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Preface

Lithium niobate, LiNbQO3, is an oxide ferroelectric with various kinds of pro-
nounced physical properties. This versatility has promoted its career in science
and devices. It has been particularly fruitful in the optical regime, where many
effects have been found in LiNbOg and devices introduced using it as a host.
One of the few big drawbacks, namely the low level laser damage threshold
based on photorefraction due to extrinsic defects was discovered very early.
A relatively new topic, not involved so far in any general description, is a
fundamental dependence of the optical properties of LiNbOs on intrinsic de-
fects. Their importance has been realised out due to the development of varies
growth techniques in the recent past. The progress in the growth and studies of
LiNbOj crystals with different composition, particularly almost stoichiomet-
ric ones, has revealed a significant and sometimes decisive role of the intrinsic
defects. For example, the photoinduced charge transport, and therefore the
photorefractive properties governing the recording of the phase gratings in
LiNbOg, are strongly controlled by the content of intrinsic defects. The re-
cently found impact of intrinsic defects on the coercive field in LiNbOjg is
of fundamental importance for the creation of periodically poled structures
(PPLN) aimed at the optical-frequency conversion in the quasi-phase match-
ing (QPM) mode of operation. As a consequence of these results, an idea of
the intrinsic defects in LiNbOgs has been developed during the last decade
and involves microscopic studies on defects, photorefraction and ferroelectric
switching using spectroscopic and structure methods.

This monograph is written for researchers as well as for the graduate stu-
dent. An extensive bibliography is provided, to allow a study of all subjects
in greater depth and detail.

We are very grateful and much indebted to Natalya Rubinina for grow-
ing all the optical-damage-resistant LiNbOg3 crystals for our studies, espe-
cially for growing for the first time Zn-doped and In-doped lithium niobate.
We acknowledge the support of several projects by International Foundations
INTAS (projects 94 1080, 96 0599) and ESF (Oxide Crystals Network), by
the Russian Foundation for Basic Research (RFBR, projects 96-02-18851,
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00-02-16624), by the German Science Foundation DFG (SFB 225, Graduate
College 695) as well as the physics department of the university of Osnabriick
and the Institute of Crystallography of the Russian Academy of Sciences dur-
ing our collaboration for more than a decade.

Moscow, Osnabriick, Tatyana Volk
July 2008 Manfred Wéhlecke
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Introduction

Summary. Lithium niobate and barium niobate take a key role position in the
research on ferroelectricity and its applications. During the last three decades sci-
entific activities grew up in a parallel manner. After a short introduction of review
reports, basic properties (structural, mechanical, thermal, electrical, and optical) of
congruent and near-stoichiometric crystals are presented. Attempts to grow lithium
niobate of various compositions are discussed.

Lithium niobate (LiNbOg, LN) and lithium tantalate (LiTaOs, LT) be-
long like barium niobate (BaTiO3, BT) to the ABOj-type ferroelectrics with
oxygen octahedra. Ferroelectricity, the spontaneous electric polarization in
a material, was reported for all three compounds in 1949 and even earlier.
As in the early days of other compounds many physical investigations were
hampered by the limited quality of the material with respect to purity, homo-
geneity, and size of crystals. Many features and properties caused or related to
ferroelectricity have been found for the first time in BaTiOg. This is the rea-
son for the frequent use of BT to introduce new effects in the later sections.
BaTiOg is not only a precursor material of the lithium niobate family, but
still a competitor with respect to the fundamental science and applications,
as may be seen from Fig. 1.1 on p. 2, which shows the publications devoted to
LN and BT between 1965 and 2007, according to the WebOfScience database.
There were clearly more activities in BT up to about 1970. This is probably
due to a delay of about 15years before Ballman succeeded in growing large
LiNbOj single crystals using the Czochralski technique [1].

Before going into details, we mention early and recent reviews on LiNbOg
and LiTaO3. With respect to Fig. 1.1, it is not surprising that the old classical
books on ferroelectricity do not cover LN or LT [2,3]. One of the most well-
known books on principles and applications of ferroelectrics was written by
Lines and Glass [4], covering many properties of LiNbO3. More than a decade
later, a similar comprehensive overview by Xu followed [5]. In 1999 Kuzminov
presented a book completely devoted to LiNbOg [6]. A very often cited review
on “Chemistry and Physics of Lithium Niobate” was written by Rauber [7],
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Fig. 1.1. Number of publications for BaTiOs and LiNbOgs between 1965 and 2007
according to the WebOfScience searching for barium titanate and lithium niobate

an extensive compilation of physical properties and the crystal structure can
be found in [8]. A comprehensive description of the photovoltaic effect is found
in [9]. In 1989, data at full length are published by the Institution of Electrical
Engineers [10] and updated in 2002 [11]. Finally, we mention the two volumes
of photorefractive materials and their applications published in the 1989s [12,
13] and the three new editions from 2006 and 2007 [14-16].

The structure of LiNbOg3 at room temperature (RT) belongs to the rhom-
bohedral (trigonal) space group R3¢, with point group 3m. Above the phase
transition temperature the crystal transforms to the centrosymmetric space
group R3m. The setting of the crystallographic axes for the trigonal symme-
try is not unambiguous. There are three choices of axes for LiNbOg, namely,
rhombohedral, hexagonal, and orthohexagonal cells. Former two are conve-
nient for crystallographic aims and structure determination. For most appli-
cations, the orthohexagonal setting is preferred and the tensor components of
properties are given with respect to these axes. In this setting, all axes are
mutually orthogonal. Their directions according to the “Standards of Piezo-
electric Crystals”, Proc. IRE 46, 764, 1958 are settled in the following way.
The threefold axis is z, the axis y lies in the mirror plane, and the axis z is
orthogonal to both of them. Both z and y are polar (piezoelectric); by con-
vention their positive ends correspond to appearance of the negative charge
under a uniaxial compression. Additionally, the z-axis is pyroelectric; by con-
vention its positive end corresponds to the appearance of a positive charge on
cooling the crystal. The z-axis in this setting is non-polar. Experimentally,
it is very easy to find the y-axis in usual congruent crystals grown by the
Czochralski technique along the polar axis z (so-called 0°-crystals), because
in these crystals the mirror planes “outcrop” on the cylindrical boule surface
as three very pronounced facets aligned along the growth axis. If the facets
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Table 1.1. Properties of congruent and near-stoichiometric LiNbO3s and LiTaOgs
(Part I: structure, mechanical, thermal, electrical)

Property LN NSLN LT NSLT More in
Melting point (°C) 1,255 <1,200 1,650 [17]
Mohs hardness ~5 ~5.5 [17]
Crystal structure Trigonal

Space and point group R3c 3m

(RT) Hexagonal setting

Lattice constant ag (pm)  515.0 514.7 515.4 515.1 [18]
Lattice constant cg (pm)  1,386.4 1,385.6  1,378.1  1,377.3

Density (gecm™) 4.647 4.635 7.456 7.458 [19]
Thermal expansion

@, 1076 (K™1) at 300K 14.1 14.1 12 [17,20]
ac107% (K™1) at 300K 4.1 6.0 4.2

Specific heat

at RT (kJkg ' K™1) 0.628 0.651 0.676 [21]
Thermal conductivity

at RT (Wm ' K™1) 3.92 5.97 4.6 [21]
Curie temp. (°C) 1,140 1,206 605 695 [17,22]
Dielectric constant

€11; €33 84; 30 54; 42 [23]
€1 653 44; 29 42: 41

Spontaneous polarization

P, (uCcm™?) 71 62 60 55 [22,24]

are mentally connected to the boule axis, then these imaginary lines oriented
mutually by exactly 120° will coincide with y.

LiNbO3 and LiTaOg crystals are colorless, chemically stable and insolu-
ble in water and organic solvents, and have high melting points. They are
well known for their low acoustic losses and are thus excellent materials for
surface acoustic wave (SAW) devices, causing a commercial growth of several
tons every year. A selection of general properties not related to optics is given
in Table 1.1. Although sometimes several digits for a value are given, a scatter
of more than 10% is often found in the literature. Therefore, the values should
be regarded as examples for the order of the magnitude of the respective prop-
erty. Further, important applications are based on the electro-optic, nonlinear
optical, piezoelectric, and pyroelectric properties with high coefficients advan-
tageous for specific effects and devices. A selection of related optical properties
is presented in Table 1.2. Usually LN and LT crystals grown from a melt have
a congruently melting composition which has an Li deficiency of about 1.5%
compared to the stoichiometric one, see Fig. 1.2.
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Table 1.2. Properties of congruent and near-stoichiometric LiNbO3s and LiTaOgs
(Part II: optical and electrooptical, for an extensive reference list see [17])

Prop. LN NSLN LT NSLT More in
Transparent (1Wm)

0.32-5 0.3-5 0.28-5 0.26-5 Sect.6.1.2
Refractive index no; ne at 633 nm Sect. 6.2

2.286; 2.203  2.288; 2.190  2.179; 2.179  2.177; 2.174  [26-28]

EO coefficient r33; 731; 795 (pm V™) at 633 nm Sect. 6.4
32; 10; 6.8 38; 10.4; 30; 8; 0 [17]
EO coefficient r55; r51; 75 (pm Vfl) at 633 nm Sect. 6.4
31; 8.6; 3.4 ;4.5 30; 7; 0 [17]
NLO coefficient dss; ds1; d2a (pm V™) at 1.06 um [17]
34; 65 3 42; 5; 2.5 14; 0.9;
Temp.
(°C) stoichiometric congruent
Li:Nb = 50:50 )
Li:Nb = 48.5:51.5
Liquid
1200 —
pargélectric
O("}
S
<
1100 +— ~
LiNbO ferrgelectric
. LiNbO,
Li,NbO, o+
1000 — LiNb,0O,
I N N B I N N

42 46 50 54 56
Nb,O, (mol %)

Fig. 1.2. Schematic phase diagram of the Li;O-Nb2Os pseudobinary system near
the congruent and stoichiometric composition of LiNbOs, redrawn from [29]

As seen from the phase diagram of the LioO-NboOs system (Fig.1.2),
the lithium metaniobate LiNbOj3 is a material with a variable composition
having a large solid solution range of about 6mol.% at T' > 1,150°C. The
liquidus—solidus curve reveals a diffuse maximum at approximately 48.45%
Li5O, whereas for 50% LioO (the stoichiometric composition) no singularity
exists within the homogeneity range in the phase diagram. To characterize the
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cation ratio [Li]/[Nb] in LiNbOs two presentations are used R; = [Li]/[Nb]
or Ry = [Li]/([Li] + [Nb]), where the square brackets denote concentration in
mol.%. So, the congruently melting composition corresponds to R; = 0.969,
or, which is the same, to R = 0.4845. The deviations from R; = 1 exist only
on the Li-deficient side of the equilibrium on the phase diagram. It should
be mentioned that in the literature certain scatter is observed concerning the
exact position of the congruent point. One of possible reasons is that the
accuracy of the determination of the melt composition to some extent de-
pends on the oxygen amount in the feedstock. For example, the initial NbaOg
used in the charge may be oxygen-deficient owing to coexistence of several
polymorphous modifications [25].

At the congruent composition the melt and the growing crystal are iden-
tical with respect to the composition, so these crystals show the highest uni-
formity of properties. In other cases, Ry = 1 among them, the composition of
the melt and the crystal are slightly varying during the growth and the crys-
tal becomes compositionally non-uniform, particularly along the growth axis.
Several physical properties, like the phase transition temperature (Fig.6.2),
and those related to optics (birefringence, the phase-matching temperature,
and UV band edge) strongly depend on the [Li]/[Nb] ratio and will be dis-
cussed in Chap. 6. To provide the uniformity of these properties, the value of
[Li]/[Nb] should be held fixed within 1073. A high sensitivity of these prop-
erties to a compositional non-uniformity is the reason for the of preference of
congruent LiNbOg in optical applications. More recently, it was found that
the ratio [Li]/[Nb] controls the linewidths of several spectra, and the coercive
field of ferroelectric switching, etc. As shown in Chap. 6, these compositional
dependencies are often used as tests for determining [Li]/[Nb] in a crystal.
The effect of the ratio metal/oxygen is far less studied, mainly due to the fact
that, as discussed in detail in Sect. 2, LiNbOg crystals, at least congruently
melting ones, tend to grow without oxygen vacancies and in as-grown crystals
the anion sublattice is fully occupied.

Although large samples of congruent material with excellent optical homo-
geneity were produced, several methods have been invented to grow stoichio-
metric crystals (NSLN for LiNbOs and NSLT for LiTaOgs). Stoichiometric
crystals have much less lattice defects and thus a more perfect lattice, re-
ducing the density of local field distortions and a weaker phonon coupling,
all requirements for all kinds of resonances with small linewidths. Of course
electrical and dielectric properties like the coercive field should be influenced
in a favorable manner, too, while no improvements are expected for SAW
applications.

The commercial congruent LiNbOgj crystals are grown by the usual
Czochralski technique by pulling from a melt. This procedure is described
in details in several monographs cited below, so we will not dwell on it.
Relatively, new methods permitting to grow near-stoichiometric LiNbO3 and
LiTaOj3 crystals are worthy of a more detailed description. Growth using the
Czochralski method with off-congruent melts failed to produce stoichiometric
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samples, because the composition changed along the growth axis due to a
varying concentration ratio [Li]/[Nb]. In 1992, three methods for growing
near-stoichiometric LN have been reported. We start with the vapor trans-
port equilibration (VTE). Here, a crystal and a powder with an Li content
higher than the crystal are placed in a Pt crucible without any direct contact.
Heating to more than 1,000°C for some days increases the Li in the crystal
by diffusion. Details like the preparation of the starting material and the
conditions are found in the pioneering work of Bordui et al. [30,31]. Usually
plates with a thickness less than 1 mm where used, but recently strategies to
apply VTE to plates up to 3 mm thick were reported [32].

