such as the copper and 
bismuth oxides, we will not assume that valence electrons should be 

assigned to either the cations or to oxygen. Rather these electrons are 

in the bonds between the cations and anions. The terms cation and 

anion are only used to differentiate between atoms that take on small 

positive charges from those that take on a small negative charge. The 

most foolish question which has been commonly asked of the oxidized 

copper oxides is whether the holes produced are on oxygen or copper. 

The covalency in these systems is too high to make that a meaningful 

question. The atoms in the CuO, sheets each contribute nearly equally 

to the states near the Fermi level (7). The greater preponderance of 

oxygen states relative to copper states in this energy region is due 

essentially entirely to the fact that there are twice as many oxygen as 

copper atoms in these all important sheets. In fact, we know that the 

mobile holes must spend significant time on both copper and oxygen 
in order to explain the delocalization of the holes. 

The oxidation state situation in the oxidized copper oxides is 
O-** and mixed Cu”-Cum by definition. There is no implication in 

this designation that the charge on copper has greatly increased 
beyond that of a pure Cu” oxide. The electron was not removed from 

copper, but rather an antibonding electron was removed from the Cu- 

0 bond. 
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4.0 STABILIZATION OF 0-= AND HIGH OXIDATION STATES 

We know that the 0e2 ion is not stable in the gas phase. Such 
a species would spontaneously lose an electron and become 0-l. 
Nonetheless, we correctly conclude that oxygen is a divalent in nearly 
all of its compounds, including 0, and 02-2. This is not surprising in 
view of the differences in real charges, oxidation states and valent 
states just discussed. However, there are two very different ways to 
describe the stabilization of divalent oxygen. One way has a covalent 
approach, the other an ionic approach. In highly covalent compounds 
such as O,, CO,, SO,, and OsO,, we would refer to oxygen as divalent 
even though the real charge on oxygen is zero or just slightly negative. 
Thus in this case, the problem of stabilizing the 0e2 ion never occurs 
because the real charge on oxygen never approaches two. 

In oxides of high ionicity, it is useful to employ another 
approach to rationalize the existence of divalent oxygen. This 
alternative approach has particular relevance to the copper and 
bismuth oxides despite the covalency of the Cu-0 and Bi-0 bonds. 
Although the 0-l ion is not stable in the gas phase, it can be stabilized 
as a fully doubly negatively charged Oe2 ion in a solid through 
Madelung forces. The cations surrounding oxygen in a solid produce 
an electrostatic field intense enough to capture the second electron. 
This means that we have so stabilized the oxygen 2p levels that the 
second electron may be added despite the strong on-site Columbic 
forces which repel this second electron. 

One of the common features of the copper and bismuth oxides 
superconductors is the presence of highly electropositive cations such 
as Ba”. These cations may have several important roles such as 
enabling certain framework structures and increasing the covalency of 
the Cu-0 or Bi-0 bonds (8). One very crucial role of the electroposi- 
tive cations is the stabilization of oxygen 2p levels to an extent which 
allows for unusually high oxidation states for copper and bismuth. We 
know that in the binary Cu/O and Bi/O systems neither Cu,“‘O, nor 
Bi2V0, can be produced even at high oxygen pressure. However, 
introduction of highly electropositive cations stabilize oxygen 2p states 
to such an extent that Cu”’ and BiV can exist. Lacking the electropos- 
itive cations, Cu”’ or BiV would readily oxidize 0” to O,-” or 0,. 
Good examples of Cu”’ and BiV are in KCuO, and KBiO, where 
potassium serves the role of stabilization of oxygen 2p states suffi- 
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ciently to allow Cu”’ or BiV to exist. 

The disproportionation of BixV and Cu”is shown schematically 

in Figure 3. This disproportionation can only be understood if one 

takes into account the high covalency and the stabilization of BiV and 

Cu”’ by highly electropositive cations such as Ba”. The main point is 

that there is a redistribution of electrons in the Bi-0 and Cu-0 bonds. 

Although a charge density wave is produced, the magnitude of the 

charges is much less than would be implied in an ionic model. The 

situation is in fact very much analogous to what occurs in BaTiO, on 

going through its ferroelectric transition (Figure 3). The main 

difference is that disproportionation is an antiferroelectric, rather than 

ferroelectric, process. 

5.0 POLARIZIBILITY 

Another common feature of copper and bismuth oxides is that 

we must consider more than one electronic shell of the bismuth and 

copper atoms when attempting to understand their oxidation states and 

bonding. For copper we must consider both the 3d and 4s orbitals. 

For bismuth, we must consider both the 6s and 6p orbitals. A number 

of consequences follow, especially for the lowest oxidation state: Cu’ 

or Bi”‘. We normally describe Bi”’ as a 6s2 cation, ignoring the 

covalency with oxygen. However, we know that the bonding of Bi”’ 

in oxides generally shows strong evidence of 6s-6p hybridization. A 

pure 6s2 cation would be expected to take on highly symmetric 

environments. Instead, we typically find short bonds on one side of 

bismuth and much longer bonds on the opposite side. We may 

understand this on the basis that a filled 6s core on bismuth interferes 

with Bi-0 bond formation using the empty 6p orbitals on bismuth. In 

other words, the radius of the filled 6s core is such that the c bonds 

based on Bi6p (formally empty) and 02~ (formally filled) overlap 

becomes significantly antibonding due to the overlap of the Bi 6s 

(formally filled) with the 02p (formally filled). This problem can be 

overcome through 6s-6p hybridization on bismuth. The filled core of 

Bi”’ is no longer centered on the nucleus (Figure 4). Strong covalent 

bonds may now form on one side of bismuth due to this polarization 

of the core. However, good covalent bonds have been further 

destablized on the other side of the bismuth. Very little 6s-6p hy- 
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Disproportionation of BiIvand Cu” 

Figure 3: Disproportionation and distortions in the perovskite 
structure. Arrows represent the spin of antibonding electrons in the 
Bi”‘-O-” and Cu’-0-I’ bonds. For BaTiO,, the dots represent bonding 
electrons, cr and x. 

d core d-s core 

s core s-p core 

Figure 4: Polarization of the cores of Bi”’ and Cu’. Oxygen ligands 
are unable to form strong bonds using the empty Cu 4s or Bi 6p 
orbitals due to interference of the 3d or 6s cores. Core polarization, 
d-s, for copper solves this problem and gives two-fold linear 
coordination for Cu’ and other dl’ cations such as Ag’ and Hg”. Core 
polarization, s-p, for bismuth results in strong bonds on one side of 
Bi”’ and weak bonds on the opposite side. 
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bridization is actually required to have this very dramatic effect on the 

bonding. 

The situation for Cu’ is very much analogous to that of Bi”‘, 

yet the effect on bonding is very different. In the case of Cu’, it is 

the filled 3d core which interferes with bonding based of the formally 

empty 4s and 4p orbitals of copper and the filled 2p and 2s orbitals of 

oxygen. The antibonding problem which results from a spherical 3d1’ 

core is alleviated through 3d-4s hybridization (Figure 4). This 

normally gives a disk shaped core. Thus, two strong bonds form along 

the unique axis of this disk. Bonds are now even less likely perpen- 

dicular to this unique axis of the disk shaped core. Thus, it is easy to 

understand the common two-fold linear coordination of Cu’ to 0-I’. 

We might well have asked why 3d-4s hybridization on Cu’ did 

not lead to an egg shaped core instead of a disk shaped core. To a 

first approximation, these two situations would indeed to be degener- 

ate. With hybridization to an egg shaped core, the occurrence of Cu’ 

in three-fold of four-fold planar coordination should be no surprise. 

This, of course, actually happens in the n-type copper oxides such as 

Nd,_,Ce,CuO,. 

High polarizibility of atoms or ions requires easy hybridization 

and/or large size. We see that for both copper and bismuth we have 

ample opportunity for hybridization that could lead to high polarizi- 

bility. For copper, it is 3d-4s hybridization; for bismuth, it is 6s-6p 
hybridization. We expect this polarizibility to be more pronounced for 

the lower oxidation states of bismuth and copper. Oxygen polarizi- 

bility (2s-2p) may also be significant. 

Another type of polarizibility results from the near degeneracy 

of the metal levels and the oxygen tp levels. This is directly related 

to the high covalency in these systems; thus, this type of polarizibility 

will be greater for the higher oxidation states of copper and bismuth. 

Both of these polarizibility contributions are likely very important for 

theories of superconductivity based on charge fluctuations. 

6.0 DEFECTS AND INHOMOGENEITIES 

Most of our high T, superconductors are highly inhomoge- 

neous on a scale that is likely important for both normal state and 

superconducting properties. Some have taken this as evidence for 
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phase separation. However, most of these electronically inhomoge- 

neous materials appear to be single phase by our usual thermodynamic 

and structural definitions. 

We will take the La,_,Sr,CuO, system as an example to discuss 

the relationship between point defects and carrier concentration. The 

point defect purposely introduced is the substitution of Sr for La. For 

the sake of this discussion, we will ignore other known point defects 

in this system such as oxygen interstitials and oxygen vacancies. The 

Sr substitution initially creates regions of electron delocalization in an 

insulating matrix of LasCuO,. The electronic properties of this single 

phase material are only perturbed in the vicinity of the dopant, Sr. 

This is a complicated system to model because as x becomes larger, the 

Sr rich regions change character, become larger, and become more 

numerous. Eventually, the regions strongly influenced by Sr connect 

and the materials appear homogeneous by some of our probes. 

However, the Las_,Sr,CuOl system is not really homogeneous for any 

value of x except zero. A consequence of this inhomogeneity is that 

some probes may be more sensitive to the Sr rich regions and others 

may be more sensitive to the Sr poor regions. Thus, reconciling the 

results of two studies may be impossible, even when conducted on the 

same sample, because each experiment probed two distinctly different 

regions of an electronically inhomogeneous material that is truly a 

single phase. The situation becomes even more complex on consider- 

ation of the oxygen stoichiometry and the presence of extended 

defects. 

The lack of homogeneity pervades most of the systems where 

high T, superconductivity has been observed. The n-type copper 

oxides, e.g., Nd,_, Ce,CuO, and Nd,CuO,_,F, are particularly plagued 

with this problem because superconductivity exists over such a small 

range of x. The inevitable variations of x on a microscopic level will 

inevitably lead to materials which are not electronically homogeneous. 

The YBa,Cu,O,+, system can in principle give strictly 

homogeneous compounds at x = 0.0 and x = 1.0. Thus, YBa,Cu,07 
could be a good example of a highly homogeneous high Tc supercon- 

ductor. However, it tends to be plagued with extended defects such 

as the 110 twinning. It is also difficult to obtain an x value of exactly 

1.00. Furthermore, some oxygen tends to be in the wrong chain 

position, and oxygen in the correct chain position is off the axis so 

that the chain Cu-0-Cu bond angles are not 180”. 
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Other high T, superconductors which might be regarded as 

relatively homogeneous are YBa,Cu,Os and Y2Ba4Cu701s, compounds 

with structures closely related to that of YBa,Cu,07. However, a 

recent structure determination of YsBa,Cu70,, has shown (9) the 

presence of interstitial oxygen, again indicating inhomogeneity. A 

complication to the understanding of all of these YBa,Cu,O, related 

phases is that there are two crystallographic sites for copper. This 

tends to lead to an uncertainty in the carrier concentration in the CuO, 

sheets. Also, the carriers outside the CuO, sheets are less mobile than 

those in the sheets. Thus to the carriers in the CuO, sheets, the lattice 
appears to be inhomogeneous even for ideal compositions because of 

the random nature of carrier placement in the chains. 

In the YBa,Cu,O,+, y s stem, it has become common to speak 

of the 90 K phase and the 60 K phase. This is highly misleading 

because structural and thermodynamic studies do not support such a 

two phase description. Furthermore, we know inhomogeneity of 

electronic properties does not necessarily suggest phase separation. 

The common observation in the YBasCusOs+, system is that T, is close 

to 60 K from x = 0.6 to 0.7 and is close to 90 K from x = 0.9 to x = 

1.0. Between x = 0.7 and x = 0.9, there is a rapid rise in Tc. Howev- 

er, structural and thermodynamic studies indicate that this is a single- 

phase solid-solution range (10). We nonetheless expect this range to 

be electronically inhomogeneous. A solid solution cannot be micro- 

scopically homogeneous. In compositional ranges where T, changes 
rapidly with x, materials will naturally appear electronically inhomo- 

geneous due to the local variations in x. On the other hand, we expect 

electronically hom,ogeneous materials in the situation where T, changes 

only slowly with x. Thus, there is no reason to invoke phase sepa- 

ration to understand the regions of apparent electronic homogeneity 

and inhomogeneity in the YBa2Cus06+X systems. 

If one plots T, vs. carrier concentration for YBa,Cu,O,+, or 

Y,_,Pr,Ba,Cu,O, phases, a relatively smooth plot is obtained without 

plateaus. The conclusion is then that the carrier concentration in the 

CuO, sheets of YBa,Cu,Oe+X p hases is a strongly nonlinear function 

of x. The Cu-0 distances along the c axis appear to be a measure of 

the relative carrier concentration in the chains and sheets. These 

distances also vary in a nonlinear fashion with x. 

There is evidence that some phase separation does occur in the 

ma2C%%+lc y s stem at certain values of x. This evidence is primarily 
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from electron diffraction studies where many different superstructures 
have been observed. Unfortunately, it has not been generally possible 
to assign definite composition or structures to these various super- 
structures. Furthermore, it appears that all but one of the superstruc- 
tures results from metastable structures (10). The stable superstructure 
has a doubled b axis which is presumed due to the absence of every 
other chain. Thus, the ideal composition of this phase is YBa2Cu,0,~,. 
The so-called 60 K phase actually exists at oxygen contents somewhat 
richer than this. 

Point defects are also highly prominent in the Tl,Pb,Bi/Ba,Sr,- 
Ca/Cu/O superconductors. Cation vacancies frequently occur. Some 
Tl is found on Ca sites, and there is evidence for Ca on the Sr/Ba site. 
Some Bi is found on both Sr and Ca sites. Both oxygen interstitials 
and vacancies apparently can occur. Present evidence suggests that 
compounds with the ideal structures and compositions would not be 
metallic or superconducting. There are also strong indications that 
these materials at their ideal compositions are in fact too unstable to 
be prepared. 

Inhomogeneities have also plagued the Ba(Bi,Pb)O, and 
(Ba,K)BiO, superconductors. These are other examples of solid 
solution systems, and all solid solutions are necessarily inhomogeneous. 

It is highly doubtful that a good understanding of the high T, 
superconductors will be obtained unless we learn to model the 
inhomogeneities that abound. If we limit our attention to the possible 
homogeneous compounds YBasCu,O,, YBasCu,Os and Y2Ba4Cu,01s, 
we have complex structures and no trends of TN and T, with carrier 
concentrations. Thus by focussing only on these three phases, we 
would be ignoring the bulk of the interesting data that have been 
obtained. Modeling the inhomogeneities is essential and highly 
challenging. 

7.0 STABILITY 

Classical BCS theory dictated that superconductors with the 
highest Tc’s would not be thermodynamically stable phases. Softening 
the phonons would raise T, but would ultimately lead to structural 
instabilities. Increasing the density of states at the Fermi level would 
raise T, but would eventually lead to an electronic instability. 
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Although we remain uncertain of the mechanism of superconductivity 
in the high T, materials, the suggestion of metastability remains. 

Trivial examples of metastability are solid solutions. Because 
these are inherently defect systems, they cannot be thermodynamically 
stable at low temperatures. Most of our high T, superconductors need 
to be regarded as solid solutions which are then necessarily metastable 
phases. We could dismiss this as an irrelevant observation on the basis 
that solid solutions are merely required in order to adjust the carrier 
concentration to appropriate levels. However, we seem unable to 
generally make stable high T, superconductors. One could even 
suggest that there is a correlation between T, and metastability: the 
higher the Tc, the more unstable. 