Besides this post-growth procedure two more direct growth methods have
been developed. Malovichko et al. [34,35] reported on samples being very close
to the stoichiometric composition. They were grown from a melt containing
up to 10% K>O, but only a negligible amount of potassium was found in
the crystals. Compositions with 49.95 mol.% or even more were obtained and
checked experimentally. Boules with a diameter of 20 mm and excellent optical
properties where grown by Polgdr et al. [36]. They used a mixture containing
K50, too, but called the method top-seeded solution growth (TSSG), because
the mixture has to be considered as a high temperature solution (or flux)
rather than a potassium-doped melt with low segregation coefficient.

weighing [:]

e | - T[ —|| =
U1

automatic powder
supply system

Fig. 1.3. The double crucible Czochralski method after Kitamura et al. [33] (1: load
cell, 2: Pt tube, 3: piezo-vibrator, 4: inner crucible, 5: outer crucible)
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The third procedure, suitable for growing large boules, is called double
crucible Czochralski method (DCCZ) and based on the coexistence of near-
stoichiometric LiINbO3 with an Li-rich melt, see the dotted horizontal line in
Fig. 1.2. A schematic scheme of the apparatus invented by Kitamura et al. [33]
is shown in Fig. 1.3. The crystal is pulled out of an Li-rich melt (about 58-60
LizO mol.%) in the inner part of two platinum or iridium crucibles placed into
each other. The outer one contains a stoichiometric melt, which can flow into
the inner one through a hole at the bottom. Stoichiometric LiNbO3 powder
is continuously filled into crucible (5) depending on the increase of the weight
of the growing sample, without disturbing the growth process in (4).

Until the beginning of the 1990s, mainly congruently melting samples were
grown and investigated; this means compositional specifications referred to the
melt or reliable information on the composition was missing. A first compre-
hensive study on methods to characterize the composition and homogeneity
of LN was published in 1996 [37]. Besides non-optical methods like chemical
analysis, empirical equations linking the Li content in the melt to that of the
crystal, measurements of the Curie temperature, the density, the linewidths
of NMR and EPR signals and diffraction methods, non-destructive optical
methods have been presented and compared. Most of the latter methods are
quantitative and fast featuring a high absolute accuracy of 0.1 mol.% which
is increased to about 0.01 mol.% for relative studies. Later, two optical meth-
ods have been extended to LT [38,39]. The situation becomes quite complex
when damage-resistent dopants like Mg, Zn, In, or Sc are involved, because
such crystals contain several percent of these dopants which may strongly
influence the [Li]/[Nb] ratio.
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Point Defects in LiNbQO3

Summary. In a survey of recent publications, the relationship between photore-
fraction and defect structure is outlined. We start with a description of the situ-
ation in undoped lithium niobate at moderate temperature. Changes in spectral
characteristics (optical absorption, EPR) caused by reduction treatments and their
interpretation using the polaron model are discussed then. The characteristics are
used as tests for Nb antisites, i.e., Nb on an Li site. Hydrogen is the first candi-
date to form an extrinsic defect influencing via the protonic conductivity the charge
transport (photorefraction, thermal fixation).

In a next step the photorefractive impurities like the transition metals Fe, Cu,
Mn, and Ni are discussed in detail, with special emphasis on iron. Some interesting
features of Cr and lanthanide ions supplement this topic. Optical-damage-resistant
impurities (Mg, Zn, Sc, In, Hf, and Zr) are antagonists of Nb antisites and strongly
reduce the photorefraction, when doping above certain threshold concentrations.
These dopants increase the phase transition temperature, the density and shift the
bandedge absorption towards the UV. Many properties differ below and above the
threshold concentrations, which strongly depend on the crystal composition. Near
stoichiometric samples have thresholds at much lower concentrations then congruent
ones. A table with energies of the OH stretch mode in lithium niobate closes this
chapter.

The origin of the intrinsic (structure) and eztrinsic (impurity) point de-
fects in the LiNbOgs crystal lattice is a subject of several monographs and
reviews listed in Sect. 1. Later, we summarize briefly the fundamentals formu-
lated in this literature, dwelling more specifically on recent publications. The
discussion is carried out mainly in view of the relationship between photore-
fraction and defect structure. This is the reason for choosing certain defects
in the subsequent sections. We start with a presentation of the ionic radii r;
of the elements discussed in this chapter, see Table 2.1. We use the system
proposed by Shannon and Prewitt [40], so the presented data correspond to
the coordination number 6 in accordance with the LiNbOg crystal structure.
As known, several definitions of r; exist, the discrepancy between them being
within 15-20 pm.



10 2 Point Defects in LiNbOs3

Table 2.1. Ionic radii

Ton Lit  Nb°t Fe?t Rt Ottt Mg?t Zn?t
ri (pm) 76 64 78 64.5 615 72 74
Ion St mdt  HfYY Zr'*t Nd&*t Er*t Nat KT

ri (pm) 74.5 81 71 79 98 89 102 138

2.1 Intrinsic Defect Structure of LiNbQOg

As shown in Chap. 1, LiNbO3 belongs to the pseudoilmenite structure formed
by distorted niobium—oxygen octahedra. Chains of the distorted oxygen octa-
hedra having common faces, are aligned along the polar axis c. In the nonpolar
centrosymmetric phase at T' > T, the LiT ions are localized within the oxygen
planes, whereas the Nb5T ions are in the center of the oxygen octahedra (be-
tween the oxygen planes). In the ferroelectric phase at T < T, the Li* ions
are shifted with respect to the oxygen plane by 44 pm, and the Nb°T ions by
26—27 pm with respect to the center of the octahedron. As a result, in the po-
lar phase structure the octahedral interstitials are one-third filled by Li ions,
one-third by Nb ions and one-third are empty, see Fig.2.1. The alternation
of cation sites may be schematically depicted as a chain ---Li-Nb--.-Li-
Nb-O- - -, where [J denotes the empty octahedron (referred sometimes to as
vacancy). The Li octahedron is larger, than the Nb one, because the distances
between a Li ion and the closest oxygen ions are 206.8 and 211.2 pm, whereas
those for an Nb ion are 188.9 and 211.2 pm, respectively [41]. A larger size
of the Li octahedron may qualitatively explain a predominant incorporation
of impurity ions onto Li sites as discussed later. As seen from the phase di-
agram (Fig.1.2), the LINbO3 (methaniobate)-structure is stable within Li;O
concentrations from 47 to 50mol.%. The congruently melting (Li-deficient)
composition corresponds to the oxide concentrations 48.45mol.% LisO and
51.55 mol.% Nby O35 with the ratio [Li]/[Nb] = 0.94. Correspondingly, the con-
gruent LiNbOj3 (denoted often as CLN) contains about 6% empty Li sites in
the lattice. There is a long story of growing defect free stoichiometric LiNbOg
(SLN), which has been briefly discussed in Chap. 1. However, in spite of the
development of new growth methods and attempts of practical applications of
SLN, the commercial CLN exhibit the best optical quality among all compo-
sitions of LiNbO3. Now, we only mention that even for ratios [LizO]/[NboOs]
>1 in the melt, the crystal is Li-deficient to some extent anyhow.

At the earliest stages of the discussions of the CLN defect structure, it was
reasonable to assume that the most probable defect is the oxygen vacancy,
which is characteristic for all oxides. However, structure measurements [41-44]
in agreement with model calculations [45] have shown a low probability for
the existence of oxygen vacancies in as-grown crystals. Therefore LiNbOg is
to some extent a unique oxide containing no oxygen vacancies. Further exper-
imental studies have shown that with decreasing LioO content, i.e., increasing
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Fig. 2.1. The ideal lithium niobate with the chain ---Li-Nb-O-.-Li-Nb-O-- -,
where [J denotes the empty octahedron

Fig. 2.2. Lithium niobate with an antisite niobium, i.e., Nb on an Li site

concentration of Vi, the density of LiNbOj increases [46]. To overcome this
paradox, some authors assumed that Nb ions incorporate partially on the Li
sites [46,47]. This is very probable, because an Nb°* ion has a smaller ion
radius than Lit (64 and 76 pm, respectively, in the sixfold coordination [40]).
Therefore, the Li-deficient crystal may be formally regarded as one with a
Nb surplus, or, in other words, a decreasing Li content is accompanied by an
increasing content of the heavier Nb.

The existence of such a stacking fault, Nb on an Li site, (Nb antisite,
Fig. 2.2) was repeatedly proved by structure studies [41-44], which formed
the basis for defect models in LiNbO3.
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The shortage of Li during the growth may be described by several possible
processes of Li;O outdiffusion [48]:

((LiINbO3)) — LisO +2V7, + VZr, (2.1)
((LiNbO3)) — 3LiyO + 4V, + Nb{?,
((LiNbO3)) — 3LiyO 4+ 4V, + 5Nbi?

(Note that according to the Kroeger—Vink notation [49], the prime and the
bullet, respectively, represent the positive and negative charge states of a de-
fect with respect to the host; however, many authors when writing the com-
pensation equations use the plus sign and the minus sign instead of a prime
and bullet.) As mentioned earlier, the formation of oxygen vacancies is ener-
getically unfavorable, so the compensation of the available Vi’ by Vo2 via
Reaction 2.1 should be omitted. The compensation within the cation sublat-
tice should occur via Reaction 2.2 or 2.3.

The latter may be modified in view of the compensation of Nby; by Vp
and presented in the form

((LINbO3)) — 3LixO +4 (Nb{$ — VYy) + Nbis. (2.4)

The calculated energies of the defect formation via mechanisms (2.2), (2.3),
or (2.4) are 4.56, 15.17, and 10.67 eV, respectively [48]. Therefore, the most
energetically favorable one is mechanism (2.2), thus the compensation of Nb
antisites by Li vacancies. However, this mechanism was in contradiction with
the results of the pioneering work of Abrahams and Marsh [41], according to
which Nb ions occupy 4.9% of the Li sites in the lattice, i.e., the empty Li
sites are mostly populated by Nb. This gave rise to a stronger appropriate-
ness of mechanism (2.4) for conclusions drawn from their experiments [41].
To substantiate mechanism (2.4), i.e., a compensation of Nb{? by Nb vacan-
cies, despite its lower energetic benefit, Smyth [50] proposed to regard the
stacking fault (Nb{?-V%,) as an ilmenite-type point defect (with the cation
sequence ---AB-BA-AB---) within the pseudo-ilmenite host, characterized
by the cation sequence ---AB-AB-AB---. The lattice energy calculated per
unit cell of this ilmenite-type is only 0.1eV higher than the corresponding
energy for perfect LiNbOg. These calculations supported the so-called Nb site
vacancy model of compensation, see (2.4) and [47,48]. The formula for con-
gruent (Li-deficient) LiNbOs in this model may be described by

{[Li]1 —5x[Nbri]5 H [NbNb )1 45 [VNB]ax } O3 (2.5)

(the groups in the braces correspond to the population of the Li and Nb sites).

However, further structure results led to different conclusions. According
to precise data of X-ray and neutron diffraction [42] only 1% of the Li sites are
occupied by Nb, whereas about 4% of the Li sites are empty (Li vacancies).
This existence of a high concentration of Li vacancies in congruent LiNbO3 was
confirmed by other structure reports [43,44] and NMR studies [51]. These data
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Fig. 2.3. The ideal lithium niobate structure in a projection onto the (001) plane
(left) and the intrinsic defect Nbr; with two alternatives of its compensation by Li
or Nb vacancies (right)

supported the Li site vacancy model, see Reaction 2.2 and [42,46] in which
an Nb antisite is compensated by four Vi,, for an illustration see Fig.2.3. In
this model a congruent LiNbOj3 is described as

{[Li]1—5x[Nbri]x[VLi]ax } [Nbxb] O3 (2.6)

(here the group in the braces corresponds to the population of the Li sites).

Nowadays, the Li site vacancy model (2.6) is commonly accepted as valid
and considerations of all defect reconstructions in LiNbOs are discussed in
its framework. Nevertheless, Wilkinson et al. [43] suggested that the degree
of filling the Li sites by Nb ions is accidental and depends, for example, on
the growth conditions, so one may expect in as-grown Li-deficient crystals the
coexistence of all three cation stacking faults Nby;, Vi, and V.

The defect scenario discussed in this section characterizes the LiNbOsg
structure at moderate temperatures and cannot be applied to high tempera-
tures. For example, neutron diffraction studies led to the conclusion that at
high temperatures the Li position is split, so at 600 K about 9% Li atoms
are missing on the regular site, being distributed between Li and vacant po-
sitions, i.e., the empty octahedron [52,53]; this fraction increases with ris-
ing temperature. A synchrotron X-ray diffraction analysis of stoichiometric
LiNbO3 evidenced a small fraction of Li atoms on vacant sites even at room
temperature [54]. It should be noted that the properties of the relative crystal
LiTaOg3 is very often discussed in terms of identical structure defects Tar; and
missing oxygen vacancies. Actually, the structure and optical properties of
LiNbOg3 and LiTaOg are very similar. However, so far there is no direct proof
of the existence of such stacking faults in LiTaOg3, so considerations based on
this defect model are speculative in contrast to LiNbOs. Summarizing this
section, we emphasize once again that the cornerstone of the LiNbOg3 defect
structure model is the existence of Nby; defects and missing oxygen vacancies,
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established by structure investigations. The discussion of many properties of
these crystals is based on this model, as will be shown later.

2.2 Point Defects Induced in LiNbOj3 by a Reduction
Treatment and the Polaron Model

In this section, we start with a description of the spectral characteristics of
LiNbO3 after a chemical reduction. The scope of these experimental data in
combination with the intrinsic defect structure outlined in the earlier section
are the foundation of the currently accepted polaron model in LiNbOg, for
references see for example [55-58]. This model was initially developed and
applied to reduced crystals. Later it was extended to the interpretation of the
short-living electronic states arising in LiNbOg under intensive photoexcita-
tion. At present short-living excited states in LiNbOg3 and relative crystals are
often discussed in terms of the small polaron model, sometimes rather spec-
ulatively. Let us follow the historical development of the polaron concept in
LiNbOg. Recall that the small bound polaron state is caused by a coupling of
a photoinduced electron with the host phonons; the formed local polarization
(or deformation) of the host serves as a potential well for the electron produc-
ing it. So, polarons are formed due to the Coulomb interaction and phonon
coupling of the photoexcited charge carriers with the host ions. One should
distinguish between large and small polarons. The former means that the dis-
turbed host region exceeds significantly the lattice constant. In the latter case,
the electron coupling with the host is higher, due to which the polaron radius is
within the single lattice site. The transport of large polarons may be regarded
as a band movement of a free electron with an effective mass, whereas a move-
ment of small polarons occurs by hopping. Both large and small polarons may
be related to electrons and holes. The polaron formation is possible if the po-
laron energy exceeds the electron bandwidth. Provided that the host contains
charged defects, the polaron energy is decreased and polarons are localized at
defect sites. This is the case of bound small polarons, unlike nonlocalized free
polarons in a defect-free lattice. The transport of bound polarons as well as
of free polarons occurs via hopping. The essentials, one may find in several
reports [59-62]. With respect to LiNbOj3 the polaron concept was first applied
at an early stage of studies of the photovoltaic effect and photorefraction to
account for the origin of a broad absorption band within 1.5-3eV induced
in LiNbOg by X-ray irradiation or two-photon excitation at low tempera-
tures [63-65]. The appearance of this band was accompanied by a rise of the
EPR signal with a g-value characteristic for trapped holes (2.002 < g < 2.047).
On this basis the induced center was identified as a capture of a photoexcited
hole by one of the equivalent O%~ ions surrounding a cation defect, or, in
other words as an O~ trapped hole, i.e., a small hole polaron.