We do not need to regard YBasCusO, as a solid solution, but 
it is not a thermodynamically stable phase at any temperature/pressure 
condition (11). Thermodynamic stability exists in the YBa&usOe+, 
system in a certain region of temperature and oxygen pressure, but 
only for values of x between zero and about 0.6. Even these composi- 
tions appear not to be thermodynamically stable at room temperature 
and below. 

Compositions in the system YBa&usOe+, system with high x 
values and high T, are made by oxidation of YBasCusOe+X phases with 
lower value of x. Thus, the highest T, phases in this system are made 
through an intercalation reaction. We know that essentially all phases 
made by intercalation are not actually thermodynamically stable even 
though we frequently speak loosely about equilibrating the degree of 
intercalation. 

Our most blatant examples of thermodynamically unstable 
phases are just those phases where we have the highest T,‘s, the 

(A’O),AsCan_1Cu,02+2n family where A’ is Tl or Bi and may be 
partially Pb, A is ideally Ba or Sr, m is one or two, and n may range 
up to about five. Many structure determinations have now been 
carried out on these phases using both single crystal x-ray diffraction 
data and powder neutron diffraction data. Virtually all these studies, 
covering many different compositions, have shown two features which 
could not be present in compounds thermodynamically stable to low 
temperature. Firstly, the positions of some atoms are not well ordered 
in three dimensions. Secondly, there are always high levels of point 
defects such as cation vacancies. These factors combined have made 
it exceedingly difficult to describe the precise structure and composi- 



728 Chemistry of Superconductor Materials 

tion of these phases. In view of the compositional ranges, these phases 
must be regarded as solid solutions. Current evidence suggests that the 
solid solution ranges in general do not extend to the ideal composition. 
For example, the solid solution range for the “BisSrsCaCusO,” phase 
does not include the composition BisSrsCaCusOs (12). Only the end 
members of solid solutions can be thermodynamically stable at low 
temperature. Therefore, none of the compositions in the observed 
range of the “BisSrsCaCusOs” phase can be stable at low temperatures. 
Thus, the evidence that the (A’O),A,Ca,_,Cu,O,,+, phases are 
entropy stabilized is overwhelming. This conclusion is further 
bolstered by the fact that exotherms of compound formation are not 
observed when these materials are synthesized from the component 
binary oxides. Furthermore, the only successful syntheses are at high 
temperatures close to the melting temperatures in these systems. 

We thus conclude that our oxide superconductors with the 
highest Tls, the (A’O),A,Carr_lC~,Osn+s family, are endothermic 
compounds or entropy stabilized compounds. They only exist because 
of stabilization by disorder and defects. Thus, they are thermodynam- 
ically stable only at high temperatures. Entropy stabilized oxides are 
rare but well established in the case of CuFesO,, FesTiOs and 
AleSisO,, (mullite). In all of the known cases of entropy stabilized 
oxides, the important entropy term has been identified as point defects 
(13). We tentatively conclude therefore that point defects are also an 
essential component for the high T, superconductors in the (A’O),A, 
Can_1Cun02n+2 family. 

We must of course ask the question of why the structures for 

(A’O),AsCa,_,Cu,Os,+s family are not stable structures at low 
temperatures. The answer has seemed obvious since the first struc- 
tures were solved. These structures will simply not give reasonable 
interatomic distances for all atoms regardless of the crystallographic 
parameters used. Thus, the CuOs sheets and the region close to them 
have the expected interatomic distances, and these rigid bonds fix the 
size of the a and b cell edges. Given this constraint, there is no 
possibility of reasonable interatomic distances for the Tl-0 or Bi-0 
bonds. Thus, the structure found at high temperatures cannot be 
stable at lower temperatures. At high temperatures, disorder and 
entropy allow these structures to form in a very narrow stability range. 
Once formed, these phases are kinetically highly stable and do not 
tend to decompose into the phases which are thermodynamically stable 
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at the lower temperatures. 
There are two possible exceptions to the rule that high T, 

superconductors are metastable. Both YBa,Cu,O, and Y,Ba&u,O,s 
appear to be stable under the conditions where they form, and they 
are superconductors without further oxidation. The remaining 
question to be answered is whether or not they are thermodynamically 
stable at room temperature and below. This is a difficult question to 
answer. Calorimetry can compare the heats of formation of these 
compounds with other compounds known in the Y/Ba/Cu/O system. 
However, it is always possible that some of the most stable phases in 
the Y/Ba/Cu/O system have not yet been prepared because they are 
kinetically inaccessible. 

Structural refinements of the high temperature superconduc- 
tors have nearly always indicated a poorly determined part of the 
structure. For (A’O),A,Ca,_,Cu,O,,+, family, it is the A’0 sheet 
region. For YBasCusO., and Y,Ba,Cu,O,,, it is the oxygen of the Cu- 
0 chains. For La,+,Sr,CuO, superconductors, it is the oxygen above 
and below the CuO, sheets. In all cases, this lack of structure 
definition is showing the instability of the structure and pointing to 
the region of the structure responsible for the instability. 

8.0 T, CORRELATIONS 

For the p-type copper oxides that superconduct, both carrier 
concentration and Cu-0 distance correlate well with T,. If one plots 
either carrier concentration or Cu-0 distance vs. T,, a maximum in 
T, is found. The trend is shown schematically in Figure 2. 

A problem with the two correlations is that they are highly 
correlated with each other. Changing carrier concentration is 
changing the number of electrons in the Cu3d,2_,2-O&I a* band. 
Thus, we expect that the Cu-0 distance in the Cu02 sheets will 
increase as the number of electrons increases regardless of whether the 
copper oxide is n-type or p-type. 

In the La,_,A,CuO, series where A may be Ba, Sr, Ca, or Na, 
T, initially increases with increasing x but the Cu-0 distance is also 
decreasing. Which should we really be correlating with T,, the carrier 
concentration or the Cu-0 distance? The answer seems to be both. 
Application of pressure for a fixed composition causes an increase in 
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T,, and this then suggests that the correlation between T, and Cu-0 

distance is meaningful. On the other hand, the case for a correlation 

between carrier concentration and T, is even more convincing. In the 

p-type materials of the La2_x_ySrxRyCuOd_E series, there are many 
examples of T, actually decreasing as the Cu-0 distance decreases. 

However, in all of these cases, an excellent correlation between carrier 

concentration and T, remains (14). 

We can conclude then that our best correlation with T, is the 
carrier concentration of electrons or holes. The correlation of T, with 

Cu-0 distance appears to be real, but is easily overwhelmed by the 
correlation with carrier concentration. In cases where the Cu-0 dis- 

tance is known but the carrier concentration is basically unknown, we 

can suspect that the strong correlation between T, and Cu-0 distance 

may be basically related to the correlation between carrier concentra- 

tion and Cu-0 distance. 

Knowing that T, is highly correlated with carrier concentra- 
tion does not necessarily make life simple for those synthesizing 

superconductors. Frequently, we are unable to obtain the ranges of 
carrier concentration we would like to investigate. Even more 

troubling is that many of the oxide superconductors are electronically 
inhomogeneous at certain carrier concentration ranges. As previously 

discussed, this does not necessarily suggest phase segregation. 
Actually, there may be no composition in some systems where lack of 

homogeneity is not very troubling. These problems with homogeneity 
in no way invalidate the general trends we see with carrier concentra- 

tion and T,. However, it does mean that the actual values of carrier 

concentration may not relate well to correct theory because measured 

properties are from samples which have variations of carrier concen- 

tration on a microscopic level. 
It currently appears that the only way to systematically vary 

the carrier concentration is through point defects. Band structure 

calculations had suggested that the carrier concentration in the 

Cu3d,2_,2-02p dc band could be altered by overlap with the Bi6p 

band in the Bi2Sr2Can_1Cun02n+4 superconductors. However, this 
conclusion is unreasonable from a chemistry point of view because it 

is akin to the oxidation of Cu” by Bi”’ or the even more implausible 
the oxidation of 0-I’ by Bi”‘. We now know that the band structure 

calculations gave erroneous results because they were based on the 
ideal structures, which deviate greatly from the real structures. _. 
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Recent band structure calculations have confirmed that the Bi6p band 
moves away from the Cu3d,z_,z-02p @ band as one approaches the 

real structure of the Bi2Sr2Cal_nCun02n+4 phases (15). The question 

of whether or not the T16s band overlaps the Fermi level is still 

unsettled. However, the T, in (TIO),Ba2Ca,_,Cu,02,+2 superconduc- 

tors is so readily altered by doping on Ba and Ca sites that it appears 

that T16s band overlap is not a significant factor in determining the 

carrier concentration of the Cu3d,x,z-02p a* band. 
Something other than carrier concentration must be strongly 

influencing T, in the copper oxide based superconductors. It does not 
seem likely that the carrier concentration in the (T10),Sr2Ca,_1 

cu 0 n 2n+n phases greatly exceeds that in La2_,Sr,Cu04 systems. Hall 

data, in fact, indicate an even lower carrier concentration in the 

(T10),Sr2Ca,_1Cu,02n+2 superconductors than in the La2_,Sr,Cu04 

superconductors. On the other hand, muon spin rotation studies show 

a universal correlation between T, and the relaxation rate (16). The 

relaxation rate is directly proportional to the carrier concentration 

divided by the effective mass of the carriers. There is currently no 
good way to separate these two terms which impact the relaxation rate. 

However, it is tempting to conclude that the T, correlation with relax- 
ation rate means that the effective mass of the carriers is decreasing 

on going from La,_,A,CuO, to YBa,Cu,O, to (BiO),Sr2Ca,_rCu, 
0 2n+2 to (T10),Ba2Ca,_,Cu,02n+2 superconductors. The higher Tc’s 

of the Bi and Tl containing phases would then be associated with 

mixing of Bi6p and T16s states into the Cu3d,z_,z-02p a* band. This 

hybridization adds neither carriers nor total number of states to the a* 

band, but it could change the band width and the effective mass of 

charge carriers in this band. 

9.0 MECHANISM FOR HIGH T, 

There is still no consensus for a mechanism for the high T, in 

the cuprate superconductors. Nonetheless, we have learned much 

about the electronic structure of such materials. Some proposed 

theories may now be discarded. The discovery of the n-type cuprate 

superconductors was the clinching evidence needed to discard theories 

based on some unique feature of an oxygen 2p band, a liL band, or 
overlapping bands. The central question now for the cuprate 
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superconductors is the fate of spin correlations as the Cu” based 
insulators are doped. Certainly, these spin correlations are diminished 

with either n-type or p-type doping. Long range magnetic order 
disappears, and the materials become metallic. One line of thinking 

is that it is a vestige of this magnetic state which is indirectly 

responsible for superconductivity. A more traditional view is that 

magnetism and superconductivity tend to be mutually exclusive 

phenomena. The first role of doping is then to weaken the spin 

correlations sufficiently so that charge fluctuations can then dominate 

and produce superconductivity. Only this latter view is compatible 

with both the Bi-based and the Cu-based superconductors, and only 

this view will be further discussed here. 

Many of the features common to both the copper-based and 

bismuth-based superconductors have been discussed earlier in this 

chapter. One might say that these two types of superconductor differ 

in their isotope effects in a way that suggests a different mechanism, 

but this is not really the case. It is now generally agreed that the 

oxygen isotope effect in YBasCusO, is finite but quite small. 

However, it is also known that this fact alone cannot be used to 

discount a possible critical importance of the electron-phonon 

interaction in such superconductors. The oxygen isotope effect is 

pronounced in both La,_,A,CuO, and Ba,_,K,BiO, superconductors 

(17)( 18). Thus, we can be rather certain that the electron-phonon 
interaction is important for all these superconductors, including the 

cuprate superconductors with T,‘s above 100 K. 

I continue to believe that the mechanism for high T, lies in the 

tendency for disproportionation of the middle valence state, i.e., Cu” 
or BiIV (Figure 3). Such a tendency is well known in chemistry, as 

previously discussed in this chapter. A problem has been, and 

remains, that this tendency to disproportionate is not well understood 

in terms of physics. Nonetheless, this is a real phenomenum which 

inherently gives the electron-electron attraction required for super- 

conductivity. Such an approach to forming Cooper pairs necessarily 

means that there will be an electron-phonon interaction. Still, there 

may be important charge fluctuations that are not so strongly coupled 

to phonons, e.g., on-site polarizibility. This may also make a signifi- 

cant contribution to increasing T,. A serious problem in developing 

this view is that charge fluctuations in ferroelectrics such as BaTiO, 

(Figure 3) have never been well understood from a physics perspec- 
tive. 
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Electron-Electron Interactions and 
the Electronic Structure of Copper 
Oxide-Based Superconductors 

Jeremy K. Burdett 

1 .O INTRODUCTION 

This chapter will describe ways to understand the electronic 

properties of solids with special emphasis on the structures of the 

high-T, copper oxide based superconductors which form the basis for 

this book. We shall not attempt to discuss present theories of 

superconductivity, but will be concerned with the development of a 

theoretical framework to describe the electronic structure of these 

materials upon which a physical mechanism must be based. The 

approach is based on the coalescence of two viewpoints, both 

simplifications of ‘the quantum mechanical truth’ which enable us to 

gain a feel for the important electronic effects which control structure 

and the arrangement of the electrons in the energy states open to them. 

Although the focus of physical theories of superconductivity has lain 
with ‘exotic’ and non-conventional ideas, we will see that many of the 

geometrical features of these materials may be understood in quite 

conventional chemical terms. Given that structure controls function 

in all areas of chemistry, the importance of such a viewpoint will 

become apparent. We can too, glean important information concern- 

ing the electronic structure of these materials by comparing the 

predictions different electronic models make for some specific 

geometrical observations. 

735 
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2.0 ONE- AND TWO-ELECTRON TERMS IN THE ENERGY 

Chemists are familiar with the Tanabe-Sugano diagrams used as 

a basis for understanding the electronic spectra of transition metal 

complexes (l)(2). A typical picture is shown in Figure 1 for the 

specific case of the octahedral d8 configuration. At the far left-hand 

side of the diagram the energetics of the system are described in 

terms of the free ion. The energies of the levels are usually 
given in terms of the Racah parameters A, B and C, which describe 

various combinations of the Condon-Shortley parameters used to 

define the different types of electron-electron interactions present. 

These two-electron terms in the energy are of the Coulomb and 

Exchange type, and both are coulombic in origin, containing an 

operator of the form rij-‘, the inverse of the distance between 
electrons i and j. The coefficient describing the contribution of the 

Racah A parameter to the energy depends only upon the number of 

electrons, and thus the energy differences between the atomic terms 

are controlled by the relevant B and C parameter coefficients. B and 
C are often found to be related by a factor of 4, so one parameter is 

sufficient to describe these energy differences. At the far right-hand 

side of the diagram the energetics in the strong-field limit are heavily 

influenced by the one-electron terms, A, the &/es splitting in this 
particular example. In order to calculate the energies of the electronic 

states here, we use the wavefunctions constructed by consideration of 

the relevant occupation of the one-electron orbitals set by the crystal 

field splitting A, and then calculate the contribution from the 

two-electron terms mandated by this electronic description. At the 

left hand-side of the diagram, the weak field limit, the energies of the 

electronic states are obtained by taking the wavefunctions set by the 

two-electron operator rij-l, and then using the one-electron parameter 
A as a perturbation. (There is an assumption that A, B and C 
represent the same physical property at both left and right-hand sides 

of the picture.) There are some differences between the predictions 
of the two approaches. For example, the Crystal Field Stabilization 

Energy for the electronic ground states of high-spin d2 and d’ systems 

depend upon which regime is in force. We shall see below the reason 

for this. Both approaches are ways to include the effects of both one- 
and two-electron energy terms. Recall that the one-electron terms are 

those energetic contributions arising from that part of the Hamiltonian 
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which contains rl-r, where ri is the distance between electron i and the 
nucleus. Examples are the Huckel o and /3 integrals. The ‘overlap 
forces’ of the chemist are thus one-electron terms. The two-electron 
terms are those containing rij-‘, where rlj is the distance between 
electrons i and j. They include the Coulomb repulsion and Exchange 
terms. 

When viewing the structures of molecules and solids, chemists often 
focus on the viewpoint of the right-hand side of the diagram by 
considering the one-electron energy as dominant in a first approxima- 
tion, and then considering the effects of the two-electron terms in 
more detail (the strong-field limit). Many of the simple orbital 
theories used in molecular chemistry ignore the latter completely in a 
formal sense, but close examination often shows that such many-body 
effects are subsumed into the parameters of the one-electron model. 
As an example consider the Huckel p parameter, used extensively to 
understand the properties of conjugated organic molecules. The model 
may be used to study, amongst other things, the n-delocalization 
energy, the absorption maxima of these hydrocarbons and their redox 
potentials. However the numerical values of /3 which need to be used 
to get good agreement with experiment vary. In these three examples 
the values are -0.69, -2.71 and -2.37eV respectively (3). Thus we 
should realize that the use of such simple (but often very successful) 
models often hides some deeper considerations. 

There are several examples we could use to illustrate the interplay 
of the various factors which control the structures of molecules, but 
consider the case (2) of complexes of Ni+2. At the octahedral 
geometry with two electrons in an es orbital it is easy to generate via 
the symmetric and antisymmetric direct products of es, three 
electronic states sA2,, ‘Al, and ‘Es. Their energetic ordering is given 
at the right-hand side of Figure 1, obtained in the manner just 
described. Let us focus on the two lowest energy states of this 
example. The energetics associated with a D,, distortion can be readily 
understood by consideration of the energy changes of the es orbit& 
on distortion (Figure 2a) usually associated with changes in the 
one-electron part of the energy, namely via changes in orbital overlap. 
The ‘E, state is Jahn-Teller unstable at this geometry, and one 
component of it is rapidly stabilized during a distortion which 
lengthens two trans ligands to such an extent that they are lost from 
the complex altogether, leaving a low-spin (diamagnetic) square- 
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planar molecule (Figures 2b,c). The ‘A,, state is destabilized during 
such a distortion as may readily be seen from the orbital picture. One 
electron has to reside in each component of err. From these figures we 
can thus say that if a given NP2 complex is paramagnetic (high-spin) 
then it will be octahedral, but if it is diamagnetic (low-spin) then it 
will be square planar. What is less quantifiable is the answer to the 
following question. Given a Ni+2 ion and a collection of ligands, will 
the system be high or low spin? I.e., which diagram will be appropri- 
ate, 2b or 2c. It is the balance between the change in the one- and 
two-electron terms in the energy on distortion which is very difficult 
to accurately measure or estimate. If the geometry itself does not 
change dramatically on moving from high-spin to low-spin then the 
situation is a little simpler. Use of Jorgensen’s empirical rules (4) 
which allow estimation of A and B for a given collection of metal and 
ligands is often useful in making a prediction in this case. In general, 
if we define a parameter U, the energy cost associated with placing 
two electrons in the same orbital then the condition for stability of the 
singlet relative to the triplet, for the problem of two electrons and two 
orbitals separated in energy by A, is roughly A > U. In fact to be more 
correct we need to include in addition to U the change in exchange 
energy associated with the spin change. For the d4 configuration, for 
example, the coulomb part of the ‘pairing energy’ is 2C, and the 
exchange part 6B + 3C in terms of the Racah parameters. In our 
discussions below of the copper oxide problem, we will however, face 
the more complex problem associated with the additional change in 
geometry. 

There are some generalizations though which are useful. Electron- 
electron repulsions (A, B, C) in second and third row transition metal 
ions are smaller than those in their first row analogs, a result often 
attributed to the larger size of the heavier atom, with its commensu- 
rately larger electron-electron separations. Contrarily A is larger for 
the heavier analogs. Thus A/B lies further to the right of Figure 1 for 
the heavier transition elements than for the first row ones. The 
chemical effects of these trends are of textbook importance. Second 
and third row complexes are invariably of low spin and are colorless, 
compared with their high-spin and frequently highly colored, first 
row analogs. 

There is another important effect which influences the ordering of 
the electronic states. Square cyclobutadiene is an organic molecule 
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with strong electronic similarities-to the NP2 problem. It has two 
electrons in an e, orbital. On distortion this doubly degenerate level 
splits apart in energy in just the same way as the es orbital does in the 
Ni+2 example (Figure 3a). At the square geometry this configuration 
leads to a triplet state ‘Azs and three singlets. (No degenerate 
electronic state results from this electronic configuration in this point 
group and the molecule is pseudo-Jahn-Teller unstable via a second 
order mixing of ‘B,, and ‘A,, states.) Our discussion above suggests 
that it is the triplet which will be the lowest energy state, and from 
calculations close to the Hartree-Fock limit it is indeed found (5) that 
the triplet state lies lower in. energy than any singlet state. In 
Hartree-Fock theory the mean-field approximation is used which 
requires each electron to move in the mean field of all of the others. 
This is not true of course. Electrons being of the same charge will 
tend to avoid each other and become correlated. Configuration 
interaction partly takes care of this electron correlation, by mixing 
excited states into the ground states via the rij-’ operator. Inclusion of 
configuration interaction for the cyclobutadiene problem depresses the 
lowest singlet so that it is calculated (6) to lie beneath the triplet at this 
geometry (Figure 3b). This effect is expected to be most important 
for singlet states, since in the triplet state the electrons are already 
correlated to some degree. Another example which shows some of the 
quantitative aspects of the problem is shown in Figure 4 for the lowest 
energy states of atomic magnesium. It has long been known that of 
the two states arising from the (3s3d) configuration, it is the singlet 
which lies lowest in energy, rather than the triplet which simpler 
theories would suggest. Strong configuration interaction with the ‘D 
state arising from the (3~)~ configuration depresses the ‘D state arising 
from the (3s3d) configuration. The effect is quite large, and a 
numerical calculation (l)(7) which reproduces the experimentally 
observed energies leads to a heavy mixing of the two states such that 
now the ‘(3s3d)’ state contains some (3~)~ character. Thus as a result 
of the mixing we would write V(3s3d) = aQ(3s3d) + bQ(3p)2. In this 
particular case the mixing is heavy; the lower energy state contains 
25% (3~)~ character. It is configuration mixing of this type which is 
behind the differences in CFSE mentioned earlier for the d2 and d7 
systems in the strong and weak field limits. 

There is another way to gain some understanding of the concept of 
configuration interaction, and how the idea may be used to understand 
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electronic structure, and that is to see how the electronic description 

of a molecule, such as that of H, varies with internuclear distance. 

Recalling the traditional molecular orbital approach (Mulliken-Hund 

= MH) to the chemical bonding problem we would write a singlet 

wavefunction of the type (ignoring normalization and antisymmetriza- 

tion for the time being) 

l&H = <+1+ &J(l)(Ol + W(2) 

= 4q1)4,(2) + 43(1>~2(2> + 4qwhm + 4ww) (1) 

to describe the state. Two electrons reside in +I + &, the lower energy 

bonding orbital formed by overlap of the two H 1s atomic orbitals, 

$I,& on the two centers. We can readily evaluate the one-electron 

energy of this problem by setting <ol 1 H 1 ol> = <& 1 H 1 OS> = 01 and 

444 +2> = p. This is the simple Huckel model and the total 

one-electron energy (for the two electrons) is ~(CY + p) where CY, /3 < 0. 

A natural outcome of the formulation of eqn. 1 is that the two 

electrons are allowed to simultaneously reside on one of the two atoms 

via the presence of the terms @1(1)(#,(2) + (#)s(1)&(2). If the electro- 

static interaction energy of two electrons located on the same atom is 

U, then the crudest way to estimate the two-electron part of the 

energy is to multiply U by the probability of finding the two electrons 

on the same atom. This is l/2, so that the total energy is simply 

E = ~(CY +B) + U/2 (2) 

Such a simple treatment ignores the exchange energy which we would 

get by using the antisymmetrized form of eqn 1. As the H-H distance 

increases the chance of two electrons residing on the same atom 

becomes less likely and the molecular orbital model less appropriate. 

Imagine the extreme case at infinite separation, where each neutral H 

atom holds just one-electron and never two, in the lowest energy 

arrangement. Now we would write a localized (Heitler-London = HL) 

wavefunction to describe this state of affairs of the form. 

$, = 4qlb#q2) + 43(1)4q2) (3) 
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In the molecule there is another singlet electronic state, one of higher 

energy than ‘Qn obtained by locating two electrons in the antibond- 

ing orbital. (The energy separation between bonding and antibonding 

levels is simply equal to 2p.) This is given by 

W,, = (91 - Q(l)& - @s)(2) 

= &(1)$1(2) + $2(1)$2(2) - $1(1)@2(2) - $2(1%(2) 

and its energy is readily obtained as 

E’ = 2(a - B) + u/2 

(4) 

(5) 

One way to describe the electronic situation at an intermediate 

geometry can be obtained by starting off with \E,, and mixing in a 

contribution from this higher energy electronic state as a configuration 

interaction, viz. 

%c, = a’*.,, + b%‘,, 

= W+,(l)&(2) + +s(l)+s(2)) + ~1(1)~s(2) + &(1)$1(2) (6) 

where X varies from 0 (H-L) to l(M-H). This allows a gradual change 

from the M-H to H-L description. The operator used in the process 

is just the on-site interelectron repulsion rij-‘. The new energy is 

simply E,, = ~(CY + /3) + (X2/2)U and indicates a decrease in electron- 

electron interaction energy which we naturally associate with the 

improved electron correlation as described earlier. 

There is a triplet state for this molecule which is simply 

written as 

3Q = ($1 + &)(1)(+1 - &)(2) + (01 + O&(2)($1 - Q(l) (7) 

with an energy of 2a. Thus the condition for stability of the ground 

state singlet relative to the triplet is 2(a t /3) t (X2/2)U < 2a, i.e., 148 1 

> X2U, or U/ 148 1 -c 1/X2. This is a result similar to that of the balance 

between one- and two-electron terms in the energy which determine 

the geometries of high spin and low spin complexes. Notice that 
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configuration interaction provides an extra stabilization of the singlet 

over the triplet, a result analogous to that found in cyclobutadiene. 

Finally there is another singlet state, with the same orbital 

occupation as %. Its wavefunction is simply written as 

w = ($1 + +2)(1)(+1 - (#g2) - <+1+ ~2)(2)(~1 - 02)(l) (8) 

It is less stable than the triplet by the exchange interaction between 

the electrons. 

An alternate route to the electronic problem starts off at the 

HL limit and adds in the effect of the overlap interactions between the 

atomic orbitals $r and 4s (= /3). Our treatment is adapted from that in 

reference 8. The complete set of singlet states of the problem are 

\E, = 2-‘/s[+,(l)t#q2) + $##q2)1 

\E, = ~2(1)&?(2) (9) 

Xl!,, is just a normalized version of ‘ilr,, used earlier. The energies of 

these states are easy to calculate. \Ir, does not allow the two electrons 

to reside in the same orbital (energy = 2o) but this is not the case in Q, 

and 9, (energy = 2~3 + U). The matrix element coupling \Ir, to 9‘, and 

\E, is easily seen to be 2-li2/3, which leads to a Hamiltonian matrix of 

the form 

2cY 2-93 

2-q 2a + u 
2-q3 0 

to give a ground state energy of 

2-q9 

0 

2cY + u 

E = 2a t (1/2)U - (482 + (1/4)us)r/s 

- 2(a t /9) t (1/2)U - /3cs (11) 
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where n = U/4/?. The new wavefunction, correct to a normalization 

constant, is 

q) = $) + 2-1/s ((l+ Icy2 - K)(!P, + \E2) (12) 

Notice the appearance both here and above of the vital parameter 

U/4p which is the measure of the importance of the two-electron 

terms to the one-electron ones. This discussion is exactly analogous 

to the Hubbard treatment of solids which we will study below. 

In describing the electronic states of molecules there are 

therefore two important effects to be considered associated with 

electron-electron interactions. The first, approachable using Hartree- 

-Fock theory, is the repulsion associated with electron pairs occupying 

the same region of space. This is how such interactions are accommo- 

dated in the strong-field limit of the transition metal complex of 

Figure 1 and in the H, molecule via equation 2. These are of two 

types, coulomb and exchange. The second effect is associated with 

electron correlation and is dramatically demonstrated numerically by 
the figures for atomic magnesium in Figure 4. For the H, molecule 

we showed analytically how a reduction in electron-electron repulsion 
occurs by using either configuration interaction with the M-H states 

(equation 6) or by switching on the effect of the one-electron 
interactions with the H-L states. The results show that the delocalized 

model will be most appropriate for short internuclear distances and a 

localized model for longer ones. A useful parameter with which to 

describe the transition between the two is the parameter n. The 

one-electron terms increase in magnitude as the overlap increases, i.e., 

as the interatomic distance decreases. The structures of solids, really 

large molecules, can be approached using a similar philosophy. 

Systems which lie to the left-hand side of Figure 5 can usefully be 

described by a molecular orbital or band model where the importance 

of interorbital interactions, via the resonance or interaction integral of 

the chemist or the hopping or transfer integral of the physicst, are of 

paramount importance. In this case the electrons are delocalized 

throughout the material. Systems corresponding to the right-hand side 

of Figure 5 are described by localized models where the electrons are 

non-itinerant. It is not uncommon to find a system where one part of 

the orbital problem is descibed by localized, and the other by 

delocalized interactions (9). Transition metal oxides are a case in point. 
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Figure 4: Effect of configuration interaction on some of the states 
of atomic magnesium. 
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Figure 5: Areas of validity of Mulliken-Hund (M-H) and Heitler 
London (H-L) viewpoints. IC is the ratio U/4/3, the ratio of one of the 
two-electron terms to a multiple of one of the one-electron terms. 
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In the hybrid situations, the middle ground of Figure 5, although we 

recognize the importance of these many-body terms, we shall seek 

orbital or one-electron arguments to probe the nuances of geometrical 

structure. This is just as true when looking at the interatomic 

separations of transition metal compounds (traditionally treated by 

crystal field theory, but now studied using molecular orbital ideas) as 

it will be in these superconductors. 

3.0 ENERGY BANDS OF SOLIDS 

To develop the energy bands of solids it is useful to recall the 

standard method of generating the energy levels of molecules. Our 

approach will follow the detailed discussion of reference 10. Let us 

take a molecule which is described by the point group G and has a 

collection of symmetry elements g E G, and a set of basis orbitals (9i}. 

For reasons that will become clear choose G to be a cyclic group 
which would, for example, describe the rr orbitals of the benzene 

molecule, or the equilateral triangular structure of cyclopropenium, 

C,H,+. The symmetry elements g simply take one orbital to another 

one in the ring. For example a C,” operation takes +I to @l+n. There 

are the same number of symmetry elements in this group as A (for 

example) orbitals in the ring so each symmetry element takes the 
starting orbital to a different orbital of the ring. We may construct 

symmetry adapted linear combinations of the basis orbitals in the 

standard group theoretical way. For the kth irreducible representation 

of G, the resulting molecular orbital, &, is 

W) = C, xNAv& (13) 

where x(k,g) is the character of the kth irreducible representation 

corresponding to the operation g. If there is only one possible $ (k) as 

in the benzene case then the energy of the molecular orbital is found 

by substitution into the wave equation 

=k = 4(k) 1 H 1 Wb/4W 1 t/W+ 

For the case where there are two orbitals of the same symmetry, for 

example the A orbitals of the BsNsH, molecule then they will interact 
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with each other and solution of a secular determinant is needed to get 
their energies. 