The bound hole polaron exhibits a broad band in the visible with a peak
at about 500nm [65]. A coexistence of several bands attributed to different
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centers in this spectral range (the hole polaron O~, Fe?* and the bipolaron
discussed later) extremely hinders the interpretation. According to [66], the
optical absorption of O~ is due to a hopping of a hole between equivalent
adjacent O?~ ions surrounding a cation fault, in the case of LiNbOj3 an Li
vacancy, thus binding the hole polaron to a single Li vacancy

In addition to a broad band in the visible, Arizmendi et al. [67] detected
in the low temperature X-ray-induced spectral bands at 3.2 and 1.6 eV, char-
acteristic for all LiNbOg crystals independent of the composition. Simul-
taneously, X-ray irradiation and two-photon excitation induced in LiNbOgs
a characteristic 10-line EPR spectrum, see Fig.2.4 and [63], testifying the
existence of an axial center with g; = 1.72 and g = 1.9. This center was in-
terpreted as an electron self-trapped by the Nbi? ion (a small polaron Nbﬁ“)
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Fig. 2.4. EPR of Nb*" in congruent LiNbO;. In (a) the spectrum of a reduced
and illuminated sample including the expected 10-line hyperfine structure of “*Nb
is shown. The additional strong line is due to Ti**. In (b) the spectrum after X-ray
irradiation at low temperature is shown, the wide absorption close to 0.34 T belongs
to O, data taken from [55]
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responsible for the band 1.6 eV observed by Arizmendi et al. [67]. This con-
clusion formed a base for the further development of the polaron model as
applied to the trapping phenomena in LiNbOs.

We now switch to the chemical reduction of LiNbOj3. This process is per-
formed by annealing a crystal either in vacuum, in a hydrogen atmosphere,
or in an inert gas. The desirable annealing temperature is within 400-600°C,
because as mentioned in the earlier section, at higher temperatures the cation
sublattice seems to be disturbed [52,53] and the reduction process is accom-
panied by the formation of oxygen vacancies [69]. To avoid an Li loss during
reduction it is better to embed the crystal into an Li salt (e.g., Li carbon-
ate). The spectrum of a reduced congruent (Li-deficient) undoped LiNbOsg
crystal reveals a stable broad dichroic absorption band with a maximum at
about 2.5eV, see Fig.2.5. The origin of this band was the subject of a long
discussion, one may find an appropriate bibliography in [70]. At those times
the most likely was to relate it to a formation of oxygen vacancies according
to (2.7)

1
Oo < 502+ Vo, (2.7)
whose thermal ionization (2.8)
Vo — VE) +e (28)

would provide an increased conductivity in reduced LiNbO3. However, a struc-
ture proof of missing oxygen vacancies in LINbO3 undermined this mechanism.
There are additional experimental arguments disproving the role of oxygen
vacancies in the reduction process. First, after a weak reduction oxygen sites

160 reduced LiNbO,
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Fig. 2.5. Optical absorption of three reduced crystals with different [Li]/[Nb] ratios
(crystal D with [Li]/[Nb]eystar < 0.92, crystal B with [Li]/[Nb]cystas = 0.976, and
crystal A with [Li]/[Nb]cystal = 1, respectively). The reduction temperature is 900°C
in all cases, redrawn from [68]
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remain almost fully occupied. Second, the density of the crystals increases
after reduction, which is incompatible with the creation of Vo [71]. Finally,
the intensity of this band strongly decreases in Li-enriched crystals (Fig. 2.5),
which may scarcely be interpreted in terms of a formation of oxygen vacan-
cies [68]. We should note that the role of the anion sublattice in the reduction
of LiNbOg3 has not been completely ruled out yet. Although at present, the
spectroscopic properties of reduced LiNbO3 are discussed dominantly in terms
of the polaron model discussed later, there is a scope of data not lying within
its framework. These data will be listed later.

After finding in CLN an Nby; structure defect an alternative model (2.9)
for the reduction process was proposed [48,71]

3
300 + 2Vi; + Nbyy, < 502 + Nb{$ +6¢™ . (2.9)

According to this model a loss of oxygen from an LiNbOj surface molecule,
is accompanied by an incorporation of the left Nb>¥ ion onto the empty Li
site and ultimately to a total redistribution of Vi; and Nby;; the electrons
are trapped by Nb. The oxygen leaves the crystal surface, so no oxygen va-
cancies appear at the end; the released electrons are captured by traps. The
reduced crystal is diamagnetic, so the absorption band itself cannot be as-
signed to the electron capture by Nby; forming a paramagnetic Nbﬁ'. As was
assumed by Schirmer et al. [72] and supported by model calculations [48,70]
the electrons are captured by the pre-existing or newly formed neighboring
complexes Nbxp—Nby,; to form a diamagnetic bipolaron, the stable bonded
electron pair (Nby,—Nbr;)2~. The formation of a bipolaron is energetically
favorable [45,48] and qualitatively means a self-stabilization of an electron
pair. In the framework of this model, the broad band at 2.5e¢V (Fig.2.5) is
attributed to the transfer of one of the paired electrons from the bipolaron
and further capturing by an isolated Nbr;, or, in other words to a dissociation
of the bipolaron. The dissociation may be performed thermally or optically.
In line with this consideration, a thermal annealing of a reduced LiNbOg at
T > 600°C resulted in a reversible shift of the band to 1.6 eV [73], which was
interpreted as a thermal dissociation of bipolarons and a formation of isolated
small polarons. From the temperature dependence of the turnover between
the bands of the corresponding bipolarons (2.5eV) and polarons (1.6eV), the
bipolaron dissociation energy was determined to be of about 0.3eV [73].
The experiments on photoinduced changes of this spectrum at low tem-
peratures seemed to support this interpretation [74,75]. If a reduced crystal
is illuminated by blue-green light at T' < 80K, then the band at 2.5eV is
pumped over to the metastable band at 1.6eV, see (Fig.2.6) and [67,74,75].
When heating to T' > 100K, this new band is bleached and the initial spec-
trum is restored. The appearance of the band at 1.6eV is accompanied by
the rise of a characteristic 10-line EPR pattern (Fig.2.4), which is thermally
annealed simultaneously with the decay of the band at 1.6eV with the same
activation energy [70]. The photoinduced EPR pattern was identical to that
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Fig. 2.6. Optical absorption « of congruent reduced LiNbOgs. (a) The bipolaron

band at 2.5eV before illumination. (b) After illumination at 7' < 100K with the
Nb$? polaron. The dotted part is a fit with (2.11)

observed under X-ray irradiation of LiNbO3 at low temperatures [63], which,
recall, was attributed to a formation of the small polaron Nb{i. The scope
of these data allowed to regard the reconstruction of the absorption spec-
trum under illumination as a proof of the optical dissociation of the bipolaron
following the scheme

[NbriNbyg,)? "=22Y)  [Nbi#] + Nby, - (2.10)

The polaron band at 1.6 eV is ascribed to an optical transfer of an electron
from Nb{T to one of the surrounding Nbyy, ions [55,70]. The validity of the
interpretation of the band at 1.6eV as a Nbi‘i|r small polaron was supported by
certain estimations. The absorption of the small bound polaron is described
with an expression like [55,58,59]

D ((4U+e—hw)2>,

ST (2.11)

where w = 2mw¢/\, hwp is the phonon energy, U the polaron stabilization en-
ergy, € the energy corresponding to the optical transfer of a small polaron
between nonequivalent sites, and D a measure for the amplitude. The pho-
toinduced absorption band at 1.6eV was fitted [55] by the function (2.11)
using a typical value of hwy ~ 0.1eV and a polaron stabilization energy
U ~ 0.3eV according to the estimates from the thermal dissociation of bipo-
larons [73]. The fitted curve (dotted in Fig.2.6) is in agreement with the
experimental absorption band. Another proof was provided by measurements
of the temperature dependence of the conductivity, which found an activa-
tion energy of 0.49eV [70]. The ratio of the optical energy of 1.6eV to the
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thermal activation energy is ~4:1, so being in a satisfactory agreement with
the ratio required for the small polaron model [60,61]. Recent experiments
in reduced LiNbOs, enlarging the spectral range of studies in the polaron
states to 5 um [57] found one more absorption band at 0.38 eV. These authors
assigned it to an optical transition between Nby; and Nbyy, polaron levels.

This whole consideration concerned the Li-deficient (congruent) LiNbOsg.
One may see (see Fig.2.5) an essential decrease of this band with increasing
[Li], i.e., with a decrease of [Nbr;]. With respect to the reduction equation
(2.9) this dependence is qualitatively clear. However, no such experiments
have been performed in stoichiometric crystals (totally free of Nby,;), because
at those times, when intensive studies of the LiNbOs defect structure were
performed, the growth of the stoichiometric crystals had not been elaborated,
yet. At the same time, Sweeney et al. [76] observed a fundamental dissimi-
larity of the absorption spectrum in reduced highly doped (above-threshold)
LiNbO3:Mg from the spectra in reduced undoped (or low-doped) crystals. Af-
ter a rather hard reduction treatment in highly doped LiNbO3:Mg no absorp-
tion band appeared in the visible area, whereas a stable broad band arose at
about 0.95 eV, which was assigned in [76] to an electron captured by the trap
[Mgpi]*. For this band, some authors [77,78] proposed another explanation,
starting from the assumption that the threshold concentration corresponds to
the disappearance of Nb antisites from the lattice due to their substitution
by Mg ions, for details see the Sect. 2.5. So, in the framework of this substitu-
tion scheme, highly doped LiNbOs:Mg crystals were taken as a model for an
LiNbOg free of Nby;, and distinctive features of their spectroscopic charac-
teristics after reduction were attributed to missing Nb antisites. The band at
0.95 eV was ascribed to a free small polaron Nbﬁ{g resulting from a capture of
electrons released under reduction, by a regular Nbf\{g ion and coupling to an
unknown lattice perturbation [77,78]. In this presentation, the band at 0.95eV
characterizes an electron hopping between equivalent sites Nbyp. A low tem-
perature illumination does not affect this absorption spectrum and induces
no EPR lines, thus, in other words, no events happen which are characteristic
for the congruent crystals and related to Nb antisites.

We now list the data that are inconsistent with the above explanation
of the reducing process in LiNbOj crystals. The interpretation of the band
in the visible is not unambiguous. Formerly some authors [67, 68, 79] as-
signed it, at least partially to a contribution from oxygen vacancies. Some
authors [65, 74, 75] found the photoinduced transformations of this band at
low temperatures (Fig.2.6), attributed the observed effects to a photoexci-
tation of charged oxygen vacancies. The existence of Vo in LiNbO3 may be
concluded from the experiments on reducing LiNbOs in an inert atmosphere
under external field [69] or from optical absorption spectra of Ar-implanted
LiNbO3 [80]. The detailed in situ studies of the optical absorption spectra un-
der reduction/oxidation of congruent LiNbOj established a removal of oxygen,
that is the formation of Vg and their contribution to the absorption band in
visible, if the reduction treatment was performed at T" > 600°C.
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According to the polaron model, all the spectral characteristics of reduced
crystals are often used as a test for Nb antisites. The appearance of a band
at 0.95eV after reduction is an evidence of missing Nby;, whereas a photoin-
duced EPR structure arising in a reduced crystal (Fig.2.4) combined with a
red-shift of the absorption band (1.6eV, see Fig.2.6) produces evidence for
the presence of Nby;. The main assumption underlying these tests is that a
moderate reduction treatment does not affect or affects very slightly the initial
concentration of Nb antisites. As shown later, in terms of these tests the de-
fect structure in the optical-damage-resistant LiNbOj3 crystals was analyzed.
At the same time, we should mention again that there is a lack of a careful
study of these effects in undoped stoichiometric crystals.

According to Fig. 2.5, in near-stoichiometric crystals (NSLN for LiNbOj
and NSLT for LiTaO3) the absorption band in the visible may be also induced
by a reduction treatment, although it is weaker than in Li-deficient ones.
Its existence is supported by recent data of reduction experiments in NSLN
grown by the Czochralski technique from a KoO-supplemented melt [81] and
in NSLN crystals produced by the VTE-technique [82]. No investigations of
this band similar to those in the congruent crystals (the photoinduced effects,
EPR measurements, etc., described earlier), have been performed in reduced
near-stoichiometric ones, which could help in the interpretation of the ob-
served optical absorption. As in stoichiometric crystals, an interpretation of
this band in the framework of the polaron model is not appropriate, so it
may be related either to oxygen vacancies or to unintentional admixtures. We
emphasize again that the formation of oxygen vacancies is provoked by using
too high temperatures for the reduction. Recently, the reduction conditions
aimed to the studies of bipolarons in reduced crystals were refined in [83].
When annealing congruent LiNbOgs samples in vacuum at 7" ~ 600°C for
several hours, a stable noticeable absorption band in the visible appears and
steeply grows with T (Fig. 2.7).