Now let us move to solids. Here instead of a point group, the 
system is described by a space group. The simplest way to appreciate 
how the electronic structure evolves is to envisage an infinite chain of 
atoms (orbitals) described by a translation group T with a collection of 
symmetry elements t IZ T, and a set of basis orbitals {pi}. We usefully 
point out the analogies to the molecular case just described. Just as in 
the cyclic molecule where there was a collection of symmetry 
operations which took the starting orbital to each other orbital in the 
ring, so the translation group contains a collection of symmetry 
elements which take the starting orbital to every other orbital of the 
chain. Using this new group we can generate the symmetry adapted 
linear combination of orbitals in an exactly analogous way to that of 
equation 13. 

(15) 

Just as for the cyclic group each irreducible representation is repre- 
sented once in the collection of ‘molecular’ (now called crystal) 
orbitals, and there are now a very large number of them corresponding 
to the number of atoms in the crystal. For the translation group 
however, the characters take on a particularly simple form. 

xW) = exp(ikr) (16) 

where k is defined a little differently to the molecular case to take into 
account the infinite nature of the solid. If a is the repeat distance 
along the chain, then r is the distance associated with a particular 
translation t, k is called the wavevector and takes values from 0 to a/a. 
Thus the discrete set of levels found for the molecule is replaced by 
a continuous set in the solid, the energy band of orbitals. Figure 6 
shows the situation for the solid-state analog (polyacetylene) of the 
benzene molecule. At the bottom of the band where k = 0, there are 
no nodes between the orbitals. At the top of the band where k = Ir/a 
there are nodes between each adjacent orbital pair. The similarity to 
the molecular picture is thus a clear one. k may be regarded as a node 
counter. Notice that the width of the band is given on this simple 
model by 48, where ,/3 is the interaction (transfer or hopping ) integral 
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Figure 6: (a) Energy levels and orbitals of the rr-system of benzene, 
and how they are related to the energy levels of polyacetylene 
(CH),. (b) Notice how the top and bottom of the energy band lie at 
exactly the same energy as the most antibonding and most bonding 
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Figure 7: A similar diagram to that of Figure 6, except that the 
heteroatomic molecule BsNsH,, and the hypothetical polymer (BNH,) 
is used. 
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between the atomic orbitals concerned. 

The extension of the picture to the case of a chain containing 
different atoms is straightforward. Now we have to solve a secular 

determinant and the result is two energy bands split apart in energy. 
The quantitative similarity to the case of the B,N,H, molecule is 

shown in Figure 7 where we use the (unknown) borazine analog of 
polyacetylene. It is a relatively simple matter to draw out the form of 

the wavefunctions for various k. If 1 aN 1 > 1 aB 1 (as it is) then we 

would describe the deeper lying (bonding) band as largely N in 

character and the higher lying (antibonding) band as largely B in 
character, just as we would to describe the molecular orbitals. For the 

case of the copper oxides the difference in the Q values is small and 
the mixing between the two is large. This mixing is sometimes 

described as ‘covalency’ of the Cu-0 bond. Notice that the antibond- 
ing character, not only of the molecular orbitals, but of the crystal 

orbitals comprising the energy band, increases as the energy increases. 
The electronic situation we have described is directly applica- 

ble to two chemical situations which we will discuss in this chapter. 

The first is the series of systems with empirical formula PtL,X 

(L=amine, X=halogen) shown in Figure 8a. Here the system is 
one-dimensional and the important orbital for our purposes is the z2 

orbital of the PtL, fragment which lies parallel to the chain direction. 

The energy bands are developed in Figure 9a, a picture very similar 

to that of Figure 7. The second situation is found in the two-dimen- 

sional sheets of stoichiometry CuO, found in the high T, supercon- 

ductors. Here the relevant copper orbital is x2-y2 and the approach 

we have used applies to the two (x,y) directions defined by the lobes 

of this orbital. The amount of metal or non-metal character in the 

highest energy band will clearly depend upon the relative energies of 
the atomic orbitals which go into the model. For copper and oxygen 

the relevant ionization energies are close and so the two will be heavily 

mixed as a result of their interaction. In both the platinum chain 

compounds and in the copper oxides these bands are half occupied, or 
close to it. Before concluding this section we should note two points. 

First the orbital model will only be a good description in those cases 

where the ratio of the one to two-electron energy terms is large. 

Second, even if these conditions are satisfied we need to add on the 

two-electron terms to the simple model, in both of the ways described 

for molecules in Section 2.0. 



752 Chemistry of Superconductor Materials 
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Figure 8: (a) The one dimensional platinum chain compound 
PtL,X+2 chains (X = halide, L = NH,, NEtH, etc.) and its undistorted 
nickel analog (11). (b) The perovskite structure. (c) The structure of 
the two dimensional CuO, sheets found in all copper-containing 
high-T, superconductors. 
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Figure 9: Construction of the energy bands of undistorted one 
dimensional chains and two dimensional sheets of (a) the platinum 
amine halide system where the z2 orbital is used, and (b) the CuO, 
sheet where the x2 - y2 orbital is used. Notice the strong similarities 
in orbital character, and compare with Figure 7b. 
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4.0 THE PEIERLS DISTORTION 

Chemists are very familiar with the Jahn-Teller distortion in 

molecules which lifts the degeneracies of electronic states. In Figure 

2 we showed how the geometrical change associated with a Jahn- 

Teller distortion led to a stabilization of one component of the 

degenerate ‘Es state of an octahedral Ni+2 complex. This resulted 

from the half filling of the es pair of orbitals. In solids exactly 

analogous distortions are associated with half full energy bands. (In 

fact distortions can and do occur at other fillings but we will not 

consider them here.) Electron counting in the platinum chains and in 

the 2-1-4 superconductor (La,CuO,) quickly shows that the highest 

energy orbital of the building block of the solid is half full. Let us 

assume for the present that all of the electrons are paired up so that all 

the levels in the lower half of the energy band are full of paired 

electrons. A typical diamagnetic metal should result. In the platinum 

example a d’ configuration results which leads to half-filling of the 

z2 orbital of the square planar PtL, unit, and in the dg 2-l-4 com- 

pound by half-filling of the x2-y2 orbital of a CuO, unit. Notice that 

these d” labels allow us to effectively count electrons. We do not mean 

to imply that they reside in orbitals containing 100% d character. As 

we have already noted heavy admixture of central atom and ligand 

orbitals often occurs. The result is then a half-filled band in the solid. 

Figure 10a shows how a distortion of the type shown cleanly 

splits the band into two, converting what would be a metal into a 

semiconductor or insulator. The splitting pattern should be compared 

with the molecular one of Figure 2a. Figure lob shows another view 

of the distortion where we plot the energy of the orbitals against k, the 

wavevector. This emphasizes that it is the levels around the Fermi 

level (the highest filled level of the solid for the cases here) which are 

most strongly affected by the geometrical change. Thus removal of 

electron density from this band by doping the material with electron 

acceptors will tend to decrease the electronic driving force for such a 

distortion. Analogously, addition of electron density will do the same. 

Figure 1 la also shows a description of the change in the wave 

functions which describe the energy bands. Notice that the lower 

energy (and full) band of the two is now largely associated with the 

square planar Pt atom and the higher energy (and empty band) is 

associated with the six coordinate Pt atom. Thus we would describe 
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Figure 10: (a) Splitting apart of the half-filled band on the asymmet- 
ric distortion of Figure 8a. This is the higher of the two bands of 
Figure 9(a). Notice the change in orbital character as a result of a 
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Figure 11: The Hubbard picture for the half-filled band. Energy vs 
the parameter W/U. 
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the distorted structure as a mixed valence one containing Pt” and PtIV 
centers. In the analogous copper oxide case Cu” 4 Cu”’ + Cu’. 
Clearly from Figure 10a there is a one-electron stabilization for the 
process, but the distortion puts two electrons onto the same atom (Pt’I’ 
+ Pt”) during the localization. A large Coulombic repulsion (the 
two-electron energy term U) should result. Whether the distortion 
proceeds or not is a balance between the two. 

Before proceeding further we should think a little more about 
the meaning of this Coulomb U which we have just associated with 
two electrons being localized on the same atom (Pt”). In fact of course 
the electrons are paired in the diamagnetic metallic state too, so where 
does this U actually come from? A large contribution to its magnitude 
comes from the changes in the ionization potentials of the atom with 
oxidation state. In general there seems to be a roughly quadratic 
dependence of ionization potential on ion charge, the more highly 
ionized the atom, the more tightly bound the remaining valence 
electrons and the higher the next ionization potential. With such a 
quadratic dependence of ionization energy, the process M+” 4 M+(“-‘) 
+ M+(“+l) will not be favored. Thus the ingredients that go into this 
two-electron energy term may well be rather complex. 

Since electron-electron interactions appear to be less energeti- 
cally important for heavier transition metals it is then not too much of 
a surprise to discover that whereas for these platinum halides a 
distorted, alternating structure is found, the analogous structure is not 
found for the nickel analog of the one dimensional chain (11). In 
terms of higher dimensional problems a distorted structure of this type 
is found for the (three-dimensional) perovskite-like structure (Figure 
8b) of CsAuCl,, but not for the (two dimensional) perovskite-like 
copper oxide case. The observation is related to the molecular one 
described earlier. Pt” and Pd” are never octahedral, but square planar 
(i.e., ‘distorted’ in the present language) and diamagnetic. Ni” 
complexes are often octahedral (i.e., undistorted) and high spin. 
Similar considerations lead us to expect that the copper oxide system 
will not distort in a similar fashion. Indeed it does not. There are 
however, two mechanisms for stabilizing the undistorted structure. 
One we study in the next section, the other is the generation of a 
ferromagnetic insulator. 

Up until now, in this section, we have placed all of the elec- 
trons, paired, in the lower half of the energy band. There is, of 
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course, another way to arrange them. This is the ferromagnetic state, 
where each level of the band contains a single unpaired electron. 
Since there are no free states open to the electrons with this configura- 
tion the system is an insulator. This arrangement is clearly the 
solid-state analog of the molecular triplet state, and similar energetic 
condiderations should apply to those discussed above concerning their 
relative stabilities. If the energy band is centered at an energy CY, and 
has a width W (analogous to A in the transition metal case) then the 
one-electron energy of the half-full band is (Y - W/s for the diamag- 
netic metal, (W > 0) and simply o for the ferromagnetic insulator. Just 
as in the molecular case the two-electron contribution to the energy 
is zero for the ferromagnet but is equal to U/4 for the metal. Thus the 
condition for stability of the metal is just W/n > U/4 or W/U > lr/4, 
a result very similar to that derived for the molecular cases, both those 
of the transition metal complex and for the hydrogen molecule. As we 
noted specifically for the transition metal example, the model contains 
many simplifications. We should include in the solid, not only the 
on-site repulsions, U, but the inter-site repulsions, V, and also the 
inter-site exchange, J. Inclusion of these terms leads (12) to the more 
complex result W/x > U/4 - V + 3J/2. One of the very difficult 
problems in this area, which should be apparent already, is the 
numerical estimation of terms such as these. 

5.0 ANTIFERROMAGNETIC INSULATORS 

So far we have concentrated on an electronic description of 
these systems in which we have used a simple prescription of one- and 
two-electron energy terms, much akin to the discussion of the high 
and low spin complexes of Ni+2. One important topic yet to be 
discussed is the importance of electron correlation. We can use in a 
straightforward manner the ideas developed around this topic for the 
hydrogen molecule. Imagine a solid composed of weakly interacting 
atoms such as that described toward the right-hand side of Figure 5. 
Here we know that the material will be dominated by on-site 
electron-electron repulsion U so that movement of an electron from 
one center to another will energetically be unfavorable. Clearly an 
insulator will result from this state of affairs. For the case where U 
is small then the diamagnetic conducting state is a possibility. 
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Hubbard (13) elucidated a mathematical description of the change 
from one situation to another for the simplest case of a half-filled s 
band of a solid. His result is shown in Figure 11. For ratios of W/U 
greater than the critical value of 2/fithen a Fermi surface should be 
found and the system can be a metal. This critical point is associated 
with the Mott transition from metal to insulator. At smaller values 
than this parameter, then, a correlation, or Hubbard, gap exists and 
the system is an antiferromagnetic insulator. Both the undoped 2-l-4 
compound and the nickel analog of the one dimensional platinum 
chain are systems of this type. At the far left-hand side of Figure 11 
we show pictorially the orbital occupancy of the upper and lower 
Hubbard bands. 

The antiferromagnetic state described by the occupation of the 
lower Hubbard band is stabilized by inclusion of such electron 
correlation, but the ferromagnetic analog is not. This is a result 
exactly analogous to the stabilization of the lowest singlet state in 
cyclobutadiene below the triplet. For the simple density of states used 
by Hubbard in his treatment he showed in fact that the condition for 
ferromagnetism was 

U/d(2U + W)2 -4nWU) > 1 (17) 

an impossibility since the parameter n ~1. This is not a general result 
since we know indeed that ferromagnets do exist. In addition the 
treatment does not include the inter-site coulomb and exchange terms 
described in the previous section. 

There is another way of generating an antiferromagnetic 
insulator, and that is within the framework of Hartree-Fock theory 
(i.e., without correlation). Slater suggested (14) that if unrestricted 
Hartree-Fock theory were used then an electronic situation of this 
type could arise too. In orbital terms his formulation also involves the 
mixing in of higher energy orbitals of the band into the ground state. 
In fact the state which gets mixed in is the solid state equivalent of the 
singlet H, function given by Equation 8. Figure 12 shows how the 
metallic state slowly is transformed to the antiferromagnetic insulating 
state as a result of such mixing. We now have to use separate boxes 
for spin up and spin down electrons. The gap between occupied and 
unoccupied levels arises purely as a result of electron-electron repul- 
sions. This behavior is sometimes called a Spin Density Wave. At the 
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Figure 12: Generation of an antiferromagnetic insulator in the Slater 
approach. (a) The description of the insulator in terms of occupation 
of spin up and spin down bands and (b) how the up and down spins 
on adjacent atoms change as the on-site repulsion is gradually 
increased. When the on-site rep,ulsion is infinite two electrons are not 
located on the same atom. Compare this diagram with the bottom 
left-hand picture of Figure 11. 
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‘infinite U’ limit then each electron must be localized on separate 

atoms (the very bottom of Figure 12b) but for small U then the 

electron is not so localized. The two approaches to generation of the 

antiferromagnetic state have similar, but not identical origins. It is not 
clear at the time of writing this review whether the antiferromagnetic 

insulator found for these high-T, oxides arises via a spin density wave 

or via correlation. In Table 1 we summarize the electronic require- 

ments for these half-filled band situations in terms of four parame- 

ters, the change in the one-electron energy, and the contributions 

from U and V, the on-site and inter-site Coulomb repulsions 

respectively, and J, the intersite exchange repulsions (U > V > J). 

These are expressions evaluated by Whangbo (12) for the simplest case 

of a half-filled one-dimensional band. Relative to the metallic state 

the ferromagnetic insulator loses all of the one-electron stabilization 

afforded the diamagnetic half-filled band (W/z) but gains in electron- 

electron repulsion. The Peierls distortion gains in one-electron 

energy, Adist (< 0) but loses in terms of electron-electron repulsion. (6 

is a system-dependent weight and takes the value of 0 for a metal and 

l/2 for an antiferromagnetic insulator.) The antiferromagnetic 

insulator in the Slater scheme loses one-electron energy (A,,) but 

makes large gains in relief of Coulomb U. Relief of coulomb repulsion 

is a feature of the Hubbard approach too. The details of the sizes of 
the parameters involved will determine which state lies lowest in 

energy. Examples of each are known, and we refer the reader to an 

interesting article (15). Electron correlation is important in other ways 

since it influences the details of the Fermi surface. 