Experiments on the photoinduced dissociation of bipolarons by Reaction
2.10 formed a basis for an IR hologram recording in reduced LiNbOs in the
two-color gating regime [84]. This subject will be discussed in more detail
in Sect.5.1 devoted to a nonvolatile optical readout of the photorefractive
gratings, so we now restrict ourselves to an outline of the principle of this
recording. The absorption band corresponding to the small polaron provides
a possible photoexcitation of free electrons at 1.6eV (A &~ 800nm). This can
be used for recording a grating by a spatially modulated IR light of this
spectral range. In this case, a two-step photoexcitation process (the bipolaron
photodissociation and subsequent small polaron photoexcitation) should be
involved

“(hv=1.6€V)
]

[NbpiNbyy)? #=22Y) . [Nbie — Nbft +e” .  (2.12)

Actually, in accordance with this scheme in a reduced LiNbOj a recording
grating was achieved with A = 852nm (from a Ti-sapphire laser) under si-
multaneously pumping with spatially uniform visible light A = 488 nm [84,85].
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Fig. 2.7. Steady-state absorption of unreduced and reduced LiNbOs3. The absorp-
tion at A = 500 nm as a function of the reduction temperature is shown in the inset,
redrawn from [83]

This process was interpreted in terms of the two-step scheme (2.12). Thus,
in reduced LiNbOg crystals a small polaron Nbﬁ' serves as an intermediate
short-living center for the IR recording. These practically interesting results
stimulated wide studies of the absorption band at 1.6eV in reduced LiNbOg
of different composition. As mentioned earlier, in undoped LiNbO3 this band
is stable at T" < 80K and short-living at room temperature, i.e., about us
in LiNbO3:Fe [86]. It was found, that its decay time (i.e., the lifetime of
the small polaron Nbi?) very strongly depends on the crystal composition,
for example, it increases up to 10-100ms in the crystals close to the stoi-
chiometric composition [84,87] and even up to several seconds in Li-enriched
LiNbO3:Mg crystals [88]. Doping of LiNbO3 with some rare earth impurities,
such as Pr [89-91] or Tb [92,93], also seems to increase this time. The depen-
dence of the lifetime on the crystal composition might be accounted for by a
kinetic compromise between the electron photoexcitation and the capturing
Nbii+ — Nbii+ + e~ . The role of the rare earths is still a mystery.

The polaron model was further applied to the interpretation of the short-
living photoexcited states in LiNbOgs. Due to the development of ultrashort
optical pulses, recently a great progress was achieved in this topic since
the pioneering investigations of the photoexcitation of LiNbO3 under inten-
sive light pulses [94, 95]. This subject will be outlined in the Sect.5.1 de-
voted to the two-color holographic recording. We now dwell on the recent
experiments [58, 86, 96, 97] aimed to analyze the short-living photoinduced
coloration in LiNbOg3. A novelty of these experiments is their particular con-
centration on the formation of small polarons Nbii+ and thus a discussion of
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Fig. 2.8. Maximum of the light-induced absorption on the probing beam. Solid
lines represent fits using (2.11), taken from [58]. Reprinted figure with permission
from P. Herth, D. Schaniel, T. Woike, T. Granzow, M. Imlau, E. Kratzig, Physical
Review B, 71, 125128 (2005). Copyright 2005 by the American Physical Society

the results in terms of the polaron model. In these works the photoinduced op-
tical absorption A« was studied using the pump—probe technique. This means
that Aa was pumped by a short light pulse with a wavelength in the visible,
i.e., \p = 532nm and pulse duration in the range of nanoseconds [58, 86, 96].
An even shorter wavelength A, = 388 nm and pulse duration (240 fs) were re-
cently used [97]. The probing was performed with a delayed short pulse or even
CW-light at a suitable wavelength. The spectral dependencies of Aa(\) ob-
tained in several compositions (LiNbOs:Fe, LiNbOs:Fe:Ti, LiNbO3:Cu), are
characterized by two ranges, namely, by a broad band in the visible and a
broad band in the near IR with the maximum at about 740 nm (1.67eV), see
Fig.2.8. The former is trivial, its spectral features depend on the composi-
tion and are related to a nonequilibrium overfilling of the capture levels. The
band at 740 nm does not depend on the composition, thus it is common for all
LiNbOg crystals. As the spectral position of this band is close to the photoin-
duced band in reduced LiNbOj (Fig. 2.6), so the authors analyzed its relation
to the Nb{T center and fitted the bandshape using the function (2.11), the
fits are shown by the solid curves in Fig.2.8. The curves in all crystals are
in good agreement with the experimental data and the estimated values of
the polaron stabilization energy are in the range of 0.3eV and thus close to
the value of U obtained for the photoinduced IR band in reduced crystals.
Herth et al. [58] interpreted the observed photoinduced IR band as a bound
small polaron Nbi’f. Spectral studies of the photoinduced absorption in the
near IR led Beyer et al. [97] to the same conclusion. Their usage of ultrashort
pumping pulses permitted them to resolve the formation time of this center,
which is according to their estimates within 400 fs. The decay of the band
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follows a single stretched exponential law Ag exp[—(t/7)”] with 3 = constant
for a given temperature and 7 in the range of us at room temperature.

The kinetics via stretched exponentials do not reply to the requirements
of the two-center model [98] according to which the relaxation of a photoin-
duced absorption should occur by a single-exponent. Recall that the stretched
exponential (referred to sometimes as the Kohlrausch law) may be regarded
as a superposition of an infinity number of single-exponents, so 7 character-
izes a mean value of different lifetimes. To account for the observed kinetics
Berben et al. [86] suggested that the relaxation occurs via hopping of charge
carriers over shallow levels up to a capture by a deep trap. The probability
P of this process depends on the distance r between sites (P o< exp (—r)), in
other words in the discussed case on the concentration of Nby,;. The numerical
simulations gave a satisfactory agreement with the experimentally observed
decay kinetics.

Probing Aa(A) in the spectral range 1,300-1,500 nm detected no evidences
for the presence of free small polarons [97]. The scope of these data is of fun-
damental importance for the charge transport scheme in LiNbOj3, because, as
will be shown later, the defect Nby; is regarded as the most probable shallow
(secondary) electron trap, whose participation in the charge transport scheme
can explain the observed peculiarities of the photoconductivity, the photo-
voltaic currents, the photorefraction and others, especially under an intensive
irradiation. Therefore, the data presented [58,86,96,97] independently of their
interpretation evidently support the assumption that Nby; acts as a shallow
electron trap.

Recently, an interest to the formation of photoexcited bound hole polarons
O~ in LiNbOg, which was formerly attracted for interpretation of the broad
absorption band in the visible resulted from X-ray irradiation or the two-
photon excitation at low temperatures [63,64] (for a bibliography on bound
hole polarons in oxides see the recent review of Schirmer [66]) was resumed.
A similar band with weakly pronounced maxima at about 500 and 400 nm was
repeatedly reported in LiNbOj3 after X-, y-, UV-, and electron-irradiation, one
may find some references in [58,96]. The data on its shape and relaxation ki-
netics are very scattered, the characteristic times depend on the composition
and irradiation conditions. As mentioned earlier, the coexistence of absorp-
tion bands attributed to various centers (Fe?*-like ions, O™, ionized oxygen
vacancies, bipolarons in reduced crystals) in this spectral range extremely
hampers the interpretation. When analyzing the spectra and relaxation ki-
netics of the band in the blue-green spectral range induced in LiNbOgs and
LiNbOgs:Fe by irradiation with 532 nm, pulse durations of the order of nanosec-
onds, intensities within 0.5 GW ¢cm™2, the authors of [58,96] concluded that a
contribution from hole polarons was detected. Their conclusion was expanded
to the reduced LiNbOg3 [83] and a general model of the photoexcitation with
account for participation of bound small polarons, bipolarons, and Fe?* /Fe?+
was proposed.
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2.3 Hydrogen in the LiNbOg3 Lattice

The bibliography on OH™ ions in oxides on the whole one may find in a recent
review [99] and on hydrogen in LiNbO3 in the review [100]. We shortly summa-
rize the available material. In synthetic oxides the incorporation mechanism
of hydrogen is not well understood, but it is widely accepted that it enters
the lattice from the ambient atmosphere during or after the growing process.
Among the possible hydrogen-based defects the hydroxyl ion OH™ attracts
the attention by its presence in a wide range of materials. In oxide crystals,
hydroxyl ions occupy oxygen sites. Its surplus positive charge with respect to
the lattice (([OHg]®) compensates some other kinds of intrinsic or extrinsic de-
fects, allowing one to probe the defect structure by studying the spectroscopic
properties of the hydroxyl ions affected by their surroundings. A relatively low
concentration of OH™ permits to regard them as isolated diatomic molecules
in the lattice. As the hydrogen impurity is much lighter than the host atoms,
so it gives rise to a localized vibrational mode with a frequency much higher
than the vibrational frequencies of the host. The vibrational modes of OH™
are studied by IR absorption spectroscopy and Raman scattering and can be
interpreted in the framework of an anharmonic oscillator model. The stretch
mode frequency of the hydroxyl ion in various oxide crystals is in the range
between 3,200 and 3,700 cm ™!, the typical halfwidth of the OH~ band being
between 5 and 50 cm ™ ?.

An absorption band in LiNbOj3 have been reported as early as 1968 and
assigned to hydrogen incorporated into the crystal [101], later polarization
characteristics and the fine structure were analyzed [102]. A large number
of experimental studies on the OH stretch mode in LiNbOg (see [99, 100]
and references therein) may be shortly summarized as follows. In congruent
LiNbOQOg, the usually observed broad IR band has a full width at half-maximum
(FWHM) of about 32cm~! | whereas in LiTaO3 the FWHM is about 50 cm ™!,
In LiNbOj strongly doped with hydrogen, the band is sufficiently broad-
ened [103]. The absorption in congruent LiNbOg consists of a strong peak at
3,482cm™! (2.87um) and a weaker one at 3,467 cm~! (2.88 um), see Fig. 2.9.

Raman scattering measurements in congruent LiNbO3 crystals have shown
that the local symmetry of the OH-related defect is Cy [104]. As well as in
other oxides, the band is strongly dichroic, namely the optical absorption for
the ordinary light polarization (o) significantly exceeds that for extraordinary
() one, i.e., the hydrogen stretching vibration occurs in the plane perpendic-
ular to the polar c-axis. For a given composition of LiNbOg the IR band does
not depend on temperature from room temperature down to liquid helium,
which is unlike in other ABO3 compounds. At the same time, the shape of the
IR band in LiNbOj3 and its peak position noticeably depend on the [Li]/[Nb
ratio [102,105]. When increasing the Li content, the peak position is shifted
and the band is narrowed (Fig.2.9) owing to the disappearance of intrinsic
defects, thus a more homogeneous local environment is achieved. Similar nar-
rowing of the OH-band was found in near-stoichiometric LiTaO3 [39,106]. The
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Fig. 2.9. OH absorption bands in LiNbO3 of various composition, redrawn from [36]

dependence of the IR on other factors, such as doping with optical-damage-
resistant impurities Mg, Zn, In, Sc, and even on the ferroelectric switching
will be discussed in the appropriate sections.

The model proposed for the OH absorption in LiNbOg will be introduced
in brief later [105,107]. LiNbOj3 belongs to the pseudo-ilmenite group com-
posed of six planar rows of oxygen atoms in a distorted close-packed hexagonal
structure. The chains of distorted facet-linked oxygen octahedra are oriented
along the polar c-axis, the oxygen planes being perpendicular. The OH stretch
mode is due to protons coupling to one of the six nearest O?~ ions. The distor-
tion of the oxygen octahedra results in different lengths for the available O-O
bonds, i.e., in six nonequivalent sites for the hydroxyl ions. The model assumes
that the longest (336 pm) O—O bonds, i.e., positions 5 and 6 in Fig. 2.10, are
not occupied by OH, so the OH absorption band should be formed by four
components corresponding to four different OH-bonds. Actually, a careful de-
convolution of the band shapes of the OH spectra for different [Li]/[Nb] ratios
gives 4 or 5 lines. From a deconvolution of the band in nearly stoichiometric
LiNbOj the four Lorentzian components 3,465, 3,472, 3,479, and 3,488 cm ™!
were obtained [108], formerly only two being well resolved. So, following this
model in LiNbOj the hydroxyl ions (or, which is the same, protons) are statis-
tically distributed over four nonequivalent positions. The total area under the
band is proportional to the whole OH concentration [109] and the intensities
of the individual (deconvoluted) lines are assumed to be proportional to the
amount of OH ions on the corresponding O sites [108]. As shown in [108], this
distribution is not in equilibrium, because in stoichiometric LiNbO3 at ele-
vated temperatures the intensities of the IR lines vary very slowly on a time
scale of 10h. Particularly, the intensities of the lines 3,472 and 3,488 cm ™!
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Fig. 2.10. A schematic drawing of the oxygen plane perpendicular to the c-axis,
redrawn from [107]

increase at the expense of 3,465 and 3,479 cm™!, the total area under the
band (i.e., the total amount of hydrogen) being unchanged. Moreover, after
growth of the crystal or annealing at about 1,000°C, the OH-vibrational spec-
trum reaches an equilibrium state during an extremely long time of the order
of years [110]. The intensity ratio of two bands R = I3 450/1I3,465 (where the
subscripts denote the wavenumbers) slowly grows after annealing tending to
a saturation during 10-15 months.

Because of an easy observation of the OH stretch mode by absorption
spectroscopy, it serves as a tool for a quantitative determination of the hydro-
gen content required particularly for discussing the transport process. For
today, in congruent undoped LiNbOs the most reliable averaged value of
the cross-section is oon ~ 4 x 1079 cm™2 obtained by different methods
in [109,111,112]. Therefore, the concentration range of hydroxyl ions may be
estimated approximately as cog = cg &~ 2 x 10"¥cm™2a2 g7 um, where as g7um
is the peak absorption value in ecm™* [100].