6.0 ELECTRONIC STRUCTURE OF COPPER OXIDE SUPER- 

CONDUCTORS 

In what follows we should bear in mind that the generation of 

a diamagnetic metallic state (irrespective of whether it is a supercon- 

ductor or not) will not be favored by a half-filled band of electrons. 

Either a Peierls distortion or the generation of an antiferromagnetic 

insulating state will result, with a ferromagnet being less likely for the 

reasons discussed. Superconductivity in these materials is in fact only 

observed if electrons are removed, or (less commonly to date) added 

to the half-filled band. Considerable effort is underway to theoreti- 
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Table 1. Energetics of Half-Filled Band Possibilities (12) 

System Stability Stability relative 

to Metallic Slate 

Metallic 

Ferromagnetic 

Peierls Distortion 

2a -W/II + (U+4V-2J)/4 

2a + 2(V-J) 

2a -W/lr + (U+4V-2J)/4 

+Adist + 6*(U_4V_2J)14 

0 

W/z - (U-4V+6J)/4 

Adis + 6*(U_4V+2J) 

Antiferromagnetic 2a -W/x + (U+4V-2J)l4 

-A he - 6*(U-2J) 

-Ahe - 62(U-2J) 

Figure 13: Energy bands for a CuO, plane showing the important dc 
and ?r* bands. The band derived from z2 varies in energy depending 
upon the location of the fifth and sixth oxygen atoms around copper, 
and is not shown. 
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tally describe this very complex electronic situation, some using 

variants of the ideas described here and others quite different. We 

shall focus here on how the structure of the solid is controlled by the 

electron occupancy of the energy bands in terms of the crystal orbitals 

themselves, but bearing in mind the complications to this picture 

provided by these many-body terms. 
We have already described the generation of the x2-y2 band of 

the CuO, sheet, of universal occurrence in all high T, copper oxides. 

Figure 13 shows the derivation of the other metal bands (16) of the 

system. The local CuO, (d’) unit is Jahn-Teller unstable and leads to 

a local geometry containing four short (in-plane) and two long 

(out-of-plane) Cu-0 distances. The d orbitals of such a local 

structure split apart in energy in a very characteristic way. We use the 

angular overlap method (3) to list the energies of several fragments in 

Figure 14. Recall that the angular overlap parameter e, increases with 

decreasing metal-ligand distance since this represents an increase in 

metal-ligand interaction. Thus systems with short Cu-0 distances will 

have energy bands which are wider than those with longer ones. The 

drop in energy of the z2 orbital as ligands are removed is quite 

apparent, and in all geometries where an ML, plane of atoms is 

preserved the highest orbital is the x2 - y2 one. Since the structures 

of these copper-based superconductors are derived from the perovs- 

kite structure, which contains linear chains of atoms . ..O-Cu-O-Cu- 

O... etc, linked into a three dimensional network, a reasonable 

approximation is to study the interactions of the metal atom orbitals 

with the ligands in just the same way as in a molecular complex. 

Thus, because of the geometry the ‘t2s’ set of metal orbitals may only 

be involved in I bonding with the oxygen atom, and the x2 - y2 and 

z2 orbitals are exclusively involved in a-bonding. This simplifies our 

discussion immensely. We shall show later an important role of the A 

orbitals in these systems. The large lobes of the z2 orbital point along 

the z direction where, depending upon the structure, there are either 

no atoms or one or two atoms with long Cu-0 distances. The highest 

occupied orbital for Cu” is therefore one which is almost completely 
x2 - y2 strongly mixed with some oxygen character. It is of interest 

to ask at this point how configuration interaction, demonstrably of 

importance at x = 0 in the generation of an antiferromagnetic 

insulator, changes this picture. Notice that the bottom of the ‘x2 - y2’ 

band (Figure 9b) is purely d in character by symmetry, but increas- 
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Figure 14: Energies of (T metal d-orbitals as a function of geometry 
using the parameters of the angular overlap model. 

W 

Figure 15: (a) One-band model where electrons are removed from 
the lower Hubbard band on doping. (b) One-band model where 
electrons are removed from the Ire band of the material on doping. (c) 
Similar to (b) but where the system is a normal metal described by 
(W/U) > (W/U),,, of Figure 11. 



Electronic Structure of Copper Oxide-Based Superconductors 763 

ingly heavy mixing occurs as the energy increases. Thus not only does 

the size of the antibonding interaction increase, but also the amount 

of oxygen character in the wavefunctions. Configuration interaction, 

which mixes in states derived from occupation of these higher energy 

orbitals will thus be expected to increase the oxygen character of the 

ground state, a result confirmed by numerical calculation. Compare 

this result with our earlier one for the effect of configuration 

interaction in the magnesium atom. An analogous picture would result 

if the antiferromagnetic state was of the Slater type. 

From Figure 13 it is clear that the next lowest energy band of 

the solid will be one which contains the metal-oxygen rr type orbitals. 

n-type interactions in these materials can be large and produce a band 
which lies lower in energy than cr, as confirmed (17) by good band 

structure calculations on these materials. Is it possible to end up with 

a situation where electrons are removed from this penultimate energy 

band rather than from the x2 - y2 band which has received most of 
our attention? This is not a trivial question and in studying this 

possibility reveals some of the competing elements in the electronic 

structure problem. Figure 15 shows three ways to put these ideas 

together for these compounds where we have drawn a level filling 
appropriate to a half-filled band. In Figure 15a is shown the result 

for the case where the correlation splitting of the x2 - y2 band is large 

enough to produce an insulator, but not large enough so that the lower 

Hubbard band is depressed below the level of the K band. This model 

then suggests that when removal of electron density from the system 

occurs, it takes place from x2 - y2. In Figure 15b is shown the result 

for the case where the lower Hubbard band is indeed depressed below 

the level of the rr band. This model would suggest that when removal 

of electron density from the system occurs, it takes place from the 

r-type orbitals. (We could easily envisage a third case where density 
was removed from both bands - a two-band model.) Which is the 
correct state of affairs is, once again, a balance between the one- and 

two-electron terms in the energy. Figure 15~ shows the case where 

the ratio of W/U is such that a diamagnetic metal is formed. We will 

in fact adopt the model of Figure 15a or 15c, and provide below some 

geometrical evidence for its correctness. In addition, experiments in 

the 2-1-4 series where electrons have been added to the dg situation, 

show that these species often behave in a similar way to those where 

electrons have been removed. We might expect rather different 
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behavior if in one case electrons were removed from a delocalized 
r-band but added to a partially localized u-band. 

The picture which we will use for the 2-l-4 compound is thus 
a simple one (18). The x2-y2 band (antibonding between Cu and 0) 
is approximately half full. Doping either with a 2-electron or 
4-electron donor (Sr+2 or Ce+4) results in the generation of a band less 
than and greater than half full respectively. The Cu-0 distance 
changes on doping in agreement with our model which predicts less 
overall bonding the more electrons in the antibonding x2-y2 band. 
The bond lengths increase in the order Sr+2 doping (less than half-full) 
< no doping (half full) < Ce+4 doping (greater than half full). The 
results are basically the same as we would expect from a system with 
and without the inclusion of configuration interaction, since this 
process involves the admixture of Cu-0 antibonding orbitals too. 
Note that in qualitative terms the bond lengthening will be the same 
whether it is the dc or ‘II* band which is variably occupied here. 

The l-2-3 compound (YBa,Cu,O,_& with 6 = 0 contains 
puckered Cu02 sheets which sandwich CuO, chains of atoms. Thus 
the metal atoms of the sheets are in square pyramidal coordination 
with a long axial bond (a memory of the Jahn-Teller instability of the 
octahedral structure) and the metal atoms of the chains in square 
planar coordination. Because the Cu-0 distances in the planes are 
significantly shorter than in the sheets, as Figure 16a shows, the x2-y2 
bands of the two units (actually the z2-y2 band of the copper atom in 
the chain because of its geometrical orientation) lie at different 
energies. Recall that the width of the band (4/3 on our simple model 
above) is controlled by the size of the interaction integrals along the 
chain direction, but the location of the band will be fixed by the sum 
total of all four interactions of the coordinated oxygen atoms with the 
z2-y2 orbital. In fact the two bands do overlap considerably such that 
there is electron transfer at S = Q from planes to chains. This leads to 
an increase in positive charge on the Cu” plane atoms and a decrease 
in positive charge on the Cu”’ chain atoms. The electron transfer here 
is very important since it is an internal doping mechanism to move the 
electron filling away from half full. 

The electronic properties should depend crucially on the details 
of the local geometry on this model, via the relative location of the 
two bands concerned. We see this in the dependence of T, on 6, which 
measures the oxygen stoichiometry in the l-2-3 compound, shown in 
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Figure 16: (a) Location of the x2 - y2 (planes) and z2 - y2 (chains) 
bands in the l-2-3 superconductor showing plane-chain electron 
transfer and the removal of the half-filled x2 - y2 band. (b) 
Variation in T, with oxygen atom stoichiometry showing the dramatic 
plunge at around 6 = 0.6. (c) Location of the x2 - y2 (planes) and z2 
- y2 (chains) bands in the l-2-3 system for 6 > 0.6 showing how 
plane-chain electron transfer is switched off and the half-filled x2 - 
y2 band is generated. 
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Figure 16b. Here we will only discuss one aspect of the interesting 
variation in structure with this parameter and that is one which may 
be directly related to the precipitous drop in T, at 6 - 0.6. Loss of 
oxygen from the S-O structure occurs from the chains and generates 
T-shape and dumbbell geometries in place of the square planar units. 
(The electronic effect of this is discussed elsewhere (19).) As seen in 
Figure 14 the highest levels of such units lie below those of the square 
planar levels. By the time S = 1 all of the empty (z2-y2) square planar 
levels have disappeared, the x2-y2 band is half full and the material 
should not be metallic. Indeed YBa2CusOB is a semiconductor. 
However superconductivity has disappeared by 6 - 0.6 when there will 
still be some x2-y2 levels available for this internal doping. It turns 
out that at around this stoichiometry the short Cu-0 distances 
perpendicular to the chain (1.85A) become even shorter (1.80A) (20). 
This structural change has been called (21) ‘the c-axis anomaly’. As 
shown in Figure 16c the result is to push the z2-y2 band to higher 
energy and thus to switch off the charge transfer. Now the half-fil- 
ling of the x2-y2 band is restored and superconductivity has disap- 
peared. The material becomes an antiferromagnetic insulator. Thus 
avoidance of the half-filled band is essential for the generation of a 
metal, and we can understand the present observations using some 
quite conventional chemical arguments. Consensus as to why such 
systems become high-T, superconductors has not yet been achieved. 
In this article we will not even speculate. 

7.0 THE ORTHORHOMBIC-TETRAGONAL TRANSITION IN 
2-l-4 

The focus of the previous section was on the interesting control 
of the electronic properties by the geometry. By concentrating on the 
orbital characteristics of the system, but bearing in mind the important 
effects of the two-electron energy terms, we were able to produce a 
working model of the system. Here we look at the factors controlling 
the energetics of the tetragonal and orthorhombic forms of the 2-l-4 
compound (La2_,Sr,Cu0,) which has been the subject of much 
discussion. Is it a Peierls distortion or is there something unusual 
about it? We shall tie the results to some details concerning the local 
geometry in the l-2-3 compound (YBa,Cu,O,_,). Here there are 
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puckered CuOs sheets containing a five coordinate, square pyramidal 
copper with an axial-basal angle (0 greater than 90”. 

The structures of the two forms of the 2-l-4 compound are 
shown in Figure 17a,b. The sheets are flat in the tetragonal and 
rumpled in the orthorhombic variant. It is now well established that 
as x increases from zero the energy difference between the tetragonal 
form and the more stable orthorhombic form decreases (5). The 
material ceases to become a superconductor once x is larger than -0.2, 
when the tetragonal form is now the only arrangement found, but we 
will not be concerned with this (important) observation. Increasing x 
in La,_,SrXCuOl leads to a depletion of the highest energy band of the 
system, which we have described as x2- y2. A calculated energy 
difference curve (22) between the two structures using band theory is 
shown in Figure 18. It is compatible with experiment, in that the 
tetragonal structure is increasingly favored with decreasing d count. 
Notice the crossover in relative stability around dg where the x2- y2 
band is half-full. Elsewhere (23) we discuss the shape of curves of this 
type and how they can be indicators of distortions of the Peierls type. 
The shape of this curve tells us definitely that this distortion is not of 
the Peierls type where a gap is opened at the Fermi level on distortion. 
Studies (24) by Whangbo and coworkers have also shown that this is 
not a Peierls distortion not only on symmetry grounds, but also by 
calculation. No gap is opened. 

Very interestingly a similar curve is found for the variation 
with d-count of the magnitude of the puckering distortion of the 
five-coordinate arrangement of the YBa,Cu,Oz compound in Figure 
17~. For ds systems < = 90”, but for dg systems e > 90”. Thus 
increasing d-count leads to a more pyramidal geometry. There is no 
experimental evidence to test this out since systematically doped 
systems have not been studied, but the calculated plot is exactly what 
would be expected from the well-established variation in molecular 
geometry with d-count for molecular five-coordinate transition metal 
systems (25). In all three cases, one molecular and two from the 
solid-state, it is the stabilization associated with the x2- y2 band or 
orbital (Figure 19), during the distortion which shifts the energy 
minimum of the structure away from those geometries with 90” and 
180” 0-Cu-0 angles. The driving force is the relief of strong 
antibonding interactions between metal x2- y2 and ligand Q orbitals. 
The destabilization of the occupied levels favors the tetragonal 
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Figure 17: Schematic structures of (a) tetragonal and (b) orthor- 
hombic forms of the 2-l-4 compound, (c) the l-2-3 compound, and 
(d) a single CuO, plane. 
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Figure 18: Calculated energy difference curve between the tetragonal 
and orthorhombic forms of the 2-l-4 compound as a function of 
d-count. Most of the plot is chemically meaningless, but it is the part 
around the dQ count which is of most interest. 
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Figure 19: Stabilization of x2 - y2 levels by loss of overlap in (a) 
puckering of l-2-3, (b) the tetragonal to orthorhombic distortion in 
2-l-4. The geometrical change has been exaggerated for effect. (c) 
Change in energy associated with increase off in the square pyramid. 
(d) Change in energy of the dc and rP bands during a distortion away 
from those structures with 0-Cu-0 angles of 90” and 180”. 
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Figure 20: Schematic variation in T, with copper-oxygen distance in 
three series of superconductors. (Adapted from reference 28). 
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structure as shown in Figure 19. The occupation of the x2- y2 band 
is reduced, as x increases from zero in the 2-l-4 compound, and the 
contribution to the stabilization energy on distortion from this source 
decreases. It leads eventually to the tetragonal structure becoming the 
lowest energy alternative. Notice that if it was depletion of the a band 
which was occurring here (one possible model noted above) then the 
geometrical distortion would have gone in the opposite direction with 
d-count. 

We believe then that the puckering distortion of the l-2-3 
compound and the orthorhombic distortion of the 2-l-4 compound 
arise via the same mechanism, controlled by the population of the x2 
-y2 band. The difference in the copper coordination number 
distinguishes the two. A puckering distortion is less appropriate in the 
six-coordinate 2-l-4 system than for the five-coordinate l-2-3 one, 
simply because there are oxygen atoms on both sides of the Cu02 
plane in the six-coordinate case. Thus a more complex distortion is 
found for the 2-l-4 compound. Electronic arguments are probably 
not the whole story here however. The orthorhombic to tetragonal 
transition in the 2-l-4 compound, and structural details in other 
high-T, systems, have been shown (26)(27) to be strongly influenced 
by interactions, either left out of the tight-binding calculation 
completely or not well modeled by it. These include ionic interactions 
between the copper oxide lattice and the cations, and the mutual 
repulsions of the oxygen atoms. As in almost all chemical problems of 
this type the overall picture is a mix of the two types of chemical 
forces. 

8.0 SUPERCONDUCTIVITY AND SUDDEN ELECTRON 
TRANSFER 

At this point it is pertinent to point out some general features 
of the electronic structure of these superconductors which may have 
a crucial bearing on their electronic properties. Figure 20 shows 
schematically (28) how T, varies with Cu-0 distance in three different 
series of superconductors. A common feature is a rise to a maximum 
and then a fall. For the 2- l-4 series, since increasing x is associated 
with a shortening of the Cu-0 distance, a similar plot is seen for T, 
versus x. Now as the Cu-0 distance decreases, we have noted that the 
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band width W increases. Certainly too as this distance decreases, the 

size of the copper-oxygen interaction increases so that the electrons 

may be more equally shared between copper and oxygen. In molecular 

orbital language the metal and oxygen coefficients will become more 

nearly equal. A natural result of this is a reduction in the effective 

value of U. Thus shortening the Cu-0 distance leads to a larger value 

of W/U and the system moves from left to right across the diagram of 

Figure 11. Is there a critical point on this picture where the electronic 

description rapidly changes? We can make a molecular analogy at this 

stage with the plot of Figure 21 which shows the electronic situation 

for the formation of a NaCl molecule from its atomic constituents. The 

molecule itself is best described by writing it as Na+CI-, whereas the 

isolated atoms form a lower energy state than the separated ions. In 

the language of the present chapter the large Coulomb U associated 

with the last two electrons in Cl-, relative to Cl*, destabilize the atom 

pair. There is thus a critical region where there is an avoided crossing 

of the two curves. At this point Mulliken described (29) the electronic 

situation of a ‘sudden electron transfer’ as the system moves through 

this region. Here the electron is rapidly transferred from sodium to 

chlorine. A similar description should apply to the solid, and a vital 

question (and one which we will not try to answer) is whether 

superconductivity is directly coupled to this electronic situation by a 

vibration which sweeps the system through this region. It would not 

necessarily be a soft vibration of the type prevalent in the lower 

temperature superconductors. The Cu-0 distance is fixed at a given 

distance by the x2- y2 electron density and the sizes of the electroposi- 

tive, cations as described above. The Cu and 0 character in the 

orbitals is controlled by the Cu-0 distance and also perhaps by the 

electronegativity of the other atoms in the structure. A qualitative 

argument would suggest that the more electronegative these atoms, the 

larger their involvement in the Cu/O framework and the smaller the 

electron density on the copper atoms, a result directly controlling the 
value of U. 
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Figure 21: Sudden electron transfer in sodium chloride. Curves 
before (a) and after (b) the avoided crossing. 
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9.0 SOME CONCLUSIONS 

A conventional electronic picture has allowed us to understand 

some fundamental structural aspects of these materials. By recogniz- 

ing the importance of the balance between the one- and two-electron 

terms in the energy we have been able to make analogies between 

these solid-state systems and ones from other areas of chemistry to 

provide insights into their behavior. The philosophy has been a clear 

one. Although the many-body terms in the energy are clearly 

important, and crucially control the electronic behavior, we have been 

able to understand much of what is going on by looking at the 

one-electron terms. We have, for example, shown how the bond 

lengths in the 2-l-4 compound respond to a change in the x2-y2 

electron density in accord with the Cu-0 antibonding nature of this 

band. The orthorhombic-tetragonal phase transformation in this 

compound is driven by a local geometric distortion which we have 

described not only in terms of the Cu-0 antibonding nature of the 

band, provided structural evidence that the important band is of dc 

and not Ir* symmetry. We predict similar control of the puckering 

distortion of the l-2-3 compound but there is no experimental data to 

test the hypothesis. Most strikingly perhaps the structural change at 

S - 0.6 gives an explanation of the loss of superconductivity using a 
simple orbital argument. Thus although unconventional models have 
been suggested for the mechanism of superconductivity several 

structural features of these materials are explicable using conventional 

orbital ideas. The approach presented here has been used to make 

predictions concerning other systems. In terms of the similarities 
between the platinum chain compounds and the chemistry described 

here, might it be possible to make a superconductor by doping the 
recently made (antiferromagnetically insulating) nickel analog (11) of 

these systems? 
The discussion of the stability of various electronic situations 

in these molecules and solids has focussed on the balance of one- and 
two-electron forces. One of the big problems of course is to actually 

calculate the magnitude of these, and then to decide how the structure 

of these materials determines the details of the overall electronic 

structure. In addition there is the other problem, which we mentioned 

in connection with the molecular Huckel model, of the frequent 

ambiguity in what the parameters of these models actually mean. The 
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factors behind the Coulomb U associated with the Peierls distortion 

for example are a complex blend of electron-electron and electron- 

nuclear forces. Finally we stress once again how the structural details 

are of crucial importance in controlling the electronic properties. 
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Appendix A 

Guide to Synthetic Procedures 

The reader may consult this compilation to quickly find 
procedures, or references thereto, for preparation of the various high- 
temperature superconducting oxide systems. The information provided here 
is intended to serve as a “starting point” for those seeking to prepare these 
fascinating compounds. Those seeking modifications of these procedures 
and/or more up-to-date protocols will find it useful to cite the references 
given here in the Science Citation Index and/or to consult Chemical 

Abstracts. 
This guide is organized according to the ideal chemical formula 

of the desired phase. The reader will be directed to the section(s) of this text 
containing pertinent synthetic information. In many cases, additional 
references to the literature that contain synthetic details have been included. 
Most of the information provided pertains to the synthesis of bulk 
polycrystalline and single-crystal samples; the preparation of high-quality 
superconducting thin films has been comprehensively treated in other books 
and only incidental information is included here. 

Those unfamiliar with preparative chemistry will find Chapter 5 to 
be especially useful as a general review of basic techniques in solid state 
synthesis and crystal growth. Other general information is found in Chapter 
6, (section 1.0) and Chapter 8, (section 2.0). Appendix B lists several texts 
dealing with synthetic solid state chemistry, and a short review of 
superconductor sample preparation is given in Chapter 5 of the book by 
Poole, Datta, and Farach. 

776 
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Several special issues of the Journal of Crystal Growth have 
appeared that focus on high-T, superconductors and contain a wealth of 
procedural information: 

Crystal Growth 1989, Proceedings of the Ninth International 
Conference on Crystal Growth (Sendai, Japan, 22-25 August 1989), J. 
Chikawa, J.B. Mullin, and J. Woods., Eds., J. CrystaZ Growth 99(1-4):915- 
975 (1990). 

High-T, Superconductors: Materials Aspects II, D. Elwell, M. 
Schieber, and L. Schneemeyer, Eds., J. CrystaZ Growth Special Issue 
91(3):249-469 (1988). 

High-T, Superconductors: Materials Aspects, D. Elwell, M. 
Schieber, and L. Schneemeyer, Eds., J. CrystaZ Growth Special Issue 
85(4):563-665 (1987). 

The nrocedures that follow are for bulk nolvcrvstalline samnles unless 
indicated otherwise. 

1. Crystals: Chapter 5, section 3.3 (“La2_,AE,Cu04...“) 

2. R.J. Cava, R.B. van Dover, B. Batlogg, and E.A. Rietman, Bulk 
Superconductivity at 36 K in La1.sSr0.2Cu04. Phys. Rev. Lett. 58(4):408 
(1987). 

3. J.M. Tarascon, L.H. Greene, W.R. McKimron, G.W. Hull, and T.H. 
Geballe, Superconductivity at 40 K in the Oxygen-Defect Perovskites 
Laz_,Sr,Cu04. Science 235:1373 (1987). 

4. T.C. Huang, J.B. Torrance, A.I. Nazzal, and Y. Tokura, A Study of the 
Superconducting La2_,Sr,Cu04 System by X-ray Powder Diffraction. 
Powder Diffraction 4(3):152 (1989). 
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YBa2Cu30, 

1. Chapter 5, references 15-17 

2. Chapter 7, section 2.0 

3. Crystals: Chapter 5, section 3.2 (“Overview of Flux Growth”), section 

3.3 (“BazYCu&“) 

4. Thick films: Chapter 7, section 2.4 (“Films”) 

5. R.J. Cava, B. Batlogg, R.B. van Dover, D.W. Murphy, S. Sunshine, 

T. Siegrist, J.P. Remeika, E.A. Rietman, S. Zahurak, and G.P. Espinosa, 

Bulk Superconductivity at 91 K in Single-Phase Oxygen Deficient 

Perovskite Ba2YCu30s_,. Phys. Rev. Lett. 58:1676 (1987). 

6. W. Sadowski and H.J. Scheel, Reproducible Growth of Large Free 

Crystals of YBa2Cu307_X. J. Less-Common Metals 150:219 (1989). 

7. D.W. Murphy, D.W. Johnson, Jr., S. Jin, and R.E. Howard, Processing 

techniques for the 93 K superconductor BazYCus07. Science 241:922 

(1988). 

8. G.F. Holland and A.M. Stacy, Physical properties of the quaternary 

oxide superconductor YBa2Cu307. Act. Gem. Res. 21:8 (1988). 

9. RBa2Cu307, R = rare earth: J.M. Tarascon, W.R. McKinnon, L.H. 

Greene, G.W. Hull, and E.M. Vogel, Oxygen and Rare-Earth Doping of the 

90-K Superconducting Perovskite YBa2Cus07_x. Phys. Rev. B 36( 1):226 
(1987); L.F. Schneemeyer, J.V. Waszczak, S.M. Zahorak, R.B. van 

Dover, and T. Siegrist, Superconductivity in Rare Earth Cuprate 

Perovskites. Muter. Res. Bull. 22:1467 (1987). 

10. R.L. Meng, C. Kinalidis, Y.Y. Sun, L. Gao, Y.K. Tao, P.H. Hor, and 

C.W. Chu, Manufacture of Bulk Superconducting YBa2Cu307_x by a 

Continuous Process. Nature 345:326 (1990). 
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11. F. Holtzberg and C. Field, Crystal Growth and Characterization of the 

High Temperature Superconductor YBa$us07_,. Eur. J. Solid State Inorg. 

Chem. 27(1/2):107 (1990). 

1. J. Karpinski, E. Kaldis, E. Jilek, S. Rusiecki, and B. Bucher, Bulk 

Synthesis of the 81-K Superconductor YBa2Cu408 at High Oxygen 

Pressure. Nature 336:660 (1988). 

2. D.E. Morris, J.H. Nickel, J.Y.T. Wei, N.G. Asmar, J.S. Scott, U.M. 

Scheven, C.T. Hultgren, and A.G. Markelz, Eight New High-Temperature 

Superconductors with the 1:2:4 Structure. Phys. Rev. B 39(10):7347 

(1989). 

3. D.E. Morris, N.G. Asmar, J.Y.T. Wei, J.H. Nickel, R.L. Sid. and J.S. 

Scott, Synthesis and Properties of the 2:4:7 Superconductors 

R2Ba4Cu7015_x (R = Y, Eu, Gd, Ho, Er). Phys. Rev. B 40( 16):11406 

(1989). 

4. D.M. Pooke, R.G. Buckley, M.R. Presland, and J.L. Tallon, Bulk 

Superconducting Y2Ba4Cu~015_x and YBa2Cu408 Prepared in Oxygen at 

1 Atm. Phys. Rev. B 41(10):6616 (1990). 

5. U. Balachandran, M.E. Biznek, G.W. Thomas, B.W. Veal, and R.B. 

Poeppel, Synthesis of 80 K Superconducting YBa2Cu408 Via a Novel 

Route. Physica C 165:335 (1990). 

6. S. Jin, H.M. O’Bryan, P.K. Gallagher, T.H. Tiefel, R.J. Cava, R.A. 

Fastnacht, and G.W. Kammlott, Synthesis and Properties of the 

YBa2Cq08 Superconductor. Physica C 165:415 (1990). 

7. R.G. Buckley, J.L. Tallon, D.M. Pooke, and M.R. Presland, Calcium- 

Substituted Superconducting RBa2Cu408 with T,=90 K Prepared at One 

Atmosphere. Physicu C 165:391 (1990). 



780 Chemistry of Superconductor Materials 

8. E. Kaldis and J. Karpinski, Superconductors in the Y2Ba&ug+n014+n 

Family. Eur. J. Solid State Inorg. C/rem. 27(1/2):143 (1990). 

1. In this formula, n denotes the number of CUO~ layers in each defect- 

perovskite slab of the structure. The different phases are often referred to by 
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Formula Index 

(See also Appendti A for synthetic 

procedures) 

ACu02 (A = alkali metal), 55, 
720 

(ACUQ_~)~(AO~ series, 107ff 
crystal-chemical description, 

191-200,561 
description as layered structures, 
191-200 
schematic drawings, 108 

CDW, 351 
charge configuration, 351,384, 
389-91,716 
crystallographic data, 387 
doping, 348-51 
ferroelectricity, 367 
oxygen content, 405 
polymorphs, 390- 1 
structure, 348-52,385-g 

bond lengths, 386 
parent, 383 
schematic, 388 

synthesis, 391-2 

AgO, 54 
disproportionation, 7 16 

BaBiOg, 382-92 
band structure schematic, 717 

BaCu02, 67-70 

Bal_xKxBQ, 47-9,347-69,380- 
422,410-g 

applications, 367-9 
band structure schematic, 717 

790 
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charge density wave, 413 
crystal growth, 233,235,244, 
248, 354-8,412-3 
discovery, 47,381,411 
effect of K-substitution, 352 
infrared properties, 361-2 
isotope effects, 364,732 
magnetic properties, 361 
magnetic susceptibility, 48 
mechanism, 365-7 
metal-insulator transition, 413-4 
mixed valency, 715 
optical properties, 361-2 
oxygen content, 413 
pressure effects, 363-4 
specific heat, 362 
structure, 348ff, 414-9 

evolution from BaBiQ, 414 
orthorhombic, crystallographic 

data, 418 
-property correlation, 419-422 

superconducting composition, 
optimal, 4134 

synthesis, 355-9,41 l-3 
annealing, 413 
polycrystalline, 355-6 
thin films, 358-9 

Tc-composition diagram, 421 
thermal stability, 355-6 
transport properties, 359-61 
variations with x-value 

charge density wave, 417 
structure, 354,414-g 

crystallographic data, 416 
superconductivity, 355,414-g 

BaLaqCu5013.4, 73-5 

BaPbl_xBi&, 46-9,76,347-69, 
380-422,396406 

applications, 367-9 
charge density wave, 403 
crystal growth, 233,356-8,405- 
6 
dielectric anomalies, 403 
discovery, 46-7.381 
disproportionation, 349,403 
effect of Pb-substitution, 352 
infrared properties, 361-2 
isotope effects, 364 
magnetic properties, 361 
mechanism, 365-7 
metal to semiconductor 

transition, 397 
optical properties, 361-2 
oxygen content, 405 
phase transitions, 402 
pressure effects, 363-4 
resistivity, 45 
specific heat, 362 
structure, 201,348ff, 403-5 

crystallographic data, 404 
neutron powder diffraction data, 
203 
-property correlation, 4 19422 

superconducting composition, 
397 

crystallographic data, 404 
symmetry of, 402 

synthesis, 355-9,405-6 
polycrystalline, 355-6 
thin films, 358-9 
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Tc-composition diagram, 421 
thermal stability, 355-6 
transport properties, 359-61 
variations with x-value 

properties, 396-7 
structure, 354.397403 

crystallographic data, 399, 
401 
sensitivity to preparative 

conditions, 402 
superconductivity, 354,400 

BaPbOj, 392-6 
charge configuration, 392 
crystal growth, 395 
crystallographic data, 394 
oxygen content, 405 
properties, 395-6 
structure, 392-5 
synthesis, 395 