In as-grown congruent LiNbO3 usually s g7um ~ (1-2) cm™!, which cor-
responds to a hydrogen concentration in the range of 10'® em™3. Other es-
timates give a value (3-6)x101%cm™3 [113,114]. A change of the hydrogen
content in the crystal is performed by different methods. The most commonly
used method to enrich the hydrogen content is the annealing of a crystal in
a water-vapour-rich atmosphere at temperatures between 400-700°C, some-
times at enhanced pressures. After a few hours of annealing, OH is distributed
rather uniformly over the crystal bulk ([100] and references therein). A de-
hydration is achieved by vacuum annealing the crystal at temperatures of
about 400°C. As this reduction procedure is accompanied by the formation of
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bipolarons, as explained earlier, a subsequent annealing of the crystal in dry
oxidizing atmosphere is required, to restore the initial optical transparency.
Hydrogen (or hydroxyl) ions play a significant role in all processes related to
the charge transport (photorefraction, thermal fixation of holograms, etc.),
because, as shown in Sect. 3.2.1, the dark conductivity in undoped and low-
doped LiNbOj crystals is controlled by the protonic conductivity in the range
from room temperature to 1,000°C

2.4 Photorefractive and Relative Impurity Ions
in the LiNbOg3 Lattice

As known, the dominant mechanism of the photorefraction in LiNbOj is the
bulk photovoltaic effect. Therefore, the photorefractive properties of LiNbO3
in the first instance are defined by the presence of the photovoltaic-active ions,
belonging to multi-charge transition metal (TM) impurities, mainly Fe, and
as well Cu, Mn, Ni, etc., [115]. In contrast, the TM impurity Cr is evidently
not photovoltaic-active. Doping with any photorefractive ion provides in the
visible range of the absorption spectrum a strong broad band responsible for
the photoexcitation of the free electrons, which is a necessary condition for
the realization of the photorefraction. Recently when developing the two-color
holographic recording (so-called gating regime, see below) a definite, although
an obscure role of some lanthanide ions (Ln®** = Pr, Tb) in the photorefractive
process was established, too. Of course, the main interest in LiNbO3:Ln37 is
due to the possible laser action of Ln?* ions and self-doubling of the generated
frequency provided by the nonlinear optical properties of the LiNbO3 host.
In this section, we discuss the incorporation of the photorefractive impurities,
mainly of Fe ions in the LiNbOg lattice. At the end the present state of studies
of Ln®*t in LiNbOj is mentioned briefly. Particular attention is given to the
influence of the crystal composition, i.e., the concentration ratio [Li]/[Nb], on
this ion incorporation, because, as shown later, this factor is crucial for the
charge-transport scheme controlling the photorefractive process.

An incorporation of TM and Ln?* ions into the LiNbOs lattice was a sub-
ject of long debates. As their concentration in the crystals is relatively low,
X-ray diffraction methods cannot be applied for analyzing their lattice sites.
The problem was solved using a combination of resonance and spectroscopic
techniques, such as EPR, ENDOR (electron—nuclear double resonance), EX-
AFS (extended X-ray absorption fine structure), PIXE (particle induced X-ray
emission), RBS (Rutherford backscattering spectroscopy), SSS (site-selective-
spectroscopy), ete. (for references see the bibliographies in [115-123]). In prin-
ciple, these ions might occupy either of three available octahedra sites (Li, Nb,
and empty octahedron) or even interstitial sites. As the ionic radii of Nb>*
and LiT are close, so from a qualitative reasoning of the charge compensa-
tion conditions, one could expect the incorporation of divalent impurity ions
(Me?*t = Fe?**, Cu®") onto the Li sites, of trivalent ones (Me3t = Fe3*t,
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Cr3*, Ln®*, etc.) equiprobably onto the Li and Nb sites (with a possible
self-charge compensation of [Me?]*® by [Me}f]”), and of Me'* ions (e.g.,
Ti**) dominantly onto the Nb sites. However, according to the data obtained
with methods listed above, the impurity ions independently of their charge
state are localized dominantly on the Li sites. Some authors [117] and [119]
qualitatively explain it by a larger dimension of the Li octahedron discussed
earlier. In [117], a qualitative correlation was found between the localization
of an impurity ion Me in the LiNbOj lattice and the bondlength Me—O in
the oxide of the given element. If this bondlength exceeds an average distance
Nb-O in LiNbOj3 (of about 200 pm), then the Me ion incorporates onto the Li
site. According to this qualitative criterion, there are only a few impurity ions
(for example, Ta%T) substituting for Nb. Strictly speaking, this consideration
is valid for the congruent, relatively low-doped LiNbQOg, because in what fol-
lows, other important factors governing the localization of impurity ions are
the concentration ratio [Li]/[Nb] and the impurity concentration itself.

Among the TM photorefractive impurities the most strongest photovoltaic-
active impurity Fe has been intensively studied in detail. The localization of
Fe in LiNbO3 was investigated by multiple methods; for the bibliography on
spectral and resonance methods one may address the reviews [7,55,119,122].
The impurity Fe exists in LiNbO3 and LiTaO3 in two charge states Fe?*
and Fe3T and forms localized states in the gap, leading to a dichroic optical
absorption spectrum (Fig. 2.11). The concentration ratio [Fe?*]/[Fe3*] in the
congruent as-grown LiNbOgj crystals is usually in the range of 0.1-0.2 and
may be easily varied by an oxidation-reduction annealing [55,115,125].

The following absorption bands may be distinguished in the spectrum of
LiNbOg3:Fe [124]. The high energy one at 3.1eV overlapping the fundamen-
tal bandedge at 3.8¢eV is assigned to the charge transfer from the m-oxygen
orbitals (forming the valence band) to Fe3* ions. A broad band with a maxi-
mum at about 2.6eV corresponds to the intervalence transition Fe?t - Nb>+
and is responsible for the photoexcitation of electrons to the conduction band
formed by Nb®* ions. The third pronounced band at 1.1 eV is attributed to an
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Fig. 2.11. Polarized absorption spectra of LiNbO3 + 0.045 wt.% FezOs3. (1) Crys-
tal quenched from 1,100°C; (2) slow cooled and annealed at 600°C. (3) undoped
LiNbOs, data are taken from [124]
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Fig. 2.12. Room temperature low field EPR spectra of Fe*' in congruent and
stoichiometric LiNbOs, redrawn from [35]

internal d-d (°A — SE) transition in Fe?" ions. Additionally, one may detect
two small lines at 2.55 and 2.95eV owing to a spin-forbidden d—d transition of
Fe3* ions. The oscillator strengths of the bands 2.6 and 1.1eV are 1072 and
4 x 10~*, respectively [115]. Therefore, the absorption bands 2.6 and 1.1eV in
LiNbOj3:Fe with intensities linearly scaling with the Fe?t concentration, are
tests for the presence of Fe?T. The spectrum of LiTaOj3:Fe is very similar to
that of LiNbOgs:Fe except for slightly different spectral positions of the band
peaks. Particularly, the peak of the band related to the intervalence transition
Fe?t-Ta’* is located at about 3eV.

Fe?* centers in LiNbO3 and LiTaO3 have axial symmetry, a characteristic
EPR spectrum of Fe?t in LiNbOj3 is shown in Fig.2.12. As was unambigu-
ously concluded, Fe?* ions incorporate on Li sites [124,126]. However, the
incorporation of Fe?t was a subject of a dispute. For example, some authors
interpreted the EPR spectra of Fe3t as evidences of its incorporation on the
Nb sites [127-129]. Difficulties in the identification of EPR spectra of TM3*
(and Ln3") ions in LiNbOj are due to the fact that the local environment at
the Li and Nb sites is very similar. Only a combination of the EPR data with
the EXAFS and ENDOR measurements [130-132], permitted to conclude that
Fe?* incorporate onto the Li sites in the congruent LiNbO3.

As seen from Fig. 2.12, the EPR spectrum of Fe?* in congruent LiNbO3 is
strongly asymmetric. LiINbO3 crystals have the point symmetry Cj,, thus an
axial Fe?t center should exhibit C3 symmetry. So, an asymmetrical shape of
EPR spectra of Fe3T in congruent LiNbO3 (Fig.2.12) was attributed to the
existence of a large concentration of intrinsic defects (Nby;, Vii, Vnp) perturb-
ing the crystal field and reducing its symmetry to C; [35]. In agreement with
this conclusion it was found [35], that in near-stoichiometric LiNbOgs crys-
tals (grown by means of adding 6 wt.% K5O into the melt [34]) the Fe3* EPR
spectrum becomes more symmetrical (Fig. 2.12). Therefore in a stoichiometric
LiNbOj3 crystal, free of defects, a more symmetrical shape of the Fe3T-EPR
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spectrum fits the required C3 symmetry of a nonperturbed crystal field. It
should be emphasized that in the stoichiometric crystals Fe impurity keeps
its traditional state Fe?* and Fe3*, the Fe?" ion occupying the Li site again.
However the concentration ratio [Fe?t]/[Fe3*] in as-grown SLN:Fe crystals is
lesser than in CLN:Fe, so the former crystals are weakly colored. For a de-
tailed bibliography on the fundamental resonance studies in SLN doped with
TM3*, see for example [121,123].

Analyzing the Fe3™ EPR spectrum in near-stoichiometric LINbO3:Fe crys-
tals grown with K5O in the melt, Malovichko et al. [133] found that additional
to the traditional Fe?fjr centers, one may identify two new axial centers related
to Fe?t with the Spin-Hamiltonian parameters strongly differing from those in
congruent crystals (e.g., b9 = 0.1768 cm ™! for Fef’j, whereas for the two new
centers b3 = 0.0495 and 0.0688 cm™! [133]). They suggested that these new
lines could be assigned to Fe%'g and Fef(ﬁng"‘ centers (where K ions, whose
concentration in these crystals is in the range of 1072, are located either on the
Li sites or within the empty O octahedra). Therefore, in the stoichiometric
LiNbO3 a partial incorporation of Fe?* on the Nb sites was assumed. Fol-
lowing Donnerberg et al. [134] the self-charge compensation [Fei |**-[Fe3 "
may occur. Similarly, in the stoichiometric LiTaO3:Fe the existence of Fe3*t
centers on Ta sites was recently deduced from EPR/ENDOR studies [135].

Keeble et al. [136] investigated the EPR spectra of Fe?* in the nearly
stoichiometric LiNbOj:Fe grown by the double-crucible method. A narrow-
ing of the linewidth, a more symmetrical shape of the spectrum as well as
Spin-Hamiltonian parameters very close to those in SLN:Fe, containing K ad-
mixture, were found [34, 133]. However, Keeble et al. [136] contend that the
information obtained from a modified Fe3T EPR spectrum is inadequate to
deduce the alteration of the Fe3 lattice sites. Anyhow, a possibility of the
formation of Fef{fg in SLN crystals is of principal importance. As known, Fef’jr
serves in the congruent LiNbOg3 as the dominant electron trap. Thus, an alter-
ation of the Fe?* lattice site could fundamentally affect the charge transport
scheme and possibly account for specials of the photorefractive process in
SLN. This problem will be discussed in the appropriate Sects. 4.1 and 4.2.2.

Another photorefractive impurity studied in more or less detail in LiNbOg
is Cu [115,137]. Copper exists in LiNbOj3 in the charge states Cu** and Cu™.
The absorption spectrum of LiNbO3:Cu (Fig. 2.13) reveals two bands. One of
them overlapping the bandedge and stretching far into the visible is attributed
to the intervalence transition Cu™~Nb®*. By means of an oxidation-reduction
treatment its peak position was established to be at 3.3eV [115]. Another
band at about 1.2eV is assigned to the transition 2E — 2Ty of Cu?* ions.
In photorefractive LiNbO3:Mn crystals the absorption spectrum exhibits two
broad bands at about 2.2 and 1eV [138,139]. According to ENDOR stud-
ies [140] Mn?* ions occupy Li sites. The appropriate bibliography on other
photorefractive impurities in LINbOg is few in number [55].

Although Cr3* is not a photovoltaic center, its spectral characteristics in
LiNbOg3 are worthy of a short discussion, because they are strongly affected
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Fig. 2.13. Absorption coefficient a vs. photon energy for ordinarily polarized light
in Copper-doped LiNbOs, data taken from [137]

by the stoichiometry. A specific of the incorporation of Cr®* ions into LiNbO3
is the formation of several axial nonequivalent centers at the same lattice site,
caused by a nonequivalent local environment. Difficulties in the interpretation
of the EPR- and emission/absorption spectra are the cause of an extremely
long discussion on the Cr®* ion localization in LiNbO3z [121,141-143]. Accord-
ing to combination of EPR, ENDOR, EXAFS and other data, in congruent
crystals Cr3* ions incorporate onto the Li site, at least in low-doped crystals.
EPR studies in congruent LiNbOg3:Cr additional to the main axial Crf’j center
detected several nonequivalent Cr3+ centers — dimer or even trimer complexes,
satellite Cr centers and even nonaxial centers, which were accounted for by an
interaction of Cr};” with the compensating intrinsic defects [121,144]. In near-
stoichiometric crystals the linewidths of the Cr®+t EPR spectra are narrowed,
the satellites disappeared and the spectrum is more symmetric [121,142]. The
EPR and ENDOR studies in these crystals [142] revealed a family of new
centers attributed to Cr3T incorporation onto an Nb site. Regarding the com-
pensation mechanism of the [Cryp,]” center, a compensation by HT ions was
assumed, whereas the self-compensation [Cryyp,]” —[Crp;]*® was ruled out [142].
A similar conclusion was drawn from the spectroscopic measurements (absorp-
tion/emission spectra, site-selective-spectroscopy, etc.). As known, Cr doping
in LiNbOj3 produces broad absorption bands related to vibronic transitions
Ay — *T; and *As — *T, with maxima at about 500 and 650 nm, respec-
tively [145]. At the long wavelength shoulder of the latter band a group of weak
lines exists in the range from 720 to 750 nm. They are related to A, — 2E
transitions. This excited final state is the origin of radiative transitions, the
so-called R-lines. A great number of data was recently presented on the absorp-
tion/emission spectra, particularly in the R-line range in near-stoichiometric
LiNbO3:Cr crystals, [146-152]. At increased Li content, additionally to the
initial strong emission bands two more at longer wavelengths appear, whose
intensities increase with increasing Li content, whereas the intensities of the
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initial bands decrease. A correlation to the EPR and ENDOR data led to the
conclusion that these variations in emission spectra are associated with the
appearance of CrNb and their coupling to other nonequivalent Cr3* centers,
e.g., the formation of a dimer Cry;j-Crif [148].

Surprisingly in the 1sostructural L1Ta03 crystal so far no evidences have
been found of an impact of [Li]/[Ta] on the incorporation of TM ions. Some
researchers performed detailed EPR studies of Fe?* and Cr37 in nearly sto-
ichiometric LiTaOg3 crystals grown by the double-crucible method [153,154].
The Spin-Hamiltonian parameters calculated for both centers at 300 K are
very close to those in congruent material. Hence, it was concluded that both
in the stoichiometric and congruent LiTaOgz crystals Fe?* and Cr3* ions in-
corporate on Li sites.

We now briefly dwell on the incorporation of the lanthanide ions (Ln3*)
into the LiNbOg lattice. As mentioned earlier, according to recent measure-
ments with various methods, all Ln3* ions occupy the Li sites (for references
see, e.g., [120]). Unlike TM ions, Ln3* ions in Li octahedra are off-centered
with respect to the regular Li site by 30-50 pm, the shift being dependent
on the Ln3t ionic radii, see Fig.2.14. A speciality of the axial Ln3T cen-
ters in LiNbOs, like Cr3T ions is the coexistence of several nonequivalent
centers at the same lattice site. Practically, the most interesting material is
LiNbO3:Nd3* in which a laser excitation, even with the self-frequency dou-
bling has been reported since long ago [155-158]). The emission spectrum in
this crystal reveals a band corresponding to a radiative 419 — 4F3 transition
(860-960 nm), whose fine structure was formerly a531gned to the existence of
three nonequivalent Nd®* centers [159,160] and then refined to six ones [161],
for details see Fig. 2.15. At early stages, these nonequivalent Ln3" centers were
sometimes interpreted as Nd3* both on the Li and Nb sites [159,162]. After
convincing arguments in favor of the Ln®* localization on Li sites, all these
six centers were related to Ndy;. The fine structure of the excitation spectrum
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Fig. 2.14. Displacement from the LiT position in LiNbOgz vs. the ionic radius of
active RE®*" ions, data taken from [120]
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is sensitive to the crystal stoichiometry. As seen in Fig. 2.15 a slight variation
in the [Li]/[Nb] ratio, achieved in [161] by controlling the [Li]/[Nb] ratio in
the melt, affects the strengths of some lines, the spectral positions of the lines
being almost unchanged. More quantitative information is given in Fig. 2.16,
where the intensities in terms of the normalized area for each center as a func-
tion of the [Li]/[Nb] ratio is presented. The results of the spectroscopic studies
in accordance with the EXAFS data [163,164] indicate that Nd3* ions keep
the Li sites independently of the crystal stoichiometry. Comparative studies of
Nd?** in near-stoichiometric and congruent LiNbOj crystals were performed
by the EPR method [165]. The Nd*"-EPR band in congruent crystals is too
broad to analyze its fine structure. An enormous narrowing of the EPR lines
in stoichiometric LiNbO3:Nd permitted to distinguish four nonequivalent cen-
ters, one of them being axial with a Cs symmetry and others with the lower
symmetry C.

An impact of the crystal stoichiometry on the excitation spectra was found
also for Er3* ions. As known, Er doping is of practical interest due to possible
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laser action at technically important wavelengths of about 1,500 nm (0.83 eV).
Additionally, the Er?* ion offers a variety of other transitions and excitation
possibilities in the spectral ranges 2.26, 2.55, and 2.75eV. According to de-
tailed studies by EXAFS, RBS, ion-beam channeling methods, and others (for
references see, e.g., [166]) the Er®* ion occupies the Li site forming several non-
equivalent centers. For example, several groups [167-169] when investigating
the emission range at 2.26 eV, i.e., the transition 483 — 41%, with the use of

site-selective-spectroscopy found in SLN:Er3* not less than 11 resolved peaks
belonging to optically different Er3* centers and in CLN:Er3* even more (13
ones). The widths of all lines in SLN:Er3* are strongly narrowed as compared
to CLN:Er3* and the line intensities are noticeably redistributed [166, 168],
like in LiNbO3:Nd3T. Similar results were obtained for Eu®* [170].

In summary, at present there are convincing data indicative of an alter-
ation of TM (TM3*+ = Fe3*t, Cr3+) lattice site in the stoichiometric LiNbO3,
whereas Ln3" ions seem to keep the Li sites independently of the crystal
stoichiometry.

2.5 Optical-Damage-Resistant (Non-Photorefractive)
Impurity Ions in the LiNbO3 Lattice and Their
Impact on the Incorporation of Other Impurity Ions

The effect of optical-damage-resistant impurities on the optical properties of
LiNDbOQg is rather specific. The main role of these ions seems to vary the amount
of the Nb antisites in the crystal. It is a reason of a pronounced dependence
of many optical properties controlled by the intrinsic defects, on the doping
with the optical-damage-resistant ions.

2.5.1 Incorporation of the Optical-Damage-Resistant Ions
into the Lattice

As mentioned in Chap. 1, the most important practical task with respect to
optical applications of LiNbO3 is an improvement of its optical stability under
intensive light, in particular a protection against the optical damage. The most
efficient and technologically easy method is doping LiNbOs with relatively
high concentrations of optical-damage-resistant impurities. The first optical-
damage-resistant composition found was LiNbOj3:Mg, where a reduction of
the optical damage was noticed when doping with 4.6% Mg [171]. In more
details LiNbO3:Mg was studied later [76,172,173]. These authors accounted
for the optical damage resistance an increased photoconductivity and detected
a critical concentration of about 5 mol.% MgO for the congruent melt, referred
to as a threshold, above which the optical damage drastically falls off by
more than two orders of magnitude. Several optical properties as well revealed
anomalies at about this critical concentration. Additionally, it was found by
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Sweeney et al. [76] and confirmed by Feng et al. [174] that this threshold is
lowered to 3% in a crystal grown from a melt with a ratio of [Li]/[Nb] = 1.2.
Just these results led to the assumption that Mg doping effects indirectly and
is related to an action of Mg?*t ions on the intrinsic defect structure.

Starting from a chemical analogy of Zn?* ions to Mg?* ions a significant
reduction of the optical damage was found in LiNbOgs:Zn [175,176], with a
particularly strong effect for ZnO concentrations exceeding 7 mol.% for the
congruent melt. Zhang et al. [177] observed in congruent LiNbO3:Zn a lower
threshold of about 6 mol.% ZnO. The dependencies of many optical proper-
ties of LiNbOj3:Zn were very similar to those of LiNbO3:Mg, as they revealed
anomalies in the concentration range at about 7mol.% ZnO. This similarity of
properties of both LiNbO3:Mg and LiNbOj3:Zn crystals permitted to conclude
the existence of an optical-damage-resistant family of ions and to predict other
members of this family on the base of the qualitative crystal-chemistry prin-
ciple of the diagonal rows within the periodic table of the elements. These are
in the first instance the trivalent ions In** and Sc3*. Optical damage resis-
tance was actually proved in LiNbOg:In [178-180] and LiNbOg:Sc [181,182]. In
these cases, a drastic decrease of the photorefraction and anomalies of optical
properties are observed at concentration below 2 mol.% oxides (i.e., 4 at.%) in
the melt for congruent crystals. Recently, two new optical-damage-resistant
impurities, Hafnium (Hf) and Zirconium (Zr), were found [183-186], whose in-
fluence on the photorefraction and optical properties qualitatively reminds of
that of the former optical-damage-resistant ions. After subsequent refinement,
the threshold concentration of Hf was established below 2% [187]. The most
recently studied optical-damage-resistant impurity ion is Zr** [188], although
discovered already 3 years earlier [183]. In LiNbOgs:Zr, the photorefraction
drastically drops at a ZrOs concentration less than 2mol.%. So, at present
the family of the optical-damage-resistant impurities includes divalent (Mg,
Zn), trivalent (In, Sc) and tetravalent (Hf, Zr) ions. Note that Hf is a full
analog of Zr; it belongs to the group of scattered elements (Rb, Ga, Ge, etc.),
forms no natural minerals and persists always as an admixture in zirconium-
based natural minerals. The term family is appropriate, because an impact of
these impurities on various properties of LiNbOg is qualitatively very similar
in spite of different valency.

In LiTaO3 doping with Mg lowers the photorefraction as well [189]. One
more impurity suppressing the optical damage in LiNbO3 is Na [190], but the
results are still ambiguous. There are indirect indications on a similar role of
Ga doping in waveguiding structures in LiNbO3:Mg [191]. Other impurity
ions lowering the optical damage in the LiNbO3 waveguides are indiffused
monovalent Ag [192] and protons [193].

In contrast to LiINbO3 doped with the photorefractive impurities described
and discussed in many monographs and reviews, material on optical damage
resistance in LINbOj3 has been summarized so far only in two reviews [194,195].
So, we discuss the optical-damage-resistant impurities in LiNbOj in more
detail than the well-known photorefractive ones.
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Fig. 2.17. Shift of the absorption edge of Zn-doped LiNbOs, redrawn from [196]

At first a great similarity of the properties of optical-damage-resistant
LiNbOg crystals manifests in their optical absorption spectra exemplified by
LiNbOs:Zn (Fig. 2.17). Doping with any member of this family (Mg [197,198],
Zn [196], In [199], Sc [181], Hf [183], and Zr [183,188]) induces no changes
within the whole transparency range 0.35—4 um except for a slight shift of
the UV bandedge towards shorter wavelengths. The optical inactivity of these
impurities is the basis for the great interest on them from the point of view
of optical applications.

As mentioned earlier, a drastic decrease of photorefraction at impurity
concentrations exceeding certain thresholds, constant for a given impurity, is
accompanied by anomalies (extremes, kinks, steplike changes, etc.) of optical
properties. Non-monotonic dependencies of the refractive indices and phase-
matching temperatures on the concentrations of the optical-damage-resistant
impurities will be described in Chap. 6 devoted to the characterization of the
optical-damage-resistant LiNbOg compositions. Now we exemplify the thresh-
old behavior of optical parameters by the steplike shift of the OH absorption
band in LiNbOj3:Zr, see Fig. 2.18. Such a steplike shift of the IR band is ob-
served in all optical-damage-resistant crystals, the value of the shift decreasing
from di- to tetravalent ions, see Table 2.4.

Before discussing the threshold concentrations of optical-damage-resistant
impurities and the concentration dependencies of the parameters, the follow-
ing remark is worthy of noting. There are two ways to specify the impurity
content, which with LiNbO3:Mg as an example looks as follows:

c\in = [MgO]/([Li20] + [MgO] + [NbzOs]),
¢1) = [MgO]/([LiNbO3] + [MgO]).
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The first definition is adapted to the phase diagram LisO-MgO-NbyOs5

[200, 201]. These values are different, for example for usual MgO concentra-

tion cl(\i)g ~ 201(\/1[)g [202]. Sometimes a scatter in the threshold concentration

values and in concentration dependencies of various parameters is due to an
ambiguity in the definition of the concentrations.

The effects of optical-damage-resistant impurities on numerous proper-
ties of LiNbOj are an increase of T, (Fig.6.3) and of the crystal density in
LiNbO3:Mg [200] and LiNbOg:Zn [203], an increase of the temperature of the
noncritical phase synchronism [173,175,176,182], a UV shift of the optical
absorption band (Fig. 2.17), qualitatively reminds us the results of increasing
Li content, i.e., of an ordering of the structure. Particularly, it concerns the
blueshift of the absorption edge (Fig.2.17), because this shift in Li-enriched
LiNbOg3 was attributed to the disappearance of intrinsic defects and subse-
quent hardening of the structure [204]. In the framework of the current model
of the defect structure, an impact of the optical-damage-resistant ions resem-
bles a decreasing Nbr; content. Thus, it was a priori explained by a removal
of Nby; from the lattice due to the entering the impurity ions onto Li sites.

We now trace the development of the proposed scenario of entering the
optical-damage-resistant dopants into the LiNbOg lattice and their action on
the intrinsic defect structure. As mentioned above, according to the current
conclusion, the preferable sites of almost all impurity ions are the Li octahedra.
In the case of LiNbO3:Mg [201,205,206] the a priori expected incorporation of
these ions onto Li sites was convincingly proved by different methods. A pre-
cise chemical analysis in LiNbO3:Sc [207] and EXAFS, ion beam and hyperfine
interaction methods in LiNbO3:Hf [208,209] led to the same conclusion for
low Sc and Hf concentrations.
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However, the incorporation mechanism and in particular its influence on
the threshold concentrations was and still remains debatable. Because the
threshold concentration of Mg (5.5%) in congruent crystals is close to the
Nby,; content [41], it was reasonable to relate it to a complete removal of Nby
from the lattice [134,205,210,211]. This assumption was supported by the fact
that the threshold Mg concentration was lowered with increasing Li content
in crystals [76,174,212]. From the same viewpoint, the most energetically
favorable solution reactions underlying the different threshold concentrations
for di- and trivalent impurities are according to [202]

5MgO + 2Nb7® + 8V, + LiNbOj — 5 Mg}, + 5V, + NbyOs,  (2.13)
5Scy05 4+ 6 Nbi? 4+ 24 V). — 10Sc? + 20V}, + 3NbyOs. (2.14)

As seen from this simplified presentation, the number of trivalent cations
required for a removal of Nby; is less than that of divalent ones, that means
the threshold for the former is lower, because the ratio of the replacement is
decreased from 5/2 to 5/3.

The relation of the threshold concentrations to the disappearance of Nby;
seemed to be supported by spectroscopic tests described in Sect.2.2. Recall
that a reduction of Li-deficient (congruent) LiNbOs is accompanied by the
appearance of a broad absorption band in the visible (Fig.2.6) attributed to
the formation of a bipolaron (Nbxp—Nby;)?~ [55]. The low temperature illu-
mination of reduced crystals, leading to a dissociation the bipolaron by (2.10)
and giving a characteristic 10-line EPR spectrum (Fig. 2.4) serves as a test for
the presence of Nbr;. Such experiments were performed in LiNbO3:Mg [76],
LiNbO3:Zn [56,78] and LiNbOg3:In [179] crystals with impurity concentrations
below and above the thresholds. The results are exemplified by LiNbOs:In.
For impurity concentrations below the thresholds in all these crystals the op-
tical absorption spectra (Fig.2.19, left) were qualitatively similar to those in
congruent crystals (Figs. 2.4 and 2.6), thus evidencing the existence of Nby;.
On the other hand, at impurity concentrations exceeding the thresholds, the
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Fig. 2.19. Polarized absorbance (s, p) of reduced LiNbO3 doped with indium below
the threshold (left) and above (right)
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spectrum of reduced material looks quite different (Fig. 2.19, right) and does
not respond to illumination. The broad band at about 0.95eV (1,200 nm)
was assigned to a free small polaron Nbi} [77,78]. So, these results were in-
dicative of missing Nby,; for optical-damage-resistant impurity concentrations
above the thresholds.