BaPbl_xSb,&, 226,382,406-10 
comparison with Bi-system, 407 
crystal growth, 233 
ionization potentials, 408 
structure, 409 

-property correlation, 419-422 
synthesis, 410 
Tc-composition diagram, 421 
valence of Sb, 409 

Bi2Sr2Can_1Cun02n+4, 190 
atomic displacements in rock salt 

layers, 499 

acronyms, 260 
band structure calculations, 498, 
500 
cation substitution studies, 328- 
41 

by other 3d metals, 332-7, 
crystallographic data, 334 

magnetic rare earths, 331 
chemical analysis by electron 

microscopy, 545-57,580-2 
crystal growth, 233.240-2 
crystal-chemical description, 
198-9,217,491-3 
discovery, 257 
electron microscopy studies, 
578-589 
grain boundaries, 582,585 
Hall effect, 660 
hole doping, 493 
incommensurate structures, 
133ff. 330-2 
intergrowth defects, 129-133 
interlayer bonding, 498,580 
lead-substituted, 557 
lone pair effects, 133ff 
modulated structures, 332ff, 
336,578-86 

schematic, 584 
twinning of, 582 

n=l 
crystal growth, 235 
melting behavior, 230 
positional parameters, 506-7 
structure, 262,312,492 
synthesis, 265-6 
X-ray powder diffraction 

pattern (talc), 523 
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n=2 
cation deficiency, 546 

composition by AEM, 551-7, 
581 
crystal growth, 232,235,240 
magnetization hysteresis, 695 
nonstoichiometry, 545, 547, 
580-2,728 
positional parameters, 506-7 
single-phase region, 269 
structure, 312.492.581 
synthesis, 266-70 
X-ray powder diffraction 

pattern (talc), 524 
n= 3 

composition diagram for 
1lOKphase 

flux creep, 697-8,700 
positional parameters, 506-7 
single-phase region, 274 
structure, 312 
synthesis, 270-3 
X-ray powder diffraction 

pattern (talc), 526 
nons toichiometry, 273,493 
oxygen interstitials, 586-9 
structural description, 491-3, 
580 
structural distortions, 496-500 
structures, 106-l 14,258,312 

of Fe congener, 336,491 
positional parameters, 506-7 

synthesis, 2634 
Tc values, 260 
thermal conductivity, 655-7 

Bi2Sr2(Lnl-xCex)2Cu2010-y, 
260 

Ca0.86Sr0.14Cu02, 201 
singlecrystal data, 204 

CaTiOg, 485 
structure, 35,486 

compared to YBa2Cu307, 
486 

Cuo, 54 
crystal growth, 232 

cu20, 54 

FegO4, 49 

K2NiF4, 190 
structure, 89,195,197,490 

La2_xBaxCu04, 64-9,71-2,76-g, 
314ff 

crystal growth, 236 
Hall effect, 658-9 
neutron powder diffraction data, 
212 
thermopower, 657-9 
variation of Tc with Cu-Cu 

distance, 316 
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La2_xCaxCuO4, 64-9,76, 314ff 
crystal growth, 236 
variation of Tc with Cu-Cu 

distance, 316 

La2CoO4, 62 

La2CuO4, 62-7,70-2, 190 
antiferromagnetism, 680 
band structure schematic, 717 
atomic displacements in 

ortborhombic form, 499 
chemical substitutions in, 84ff, 
314-322 
crystal growth, 232,235 
hole doping, 491 
interrelationships of T, T’, T* 

structures, 320 
structure, 108,113,195,197, 
312,487,567 

changes with La substitution, 
317 
rock-salt/perovskite blocks, 
487 
positional parameters, 505 

substitution of La, 314-8 
by other rare earths, 317 

substitutional effects, 566ff 
tbermopower, 658 
X-ray powder diffraction pattern 

(talc), 521 

Lal.8Na0.2CuC4 
positional parameters, 505 

La2NiO4, 62 

La2_&xCaCu206, 7 l-2 
crystal-chemical description, 
198,213 
structural parameters, 215 
structure, 108 

La2+$r,CuO4, 64-9, 71-2,76-8, 
314ff 

band structure schematic, 717 
comparison with Nd2CuO4 

systems, 320 
crystal growth, 233,236-8 
dislocation structures, 568-70 
inhomogeneity, defects, 724 
magnetism, normal state, 680 
Meissner fraction as f(x), 237 
orthorhombic-tetragonal 

transition, 766-70 
oxidation states, 609,715 
oxygen isotope effect, 732 
stability, 729 
phase diagram schematic, 7 17 
structure (see also Lu#dl4), 

312,487,490-l, 567 
rock-salt/perovskite blocks, 
487 
positional parameters, 505 

substitution of Cu, 320-2 
resistivity curves, 321 
variation of Tc, 338 

substitution of La 
by other rare earths, 315-16 
Tc correlations, 730 
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substitutional effects, 566ff 
Tc correlations, 729 
thermopower, 658 
variation of Tc with Cu-Cu 

distance, 316 
variation with x-value 

lattice parameters, 314-5 
magnetism, 314 
resistivity, Tc, 314, 316, 567 
transport properties, 314-317 

X-ray powder diffraction pattern 
(talc), 522 

Lag_xSrxCug020_y, 59 

Lil+xTi2_x04_y, 50-3 
crystal growth, 233 

Ln2CuO4, 64.67 

MO (M = Ti,V,Nb,Mn,Fe,Co, 
Ni,Cu), 30-4 

crystal growth, 233 

MW204 
structure, 48 

NaxMoO3, 44 

NaxW03, 3844 
crystal growth, 233 

Nd2_xCe,CuO4, 112,427-45 
band structure schematic, 717 
cerium oxidation state, 431 
comparison with La2CuO4 

systems, 320 
composition range, 437 
copper oxidation state, 427,442 
crystal chemistry, 428-3 1 
crystal growth, 244,436-7,442- 
4 
discovery, 3 18 
electron diffraction, 438 
Hall effect, 660-l 
inhomogeneity, defects 724 
iodometric analysis, 438 
Meissner fraction, 437 
mixed valency, 715 
normal-state resistivity, 432 
oxidation states, 609 
oxygen stoichiometry, 438,442 
phase diagram schematic, 717 
rare earth analogs, 432-5 
related systems, 318,320 

interrelationship of T, T’, T* 
structures, 320 

other rare earth analogs, 432-5 
resistivity curves, 3 19 
single-crystal studies, 318-9, 
436 
structural parameters, 443 

NaxReOg, 44 
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structure (see also Nd2CuO4), 
312,428-31 
substitution of Nd by other rare 

earths, 318 
by La, 320 

Eu1.85-xLaxCeo.lSCu04. 
320 

Ndl.g5-xLaxTho.1004, 
320 

Ndl.85-xY,Ceo.15Cu04, 
320 
variation of Tc with Cu-Cu 

distance, 316 
superlattice modulation, 436-8, 
442 
synthesis, 437-42 
thermogravimetric analysis, 438 
thin films, 444 
thorium analog, 427,431-2, 
435,439 
two-phase nature, 436 
variation with x-value 

lattice parameters, 315,318, 
431) 433 
magnetic ordering temperature, 
432 
resistivity, 318, 432 
Tc, 432-S 

X-ray powder diffraction pattern, 
443 

Nd2Cu04, 70,112 
band structure schematic, 717 
electron doping, 43 1 ff 
interrelationships of T, ‘I”, T* 

structures, 320 

schematics, 429 
stability fields, 429 

properties, 432 
structure, 69,113, 312,428-g 
substitution of Nd by La, 315 

Nd2CuOq_xFx, 244,427,43lff, 
435 

band structure schematic, 717 
chemical analysis, 441 
inhomogeneity, defects 724 
resistivity curves, 434 
stability vs. pO2, 440 
superlattice, 441 
synthesis, 439-41 

Pb$Sr2Lnl_xCa,CqOg (Ln = Y, 
rare earth) 

crystal growth, 233,242-4 
crystal-chemical description, 
216-7.495-6 
neutron powder diffraction data, 
215 
structure, 109-12, 134ff, 245, 
497 

positional parameters, 514-15 
tbermogravimetric curves, 246 
X-ray powder diffraction pattern 

(talc), 539 

PdO, 54 
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RBa2Cu307_x (B = rare earth), structure, 494 
322 X-ray powder diffraction 

resistivity curves, 323 pattern (talc), 532 
structures, 111 n=2 

positional parameters, 510-l 1 
structure, 108,494 

SrLaCuO4, 55 X-ray powder diffraction 
pattern (talc), 533 

n= 3 
SrTiOg,,, 36-8,73 composition by AEM, 557 

crystal growth, 233 positional parameters, 218, 
510-I 1 
structure, 110,494 

Srn+lTinO3n+l, 191 X-ray powder diffraction 
pattern (talc), 534 

n=4 
TiOl_,, 31 positional parameters, 510-I 1 

structure, 110 
X-ray powder diffraction 

Tl l+xA2_yLn2Cu209 (A = pattern (talc), 535 
Sr,Ba), 114, 139 n = 5, 590 

structure, 115 disorder, defects, 594-7 
structures, 106-14,258,494 

positional parameters, 510-l 1 
TlBazCan- 1 CW2n+3 synthesis, 273-80 

acronyms, 240 Tc values, 260 
crystal growth, 273-80 thallium oxidation state, 137 
crystal-chemical description, 
198-9,217,259 
electron microscopy studies, TlSr$an_ lCunO2n+3 
589-604 crystal growth, 273-80 
hole doping, 500 crystal-chemical description, 
incommensurability, 137 198-9,259 
intergrowth defects, 129ff electron microscopy studies, 
lone pair effects, 134-7 589-604 
n= 1 lead-substituted series, 138,260, 

positional parameters, 510-l 1 279-80,495 
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chemical composition by 
AEM, 601 
electron microscopy studies, 
597604 
flux exclusion behavior, 599 
oxidation states of metals, 
600 
positional parameters, 512-13 
site disorder, 600 
stoichiometry, 600 
X-ray powder diffraction 

patterns (talc), 536-9 
synthesis, 273-80 
structures, 106-l 14 

T12Ba2Cau_lCur,0~r,+4, 190 
acronyms, 260 
band structure calculations, 498, 
500 
composition by AEM, 557 
crystal growth, 233,242,273- 
80 
crystal-chemical description, 
198-9,217,493-5 
discovery, 257 
electron microscopy studies, 
589604 
incommensurability, 137 
intergrowth defects, 129ff 
lone pair effects, 134-7 
n= 1 

composition by AEM, 557 
displacements in rock salt 

layers, 499 
positional parameters, 508-9 
structure, 108,262,494 

substitution with Cd, 602-3 
X-ray powder diffraction 

pattern (talc), 528 
n=2 

composition by AEM, 557 
magnetization hysteresis loop, 
694 
positional parameters, 508-9 
refined structural parameters, 
219 
structure, 108,494 
X-ray powder diffraction 

pattern (talc), 529 
n= 3 

composition by AEM, 557 
flux creep, 697-8,700 
Josephson junction, 663-5 
magnetization hysteresis, 695 
positional parameters, 508-9 
refined structural parameters, 
219 
structure, 110,494 
X-ray powder diffraction 

pattern (talc), 530 
n=4 

composition by AEM, 590 
disorder, defects, 591-4 
grain boundary interface, 595 
positional parameters, 508-9 
structure, 110 
X-ray powder diffraction 

pattern (talc), 531 
structural description, 493-5 
structural distortions, 496-500 
structures, 106-14,258,494 

positional parameters, 508-9 
synthesis, 227-8,264-5,273-80 
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Tc values, 260 
thallium oxidation state, 137 
thermopower, 658 

YEWW30205 

neutron powder diffraction data, 
204 
structural description, 205 

ma2cU306 

bond distance data, 153 
structure, 89, 112,115 

atomic position data, 152 
compared with fully 

oxygenated, 152,195-6 
compared with perovskite, 
195-6 
positional parameters, 5034 

substitution with Ca, 576-9 
variation of unit cell with, 
579 

X-ray powder diffraction pattern 
(talc), 516 

ma2Cu307-x 
analysis by iodometric titration, 
610ff 
antiferromagnetism, 680 
bond distance data, 153 
copper oxidation state, 122 
critical current density, 645-54 
crystal growth, 232-3,238ff 
crystallographic shear, 205-13 
defects, 124-9,724 

and carrier concentration, 725 
detwinning, 240 
discovery, 79ff, 146,47683 
electron microscopy studies, 
116-41 
electronic structure, 764-6 
films, critical current density, 
646ff 
films, thick, 300-2 
flux flow, creep, 633 
flux pinning centers, 571 
grain boundaries, 574-6 
grain size problems, 291 
Hall effect, 658-61 
inhomogeneity, electronic, 725 
Josephson junction, 663-6 
magnetic properties 

critical current density, 694-5 
flux exclusion vs expulsion, 
686-91 
flux pinning, 693 
hysteresis loop, 692-3 
magnetization vs H, T, 685-6 
normal state, 680 

magnetic susceptibility 
calculation, 679 

microstructure, 571ff 
mixed valency, 715 
orthorhombic-tetragonal 

transition, 150-4, 239,571 
oxidation state analysis, 609-24 
oxidation states, 610 
oxygen elimination mechanisms, 
169-74 
oxygen isotope effect, 732 
oxygen ordering, 121ff 
oxygen vacancy ordering, 161-9 
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oxygen variability, 88,114ff. 
240 

as a function of poZ and 
temperature, 239-40 

bond distances as a function of, 
153 
properties as a function of, 
151 
Tc as a function of, 241 

penetration depth, 683 
phase diagram study to identify, 
476-83 
phase separation, 725 
stability, 226, 727 
structural description, 488-90 
structure, 80,89,109,111, 
14650,312,486,489,571-2 

changes in with oxygen 
content, 150-4 

compared with oxygen- 
deficient, 195-6 

compared with perovskite, 
149, 195-6.486 
neutron powder diffraction data, 
148 
positional parameters, 5034 

substitution of Ba, 324 
by Sr, 322 

substitution of Cu. 90-1, 174- 
85.3248 

changes in bond lengths, 328 
changes in properties, 326ff 

effect of sample history, 
326 

O-T transition, 324 
oxygen uptake, 326 

role of chains vs. planes, 324- 
9 
site occupation studies, 326 
structural models/mechanisms 

for, 178-85 
variations in lattice parameters, 
324-5 
variations in Tc, 327-9 

substitution of Y, ,92, 174-5 
by other rare earths, 322-4 

resistivity curves, 323 
substitution of Ba, 324 

superstructures, 11 Sff, 123 
synthesis 

low-temperature compared with 
high, 290-l 

precursors, 293-8,302-5 
solution processes, 292-306 

tetragonal, structure, 117,1504 
thermal conductivity, 656-7 
thermopower, 655,658 
thick film lithography, 297 
twinning, 124-9,571-3 

structural models for, 154-61 
weak link effects, 700-3 
X-ray powder diffraction pattern 

(AC), 517 

YBa2Cu408, 112 
stability, 226, 729 
structural description, 206,208, 
210,490 
structure, 113,489 

atomic positional coordinates, 
209,503-4 

substituted with Ca. 576 
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X-ray powder diffraction pattern 
(Cal@, 518 

YZBaCuOg, 58 

Y2b@.l7015, 112 
stability, 729 
structural description, 206,210, 
490 
structure, 112 

refined parameters, 211 
positional parameters, 5034 

X-ray powder diffraction pattern 
(talc), 519 



Subject Index 

(See also Formula Index) 