However, further studies in LiNbO3:Mg [201,206] revealed that the origin
of the threshold required a refinement. A precise chemical analysis have shown
that the ratio [Li]/[Nb] = 0.94 in LiNbO3:Mg remains constant up to 2-3%
MgO, whereas a further increase of the impurity concentration diminishes it
[201,206]. Both research groups started from the assumption of an occupation
of 100% of oxygen sites, they accounted for a decrease of [Li]/[Nb] by an
increase of the Li vacancy concentration. In the framework of the Li site
vacancy model, the authors of [206] proposed a two-step scheme of the Mg
incorporation, accordingly to which Nb antisites are completely substituted
by Mg ions at [Mg] ~ 2%, whereupon Mg ions substitute for the regular Li ions
[206]. The authors assumed that the appearing surplus of Mg, is compensated
by Vi, so at this stage their concentration increases again. Grabmaier et al.
[201] discussed their data in terms of the Nb site vacancy model, so their
interpretation was qualitatively different. Similar precise chemical analysis in
LiNbO3:Sc [207] discussed in the same way evidenced that Nb antisites are
removed at 2% Sc, afterwards Sc substitutes for the regular Li ions. Table 2.2
presents a variation scheme of the defect structure of LiNbO3:Mg following
the two-step scheme proposed by Iyi et al. [206].

However, the calculations of [202] show that such a two-step Mg incorpora-
tion is energetically unfavored, therefore a more probable process seems to be
a simultaneous substitution of Nb antisites and regular Liy; ions by Mg. The
same conclusion was drawn in [211]. So, up to now it is unclear whether Nb
antisites disappear from the lattice at the threshold concentration in its tradi-
tional meaning, or at a lower concentration referred sometimes to as the first
threshold [213]. According to the conclusions of [202] and [211] Nb antisites do
exist in the crystal up to the usual thresholds of the optical-damage-resistant
ions, although the process of substitution and the compensation mechanism
vary in different concentration ranges. As described above, the existence of
Nb antisites up to the threshold is supported by spectroscopic tests.

In addition to a removal of Nb antisites at threshold concentrations, the
model calculations [55,134] and indirect indications from NMR-spectra of the

Table 2.2. Incorporation of Mg ions into congruent LiNbOs (deduced from [206]).
The symbol OJ denotes the Li vacancy

%MgO  Formula (Li site vacancy compensation)

0.0 [Lio.05Nbo.010o.04][Nb]O3
3.0 [Lio.0aMgo.0300.03][Nb]O3
8.0 [Lio.saMgo.080o0.08][Nb]O3
28.0 [Lio.7oMgo.21][Nbo.931Mgo.069] O3
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Table 2.3. Incorporation of Zn ions into congruent LiNbO3 [215-217]. The symbol
[0 denotes the Li vacancy

Zn (at.%) Formula

0.0 [Lio.040Nbo.01200.048][Nb]O3

2.87 [Lio.008Nbo.007Zn0.0200.056][Nb] O3

5.2 [Lio.s98Zn0.05200.05][Nb] O3

7.6 [Lio.939Zn0.06]D0.001][Nbo.98 Z1n0.01500.005] O3
8.2 [Lio.05Zno.06][Nbo.98Zno.022] O3

Mg nuclei [214] suggested a possibility of a partial incorporation of optical-
damage-resistant ions onto the Nb sites after a complete removal of Nby;
defects. From this viewpoint, the microscopic origin of the threshold concen-
tration was investigated by structure studies in LiNbOj3:Zn and LiNbOs:In
[215-218]. The Zn impurity is the most convenient one for such studies, be-
cause it has the largest threshold (7.5%) among all damage-resistant impu-
rities, thus providing the highest faithfulness of the estimates. The precise
X-ray diffraction measurements were performed in single crystals and pow-
ders [215,216]. Data on the occupancy coefficients of atoms in LiNbOs:Zn
obtained from the refinement of the structures, led to the chemical formulas
of LiNbOg3:Zn shown in Table 2.3; Zny; was assumed to be compensated by
Li vacancies. The main conclusion drawn from Table 2.3 is that at Zn concen-
trations close to the thresholds and above them, Zn ions incorporate partially
onto the Nb sites. This conclusion was supported for LiNbO3:8%Zn single
crystals by neutron diffraction studies [217]. Similar results were obtained in
LiNbOj3:In [218]. At a concentration of about 2.7at.% (above the threshold)
In ions were found on both the Li and Nb sites.

Therefore, these structure measurements established unambiguously the
microscopic origin of the threshold concentrations, namely, the association
of the threshold to a partial incorporation of the optical-damage-resistant
ions onto the Nb sites. This fundamental unambiguous conclusion is obvi-
ously valid for all optical-damage-resistant dopants. Additionally to direct
structure investigations in LiNbO35:Zn and LiNbO3:In [215-218], in Hf-doped
LiNbOg3 the indirect data on the ion-beam and hyperfine interaction methods
are evidences of the incorporation of Hf ions onto both Li and Nb sites in
highly-doped crystals [209,219]. The incorporation mechanism for the Hf im-
purity depends on the crystal stoichiometry: in congruent Hfyy, were found at
[HfO2] = 6mol.% (in the melt) and in near-stoichiometric LiNbOg at [HfO,]
as low as 1%. This is in accordance with the well-known result on decreasing
Mg threshold concentration in Li-enriched crystals [76,174].

An incorporation of impurity ions simultaneously onto both cation sites
requires a modification of the charge compensation conditions (2.13), (2.14).
The model calculations [134] showed that for this case a self-charge compen-
sation mechanism may occur. For a two-valence ion it looks as follows:
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207Zn0 + 8 [Nb{$-V};] = 15Zn}; + 5Znd, + 4NbyOs (2.15)

and requires a concentration ratio of the self-compensating ions [Zn¥, ]/[Zn$;]
=1:3. As seen from Table 2.3, this ratio is fulfilled in a rough approximation
for LiNbOs3:Zn with the above-threshold concentrations 7.6% and 8.2% Zn,
hence the mechanism (2.15) may be assumed. As it does not require more Li
vacancies for the charge compensation, the threshold impurity concentration is
followed by the disappearance of Vi; from the lattice. Chemical microanalysis
measurements in LiNbO3:Mg [201,206] also indirectly indicate an anomaly in
the Li vacancy content at the threshold Mg concentration. Figure 2.20 presents
a scheme of the defect structure variation produced by Zn doping based on
the data of Table 2.3 [215-217]. Additionally, within certain assumptions for
LiNbO3:Zn and following the two-step mechanism of Mg incorporation [206] it
was concluded that Nb antisites disappear from the lattice in the concentration
range 3% < Zn < 5% (Table 2.3).

As seen from Tables 2.1 and 2.2 optical-damage-resistant ions Mg and Zn
at relatively low concentrations may be regarded as controllers of the Nby;
content, so their effect is qualitatively analogous to a Li enrichment. This is in
a qualitative consistence, with a similarity between the blueshift of the band-
edge in LiNbOg3:Zn (Fig. 2.17) [220] or LiNbO3:Mg [197,198] and in Li-enriched
crystals [204]. This shift saturates at [Zn] ~ 4%, which according to (Fig. 2.20)
corresponds to a disappearance of [Nby;]. These qualitative considerations and
the results in Fig. 2.20 are consistent with the data on the lattice parameters
in LiNbO3:Zn vs. the Zn concentration Fig.2.21 [221]. This dependence devi-
ates from Vegards rule, expecting a smooth variation of the lattice parameters
when increasing the concentration of a substituting impurity. Plateaus of the
lattice parameters a and c as well as the volume V' vs. [Zn] at low Zn concen-
trations transform to a steep slope at above-threshold Zn concentrations. Very
similar plots were obtained for LiNbQO3:Zn [177,203], where these plateaus in
the low concentration range (2-3% Zn) are more pronounced, so a and ¢ even

Vi

concentration (%)

Zn concentration (at. %)

Fig. 2.20. Intrinsic defects in Zn-doped LiNbOs3 vs. Zn concentration
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tend to decrease. These plateaus argue of a hardening of the lattice due to
a decreasing Vp; content and lowering Coulomb repulsion. Indeed, according
to [203] the crystal density of LiNbO3:2%Zn noticeably grows with respect to
the undoped crystal (4.72-4.62 gcm ™3, respectively), whereas at further [Zn]
increasing it varies slightly.

As repeatedly mentioned earlier, the preferable site of all impurity ions
in LiNbOg, is the Li octahedron. At low concentrations, the optical-damage-
resistant ions incorporate in LiNbO3 comparatively easy with distribution co-
efficients in the range K. =1.2-1.3; at higher concentrations K.g decreases
to 1 for MgO [200] and ZnO [220] in the range 5-6 mol.% and to about 0.9
for InyOg in the range 1.5-2mol.% [222]. However, at above-threshold con-
centrations K.g gradually saturates. This is illustrated in Fig.2.22, which
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presents the dependence of the Zn concentration in the crystal ceys on the
concentration in the melt cyper- The dependence is described with good ac-
curacy by Cerys = 1.649 cere — 0.082¢2, 1, [220]. One may see, that above the
threshold the Zn concentration is close to a tolerable limit, because increasing
cmelt does not increase cerys more, as if an impurity incorporation onto both
cation sites brings a given crystal lattice to a critical state. In contrast to di-
and trivalent ions, the distribution coefficient for Zr seems not to depend on
the concentration being of about 1.0 for the doping range from 1 to 5 mol.%
ZrO4 [188].

He et al. [223] discussed the incorporation and the thresholds of the optical-
damage-resistant ions in terms of the influence of these ions on the chemical
bonds within LiOg and NbOg octahedra. The consideration is based on the
semi-empirical bond-valence approach, for references see, e.g., [224], according
to which the stability of a structure may be established from calculations of
the bond-valence sum for a given cation in a given environment. Within this
concept, the stability of the LiNbOg lattice decreases with increasing optical-
damage-resistant ion concentrations, so the location of such an ion is changed
from an Li to Nb site provided that certain threshold of a global lattice in-
stability is exceeded. Based on the traditional Nbp;—V,y1,; concept and some
experimental data, He et al. [223] deduce reasonable values of thresholds for
di-, tri-, and tetravalent optical-damage-resistant impurities. Summarizing the
data on the threshold concentrations of optical-damage-resistant impurities in
congruent LiNbOj crystals, one may conclude that a more or less substantial
microscopic model is elaborated for Mg and Zn ions, for which the thresholds
are first related to a partial change of the occupancy from Li to Nb sites and
second to a removal of Nb antisites due to the substitution by Mg or Zn ions.
No speculation can be proposed concerning the incorporation of the newly
found optical-damage-resistant ions Hf and Zr, except for the fact that by in-
direct evidences Hf at low concentrations incorporate onto Li sites [208,209],
whereas at high concentrations it probably occupies both cation sites [219].

At present Li-enriched (near-stoichiometric) LiNbO3:Mg is the most in-
tensively studied optical-damage-resistant composition [225, 226]. In these
crystals the threshold Mg concentration is lower than in congruent ones in ac-
cordance with [76,174]. In near-stoichiometric LiNbO3:Mg the optical damage
resistance occurs at [Mg] > 1-2%, that is close to the first threshold for congru-
ent LiNbO3:Mg. In terms of the above scenario of a two-step Mg incorporation,
one may describe the first step in near-stoichiometric LiNbO3:Mg as a com-
plete disappearance of Nb antisites in the range ~1-2%. At a further increase
of the Mg concentration the optical-damage-resistant Mg immediately starts
to incorporate partially onto Nb sites. The value of the threshold Mg concen-
tration in near-stoichiometric LiNbOg crystals has not been established yet.
Formerly it was 2% [206], later a value of about 1% Mg was reported [225,227],
for the crystals NSLN:Mg obtained with the use of the high-temperature top-
seeded solution growth method a threshold value as low as 0.67 mol.% [228]
and even 0.2mol.% Mg was observed [229]. Iyi et al. [42] assume that the
threshold concentration of Mg in LiNbOg in the framework of the Li-vacancy
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model may be taken as 2z, where x is the Li-deficiency in the crystal. This may
account for the observed scatter of the Mg threshold value in Mg-doped near-
stoichiometric LiNbO3 crystals because the degree of the near-stoichiometry
strongly depends on the growth conditions and has not been specified.

Unluckily, to our knowledge no structure investigations in SLN:Mg have
been performed so far, although it could clarify the origin of an extremely
high optical damage resistance in these crystals.

At the end of this section, it seems appropriate to show the dependence
of LisO and NbyOs5 on the MgO concentration in the congruent LiNbOg pro-
posed in [211] in line with the MgO-NbsO5-Li;O phase diagram [200, 201]
(Fig.2.23). This dependence was constructed assuming an incorporation of
Mg ions onto the Li sites with a simultaneous substitution for Nby; and reg-
ular Lip; below the threshold and a partial incorporation of Mg onto the
Nb sites above the thresholds with fulfilling the compensation conditions
[Mg/] — 3 [Mgp,;]. This scheme is in a satisfactory agreement with the con-
centration dependencies of many properties.

In conclusion, it is worthy of repeating again that in the framework of the
currently accepted defect model of LiNbOg, the optical-damage-resistant ions,
at least Mg and Zn, may be regarded as controllers of the concentration of
the intrinsic defects Nbr; and Vi;. As shown in subsequent chapters, optical,
photorefractive and even ferroelectric (coercive fields) properties of optical-
damage-resistant LiNbO3 compositions are discussed in terms of a variation
in the intrinsic defect structure.

2.5.2 Effect of Optical-Damage-Resistant Impurities
on the Incorporation of Other Impurity Ions

The effects of Mg and Zn doping on the optical properties of LiNbOj3 crystals
activated by TM or Ln®t dopants are numerously reported in literature. This
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Fig. 2.23. Dependence of the Nb2Os and Li2O content in congruent Mg-doped
LiNbOs3 crystals, redrawn from [211]
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interest is provoked by the necessity of an insight into a microscopic origin
of the optical damage resistance, and of obtaining optical-damage-resistant
lasing structures on the basis of LiNbOs:Ln?*. As shown in Sect.?2.4, the
incorporation of TM (Fe3*, Cr®t) ions into LiNbO3 depends on the crystal
composition, namely in Li-deficient (congruent) crystals they incorporate onto
the Li sites only, whereas in the near-stoichiometric crystals evidently enter
partially the Nb sites. In contrast, Ln®>t ions seem to occupy Li sites inde-
pendently of the [Li]/[Nb] ratio. Below one will see that the doping with the
optical-damage-resistant ions with the above-threshold concentrations affects
the lattice site of TM ions and of some Ln3* ions, too. We summarize later
the available results of resonance and optical studies in LiNbO3:Mg(Zn):TM
and LiNbO3:Mg(Zn):Ln®** not coming into details of the interpretation and
dwelling on a qualitative description of the observed effects.