A-15 structure, 12-14,20,21 
ablation 

laser, 444 
absorption 

zero field microwave, 249 
activation energies, 350 
additive proportions, 453 
aliovalent substitutions, 427 
Alkemade lines, 464 
alloys, superconducting, 8-13 
analytical electron microscopy 
(AEM), 545-58,562ff 
analytical procedures, 247,609-24, 
545-58 
anisotropic materials, 249 
anisotropy, 249 

shape, 249 
resistivity, 249 

annealing, 240 

methods, 357 
antibonding, 500,578,719,721, 
751,764 
antiferromagnetic insulator, 380, 
756ff 
antiferromagnetism, 326,335, 
381,680,716 

superconductivity relationship, 
381 

applications, 367 
atomic displacements, 493ff 
atomic jumps 

sequence of, 174 
atomic magnesium, 741 
atoms 

coordination of, 193 
Aurivillius phases, 190, 259, 580 

B-l structure, 15,30 
band structure, 714,716 

Cu-0 sheets, 761 

802 
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band structure calculations, 495, 
498,597 
band theory, 366 
bands, 715 
Bardeen, Cooper and Schrieffer, 
353 
basis vectors, 466 
BCS theory, 320,353,362,364, 
726 
Bednorz and Mueller, 70,73,74, 
75, 82, 83 
behavior 

invariant, 455 
univariant, 455 

bipolarons, 367 
bismuth cuprates (see also FomuZu 

Index), 347 
bilayers, 109 
comparison with thallium 

cuprates, 261-2 
composition by AEM, 545-58, 
564ff 
crystal chemistry, 491-3 
crystal morphology, 261 
discovery, 257 
electron microscopy studies, 
561-604 
lead-substituted, 2724 
lone pair effects, 261 
stability, 727-9 
structural distortions, 496-500 
structural formulas, 107ff, 260 
structural principles, 106-10, 
261 
structures, 258,262 
synthesis, 265-73, 263 
T, values, 260 

X-ray diffraction data, 491ff 
bismuthates, non-copper, 347-69, 
380422 

comparison with cuprates, 381 
bivariant, 455,457 

Cu-0, 340 
bond length 

Cu-04, 328 
optimum Cu-0, 435 

bond valence, 501 
borides, 15-16,23ff 

boundary, 
insulator-superconducting, 587 
metal-insulator, 587 

boundary curves, 463 
Bragg angle, 466 
Bragg equation, 466,562 
Bravais lattices, 466-7 
Bridgeman-Stockbarger growth, 
231 
bulk 

oriented grain critical current, 
651 
resistivity, 637 

c-axis anomaly, 766 
capped square antiprisms, 214 
carbides, 15-16 
canier 

concentration, 724 
density, 366 
reservoir, 328 

type, 365 
cation substitution, 31041,586 
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Cedoped neodymium materials, 
339 
cell doubling, 240 
“ceramic”, 77 
ceramic processing, 174 
chains, 328,335 

comer-sharing near-squares, 205 
Cu-0, 313,322,324, 328 
double, 205 
edge-sharing near-squares, 205 
effects of substitution in, 338ff 
vs. planes, 3249,335,338 

characterization 
magnetic properties, 675-705 
oxidation state analysis, 609-24 
single crystals, 247-9 
transport properties, 627-66 
X-ray diffraction, 450-83 

charge 
carriers, 365 
density wave (CDW), 351-2, 
381,716 
disproportionation, 350 
fluctuations, 723, 732 
imbalance, 324 
reservoir, 380 
transfer, 338,339, 340 
transfer compounds, 28 

charge density wave (CDW), 352, 

361,415,716 

stabilized energy gap, 361 
chemical analysis 

by electron microscopy, 545-58, 
564ff 
by titration methods, 609-624 

chemical composition, 562 

by electron microscopy, 545-58, 
564ff 

chemical substitutions 
cationic, 310-41 
crystal chemistry, 84 
electron diffraction studies, 566ff 
in lanthanum cuprate, 84 
in perovskites, 84-6 
in yttrium barium copper oxide, 
90 

chemical system 
components in, 452 

chemistry 
role of, 311 
substitutional, 244, 310-41 

Chevrel phases, 23-4 
chronology of superconductivity, 
3ff. 22, 81 
Chu, C.W., 77, 79 
cleavage, 580 
coherence length, 166,313,571, 
683 
commensurate modulation, 330, 
333,493,586 
complexes of Ni3+, 738 
components, 453 
composition triangle, 460-4 
compositional information, 247 

compounds 
intermediate, 459 
line, 459 
Mndoped Bi, 335 
non-copper containing, 244 
nonstoichiometric, 348 
thallium containing, 242 

compressive stress, 430 
Condon-Shortley parameters, 736 



Subject Index SO5 

configuration interaction, 741,745 
congruent composition, 230 
congruently melting phases, 230 
contact resistance, 639 
contacts, 628-30,640 
containers, 226.236-7 
Cooper pairs, 362,732 
cooperative displacements, 602 

copper 
coordination, 3 11 ff 
coordination geometries, 56-60, 
122 
ionic radii, 56 
linearly-coordinated, 244 
oxidation states, 52-5, 88, 122 

determination, 61 lff 
-oxygen bond distances, 55-61, 
500,764 
-oxygen interaction, 771 
substitution of by impurity 

metal atoms, 175 
three-fold coordinated 169 
trivalent compounds, 55 
valence, optimum, 324,338 

copper oxide superconductors (see 
also Formula Index), 380ff 

chemical features, 52ff, 88,380 
common features, 380.488.561 
discovery, 52,70-83 
electronic structure, 759-66 
families, 84, 85 
microstructural/microchemical 

variations, 561604 
structural principles, 106-14, 
200-2 

copper-oxygen sheets, band 
structure, 761 

correlation gap, 757 
correlations 

Cu-0 distances with doping, 
500,764ff 
hole density with T,, 602,725, 
729 
Tc with cation substitution, 
33841 
Tc with Cu-Cu distance, 316 
Tc with formal copper valence, 
324,332 
Tc with in-plane Cu-0 distance, 
5OOff, 730 
T, with number of layers, 129, 
261,597 
with Tc, 729-31 

covalency, 55-6,714,720,751 
covalency effects, 366 
covalent compounds, 719 
covalent-ionic bond character, 55 
criteria for establishing super- 

conductivity, 6 
critical current, 2,360,571 

contacts, 639-40 
criterion, 642-44 
cryogen, 640 
current transfer, 644 
density, by magnetization, 691- 
6 
from transport vs. magnetic 

measurements, 695-6 
magnetic field dependence, 642-6 
oxygenation effects, 650-2 
results, 645-6, 651 
temperature dependence, 649-53 
theoretical limitation, 650-l 
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transport measurements, 639, 
644-5 

critical magnetic field, 2,361, 
681ff 
critical parameters, 2,6 
critical transition temperature, 2, 
81 

see also Tc 
crucible materials, 236-7 
crucibles, 226,236 

cleaning, 226 
ceramic, 236-7 

crystal chemistry, 190 
of layered structures, 191-200 

crystal field stabilization energy, 
736 
crystal growth methods, 229-36 
crystal lattice, 466 
crystal orbitals, 749 
crystal structure 

T, 339 
determination by X-ray 

diffraction, 465ff 
of various cuprate super- 

conductors, 485ff 
crystal systems, 466 
crystalline substance, 465-6 
crystallographic databases, 464ff 
crystallographic data for cuprate 

superconductors, 485 
crystallographic shear, 205 
crystals, 357 
Cul, 326,328 
012, 326,328 
cuboctahedron, 193 
cuprates (see also copper oxide) 

structural formulas, principles, 
52-61,106-14 
substituted, 338 

Curie temperature, 330 
cyclobutadiene, 740 

d orbitals, energies, 762 
dvalues, 468 

for cuprate superconductors, 
485ff 

Debye temperature, 353 
defect structures, 562 
defective layers, 195 
defects, 12441,493ff. 564,576, 
594,723ff 
degrees of freedom, 452,455 
delocalization, 352,719 
demagnetizing factor, 249 
dense ceramics, 356 
detwinning, 240 
diamagnetic shielding, 681ff 

calculation of fraction, 681 
diffraction 

atom type effect, 468 
atom position effect, 468 
by X-rays, to determine structure, 
465ff 

diffuse diffraction peaks, 240 
diffuse scattering, 162 
diffuse streaks, 162 
directional solidification, 230 
discovery of superconductivity, 4 
dislocations, 564,576,594 
displacements from ideal positions, 
498 
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disproportionation, 122,361,716, 
721,732 
dissipation 

flux creep, 633.652-3 
flux flow, 652-3 
flux pinning, 652-3 
power law approximation, 652-3 
temperature variation, 652-3 
weak links, 631-2.651 

distance 
critical, 341 
Cu-Cu. 320,341 
in-plane Cu-Cu. 317,340 

distortions, structural, 496ff, 738 
domain structures, 355 
doping, 335, 348,718,732,764 

compression-tension 
relationship, 430,435 

electron, 43Off. 444 
hole, 430 
hole vs. electron, 428 
in T, T’, T‘ structures, 430 
symmetry, 340-l 

doping mechanism, 330,335 

E21 structure, 30 
electrochemical deposition, 358 

analysis, 621 
electron 

-electron attractive force, 353 
-electron interaction, 353,7 18, 
735-74 
localization mechanisms, 367, 
716 
phonon coupling, 351,361 

phonon interaction, 351-2,362, 
366,732 
pocket, 500 
transfer, 350,770ff 

electron-doped superconductors, 
42745 
electron-doping, systematics, 431- 
7 

lattice tension, 435 
electron microscopy, 561-604 

chemical analysis, 545-58,564ff 
microanalysis, 564 
microdiffraction, 564 
phase identification, 564 
studies, 11641 
techniques, 562-6 

electronegativity , 77 1 
electronic 

coupling, 328 
instability, 726 
models, 735 
specific heat, 362 
structure, 714-32.735-74 

elemental analysis 
by electron microscopy, 247, 
545-58,564ff 

elements, superconducting, 8-l 1, 
36 

energy 
barrier, 454 
minimum, 454 

energy bands of solids, 748 
entropy stabilized compounds, 728 
epitaxial thin films, 359 
equations 

Hall coefficient, 658 
Josephson coefficient, 662 
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Meissner effect 
resistivity, 627-8,652-3 
voltage/current power law, 653 
vortex barrier energy, 652-3 

equilateral triangles, 462 
equilibrium, 450 

state, 454 
univariant, 455 
phase, 477 

eutectic 
binary, 463 
composition, 459 
point, 459 
reaction, 459 
ternary, 463 

eutectoid, 459 
exitons, 367 
extended defects, 12441,564 

Faraday balance, 676 
Fermi level, 500,7 18,726,73 1 
ferroelectric transition, 721-2,732 
ferromagnet 

classic, 335 
ferromagnetic insulator, 755 
ferromagnetism, 335 
films, 633, 639, 645-8 

thick, preparation, 297ff 
float zone technique, 229,232 
fluorine substitution, 341,435 
fluorination, 43 1 
fluorite layers, 114, 139,260 
fluorite type structure, 114 
flux, 232,356,652-3 

choosing, 234 
table of standard, 235 

flux creep, 696-700 
flux exclusion vs. expulsion, 685- 
91 
flux growth method, 232-6 
flux pinning, 570-1,574,602, 
653,685-91 
formal oxidation state, 718 

analysis, 609-624 
copper, 122,310,317,324, 
330, 332,33840,501,561, 
566,715 
in contrast to real charges, 718ff 
lead, 600 
optimum value for copper, 338, 
501,602 
thallium, 600 

four-fold planar coordination, 147 
future bismuthate research, 365 

gap, 361 
superconducting energy, 362 
498 

gels, 314 
Gibbs phase rule, 451ff 
grain boundaries, 232,368,562, 
571,591 
grain size, 291 
granular effects, magnetic, 700-5 
granular superconductivity, 292 
graphite intercalation compounds, 
26 

growth 
crystal, 22449,356 
Czochralski, 230 
flux, 229 
grain, 230 
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habit, 249 
low temperature crystal, 354 
melt, 229 
parameters, 234 
sintering, grain, 229 
solution, 232 
top-seeded solution, 236,244 

Hll structure, 30 
half-filled band, energetics, 759 
Hall coefficient 

positive, 339 
Hall effect, 658-660 
Hall mobility, 367 
Hanawalt search method, 472 
Hartree-Fock, 741 
Hc2, 361 
Heitler-London wavefunction, 743 
heterogeneity, 562, 726 
high pressure studies, 28,47,50, 
79 
history of superconductivity, 2ff 
hole-doping, 488, 500, 561,578, 
602 

crystal chemistry of, 430-l 
vs. electron-doping, 430 

hole density, 501 
holes, 107, l41,488,491,493ff 
homogeneity, 578 

electronic, 725 
homologous series, 589 
HREM, 562ff 
Hubbard treatment of solids, 746, 
757 
Hueckel parameter, 738 
hybridization, 723 

between the Cu 3d and 0 2p 
levels, 310, 338 

hydrogen 
metallic, 367 

hydrogen reduction, 616ff 
hydrothermal technique, 357 
hysteresis loops, 691-6 

ideal structures, deviations from, 
496-500 
impurities, 225 

magnetic, 339 
impurity phases, 228 

identification by XRD, 470ff 
magnetic effects of, 704 

incommensurate superstructure, 
133ff. 330,491 
incommensurability effects, 106ff 
incongruently melting phases, 232 
indexing X-ray diffraction data, 
472ff 
inhomogeneities, 578,723-6 

“electronic”, 724 
instability, 726-9 
insulator-metal boundary, 587 
insulator-superconducting 

boundary, 587 
intercalation, 727 
intercalation compounds, 26-8 
interfaces, 562,594 
intergrowth defects, 129ff 
intergrowths, 242,428,430,485, 
490,561,563,570,591,594 
interlayer bonding, 580 
interplanar spacing, 468 
interstitial oxygen, 493,586,589, 
725 
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inverse spinel, 49 
iodometric titration methods, 609- 
624 
ionic mobility of oxygen, 571 
JR, 362 
irradiation effects, 648,657 
“irreproducible superconductors”, 
26 
isobar, 455 
isopleth, 462 
isotherm, 455 
isotope effects, 364, 732 

Jahn-Teller distortion, 54,56,59- 
62, 64,738,753,761 
Jorgensen’s empirical rules, 740 
Josephson effect, 662 

device, 18 
junctions, 359,368 
tunnel junction arrays, 368 

kinetically stable, 454,728 
Kitazawa, K., 83 

lanthanum cuprate, 61-8 
lattice defects, 360 
lattice mismatch, 430,496ff 
Laves phases, 11 
layered structures, 191 
layers 

cue*, 330,340 
double Bi-0, 335 

lead containing cuprates 
structural data, 495ff 

“lever principle”, 457,462,479 
limitations of the phase rule, 454 
liquidus line, 457 
lithography, 297 
local structural disorder, 339 
lone pair effects, 133ff. 139, 141, 
261-3 

magnetic field effects, 632-3,645- 
6 
magnetic ion effects, 320ff 
magnetic moment per FE, 330 
magnetic pair breaking, 320,339 
magnetic properties, 675-705 

instrumentation, 676 
magnetic susceptibility 

calculations, 679 
magnetization, 678 

relaxation, 696-700 
magnetometers, 676 
magnetoresistance, 632 
materials 

n-type, 340, 341 
preparation, 355ff 
p-type, 340, 341 

Matthias, B.T., 73 
maximum transition temperature, 
19 
mechanism for high T,, 311,361, 
714,731-3,773,771 

sudden electron transfer, 771 
Meissner effect, 6,7,74,291, 
675ff, 685-91 
Meissner fraction, 77,249,685-91 
melt growth, 230 
metal-insulator boundary, 587 
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metallic behavior, 3 14 
metastable, 454,726-g 
microchemical variations, 561ff 
microstructural characterization, 
562,566ff 
microstructural inhomogeneities, 
166,561 
microstructurechemistry rela- 

tionships, 562 
microtwinning, 125, 240 
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