According to [174,230,231] Fe in Mg-doped LiNbOj exists in the tradi-
tional states Fe?T and Fe?*. Figure 2.24 shows the variations in the Fe3*
EPR spectra in LiNbO3:Mg:0.01%Fe and LiNbO3:Zn:0.01%Fe crystals when
increasing the Mg or Zn concentration [175] (note the identity of the curves
for Mg and Zn). One may see the abrupt changes in the shapes of the spectra,
particularly the appearance of an isotropic EPR-line at Mg and Zn concentra-
tions exceeding 5.5% and 7%, respectively. Similar change of the Fe3t EPR
spectrum in highly doped LiNbO3:Mg was observed in [76,174,231,232]. From
the parameters of the Spin-Hamiltonian in LiNbO3:Fe:5%Mg the existence of
a new axial center Fel; was deduced [174,231]. Feng et al. [174] suggested
that Fe?’NJg centers appear in the crystal after the complete substitution of
Nbr; by Mg. On the other hand, a detailed analysis of the dependence of the
EPR spectra of Fe** on the Mg concentration in LiNbO3:Mg:0.05%Fe [232]
led to the conclusion that the spectrum of Fe?ﬁr transforms gradually within
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LiNbO4:0.01%Fe:2.2mol.% MgO
LiNbO4:0.01%Fe:2.6mol.% ZnO
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Fig. 2.24. EPR spectra of Fe-doped LiNbO3z codoped with MgO or ZnO. The
doping correspond to melt compositions, redrawn from Volk et al. [175]
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a rather broad concentration range starting from [Mg]~4.6%. Therefore, a
change of the Fe3t lattice site occurs not in a step-like manner, and Fef’jr
and Fe3N‘E centers coexist in the concentration range 4.6-6% Mg. So, the EPR,
spectrum observed in a pre-threshold concentration range may be regarded
as a superposition of two spectra. The change of the Fe3T lattice site is of an
important significance for the subsequent discussion of the microscopic origin
of the optical damage resistance.

Similar variations in spectroscopic and resonance characteristics of Cr3+
ions at high Mg or Zn concentrations were observed, too. A sharp recon-
struction of the Cr3* EPR lines and the appearance of an isotropic line was
detected in LiNbOs3:Cr highly codoped with Mg [233-237] and Zn [237]. At
low Mg or Zn concentrations the spectrum was assigned to axial Clrii+ cen-
ters [233,237], whereas a fundamental transformation of the spectrum at about
6% Mg was interpreted as appearance of axial Crf(ﬁ; centers. Similarly to Fe?’l\{;;7
these centers arise at a pre-threshold concentration [Mg] > 4.6% [235,236] (for
[Zn] > 4.7% [237]), the ratio of [Cry;]/[CriT] smoothly increasing in the range
from 4.6% to 6% Mg. On the basis of EPR and ENDOR measurements Corradi
et al. [238], regard this new center as a complex of Criﬁg with an Mg?* ion
in proximity. The absorption/emission spectra in LiNbO3:Cr are also affected
by high Mg or Zn doping [236,239]. The broad absorption band Ay — 4T is
shifted towards longer wavelengths, while the band *Ay — *T is sufficiently
lowered and broadened. The emission spectra in the R-line range (720-750 nm)
are modified as well. The intensities of the two original R-lines are redistrib-
uted, and two new emission lines shifted towards longer wavelengths appear
and are attributed to the transition A, — 2E. Qualitatively, the situation
is very similar to the behavior of the R-line emission in the stoichiometric
LiNbOg:Cr described earlier. A new narrow p-polarized line at 781 nm is char-
acteristic for the Cr3* emission both in SLN:Cr and CLN:Cr:Mg [240]. From
the correlation to the EPR data [233,238] Camarillo et al. [239] attribute
the reconstruction of R-lines to the formation of Cryy-related centers. The
authors of subsequent studies in LiNbO3:Cr:Mg share this conclusion [241].

Variations of the optical absorption spectra in LiNbOj3:TM under an
impact of the optical-damage-resistant ions affect the appearance of the
above-threshold crystals. As a result of this reconstruction of the absorp-
tion spectrum in LiNbOg3:Cr:Mg, the highly doped crystals transform from
green to pink. In LiNbOgs:Fe:Mg(Zn) with Mg(Zn) exceeding the thresholds
the optical absorption at A ~ 500 nm is sufficiently lower than in LiNbOj:Fe
or low-doped LiNbOs:Fe:Mg(Zn), when compared for the same Fe concentra-
tion in the crystal. As the band at about 500 nm is related to Fe?j, so this
observation means that at high Mg(Zn) concentrations the ratio [Fe?*]/[Fe3T]
in as-grown crystals is lesser than in LiNbOgs:Fe, as if the incorporation of Fe
ions onto the Li sites is hampered. Consequently, the visual appearance of the
above-threshold crystals is more light.

In [242] an impact of a trivalent optical-damage-resistant impurity Sc on
the incorporation of Cr?* ion was found. Studies by EPR and spectroscopic
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methods in LiNbOj3:Cr:Sc detected the two centers Cry; and Cryp, with optical
and magnetic characteristics, very similar to those of LiNbO3:Cr:Mg(Zn).

The effects of Mg doping on the incorporation of Ti ions are of importance
with regard to the formation of Ti-induced optical waveguides. In congruent
crystals Ti** substitutes for Li [119]. To investigate its incorporation by the
EPR method, the crystals have to be reduced to transform Ti*t to the para-
magnetic Ti** state [243]. EPR and optical absorption spectra in reduced
LiNbO3:Ti were attributed to Ti3T centers at Li sites [244, 245], indepen-
dently of the [Li]/[Nb] ratio [246]. However, high Mg doping strongly affects
the Ti incorporation. Studies with EPR and optical absorption spectra in re-
duced LiNbO3:Ti:6%Mg found dominant new centers interpreted as Ti*t at
Nb sites [246,247], whose concentration noticeably exceeds that of Tii;r.

Evidently, Mg doping affects the incorporation of the other optical-
damage-resistant ion Hf. On the base of computer simulations of ion-beam
channeling data it was concluded that at high Mg concentrations Hf** ions
incorporate onto Nb sites [117,119]. This action resembles the above men-
tioned evidences of the alteration of Hf lattice site in near-stoichiometric
crystals [209, 219]. Here it should be mentioned that in the literature one
may meet experiments on studies in LiNbO3 doped with two types of optical-
damage-resistant ions, e.g., (Zn + In) [248] or (Mg—+1In) [249], etc. Such
combinations lead to interesting variations in physical properties, which are
evidences of a nonadditivity of the effects on the defect structure. No a priori
conclusion can be drawn concerning the intrinsic defect structure of these
doubly doped crystals, because their incorporation onto the Li sites at low
concentrations and onto both cation sites at high concentrations is concur-
rent. Thus one may expect a variation of the distribution coefficient of either
partner depending on their concentration ratio in the melt.

As already mentioned, in the congruent LiNbOgs several nonequivalent
Ln?t centers coexist on Li sites, particularly in Nd-doped crystals six ones
were detected (Nd-1, Nd-2, etc.) [120]. Even at an early stage of studies in
LiNbO3:Nd:Mg the effect of a strong (about 5%) Mg codoping on the fine
structure of the emission spectrum was observed (e.g., [162, 250, 251]). The
authors of these works in agreement with the subsequent studies found in the
emission spectrum of LiNbO3:Nd:5%Mg two additional well separated lines in
the range 875-890 nm corresponding to I(*Ig,») — R1,R2 (*F35) transitions.
At that time they were attributed to a perturbation of Nd3NT) by the nearest
Mgr,; [250]. In more recent works the new lines appearing in the spectra of
LiNbO3:Nd highly codoped with Mg or Zn are assigned to new centers referred
to as Nd-Mg or Nd—Zn, with a very prudent assumption of their relation to
Ndnp, [120]. At the same time, the authors of [164] on the base of the EXAFS
measurements concluded that at a high Mg concentration Nd3* ions partially
change their lattice sites and occupy the empty oxygen octahedra.

The influence of a high codoping with Mg or Zn was studied in
LiNbO3:Er3* [252] and LiNbO3:Yb** [253] using EPR. In crystals with-
out codopants the EPR spectra were attributed to Er** and Yb3* ions,
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respectively, on the Li sites. At high Mg or Zn concentrations new EPR
lines appeared, and were associated with new centers Er3t (Yb3*). The
authors correlated these spectra with a variation of the Cr3* EPR spectra in
LiNbO3:Cr:Mg, mentioned above and interpreted their results in terms of the
location of Er®* or Yb3* ions at Nb sites in analogy to CrSNT). Summarizing
this section, one can see, that as the influence of optical-damage-resistant
cations on the location of TM ions seems to be more or less understood, the
situation with Ln3* ions is still uncertain and requires further investigations.

2.5.3 OH-Spectra in Optical-Damage-Resistant LiNbOg Crystals

For an extended bibliography on this subject one may address the review [99].
The impact of optical-damage-resistant ions on the OH stretch mode charac-
teristics present one more striking manifestation of the threshold phenom-
ena, which are exemplified by the dependence of the IR band on the Zn
concentration in LiNbOj:Zn, see Fig.2.25. Below the threshold the spectral
position and the shape of the IR band is practically unchanged, above the
threshold it is shifted to higher frequencies, and in a pre-threshold concen-
tration range those bands coexist, which are characteristic for low- and heav-
ily doped crystals. Particularly, in the pre-threshold concentration range in
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Fig. 2.25. IR transmission spectra of Zn-doped LiNbOg3 below the threshold (top),
in the threshold region (middle position), and above threshold (bottom)
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Table 2.4. Energies of the OH stretch mode in optical-damage-resistant LiNbOs3.
TSSG means top seeded solution growth.

Composition/doping Energies (cm ™) Reference

Lithiumniobate undoped
Congruent 3, 478, 3491 [255]
Stoichiometric 3, 466 [254, 256]
Lithiumniobate doped with damage-resistant elements
LiNbO3:Mg [Li]/[Nb] = 0.945

<4.5% MgO 3,484 [172]

>4.5% MgO 3,534 (172)
3,507, 3,537 [257]

LiNbOs:Mg; [Li]/[Nb] = 1.1

<3.5% MgO 3,485, 3,530, 3,540 [258], [259]

>3.5% MgO 3,540 [258], [259]

LiNbOg3:Mg; [Li]/[Nb] = 1.2

<2% MgO 3,485, 3,530, 3,540 [258], [259]

>2.5% MgO 3,540 [258], [259]

LiNbOs:Mg; [Li]/[Nb] = 1.38

~1% MgO 3,532 [226]

LiNbO3:Mg; TSSG

<1% MgO 3,466 [226]

>2% MgO 3,532 [226]

LiNbOs3:Zn

<7% Zn 3,484 260], [177]

>T7% 7Zm 3,506, 3,535

LiNbO3:In

>1.5%In 2,506, 3,508 178], [249]

LiNbOs3:Sc 3,497 [261]

LiNbOgs:Hf [Li]/[Nb] = 0.945

<4% HfO4 3,484 [262]

>4% HIO, 3,487 [262]

LiNbOg:Zr [Li]/[Nb] = 0.945

<2% ZrO2 3,484 [188]

>2% ZrO2 3,487 [188]

LiNbO3:Mg and LiNbOj3:Zn the band consists of two or three peaks, whereas
above the thresholds the low-frequency peak, characteristic for an undoped
crystal disappears. Table 2.4 summarizes the literature data on the peak po-
sitions of the IR band in LiNbOgj with different stoichiometry doped with
the optical-damage-resistant impurities. As seen, the band-shift regularly
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decreases with increasing ion valence state, being a maximum for divalent
Mg or Zn and negligible for tetravalent Hf and Zr. Additionally, the presented
data illustrate the repeatedly mentioned fact that the threshold concentration
decreases in Li-enriched crystals. Recently, the shift of the IR band in Mg-
doped near-stoichiometric crystals was observed at Mg concentrations as low
as 1.5 mol.% MgQO; in crystals grown by the top-seeded solution method with
K50 and even less than 1mol.% MgO [226, 229]. No consistent microscopic
model has been proposed to account for the effects of the optical-damage-
resistant ions on the OH-band in LiNbOg, although some authors try to an-
alyze the defect structure on the base of these spectra, e.g., [207,254].

A more complicated variation of the IR band is observed in doubly-doped
crystals such as LiNbO3:Mg, Me (Me =Nd, Cr, Ti, Mn, In, Sc) [249, 263, 264]
and LiNbO3:Zn,In [248]. In LiNbO3:Mg, Me crystals new long-wave broad-
bands arise, whose intensities grow with the Me concentrations. The authors
of [99] conditionally sort these crystals for two groups accordingly to the wave-
lengths of the new IR band. A band at about 3,507 cm ™! is characteristic for
Sc and In, and for TM impurities Cr and Fe. The second group includes Ln3*,
particularly Nd in which the band appears at about 3,523cm™!. A qualita-
tive conclusion may be drawn that the effects in doubly doped crystals are not
additive, perhaps due to their concurrent incorporation onto the same lattice
sites. The new bands in LiNbO3:Mg and LiNbO3:Mg,Me at high Mg concen-
trations are attributed to formation of complexes Mg—-OH™ and Me—-OH™—Mg.

Note that the OH-band has no practical importance, but, since its shift
correlates with the occurrence of optical damage resistance, it provides a con-
venient tool for crystal characterization. Namely, on the basis of the position
of the IR band one may conclude beforehand, whether the given impurity
concentration is below or above the threshold, or, in other words, either the
given composition is optical-damage-resistant or not.
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General Introduction to Photorefraction
in LiNbO3

Summary. The photorefractive properties of LiNbO3 with an emphasis on the con-
tributions from intrinsic defects are examined. After a short background of
the photorefraction with the presentation of basic relations, the photoinduced
charge transport in photorefractive compositions, mainly in LiNbOs:Fe are dis-
cussed. The current concept of the dark conductivity is formulated assuming a
concurrence between protons and the electronic conductivity dictated by the Fe
concentration. The traditional one-center charge transport scheme based on the
electron transfer between the donor Fe?t and the deep trap Fe®' is refreshed and
the experimental data not fitting this model are listed. A refined two-center scheme
based on the assumption of the Nb antisite involvement in the charge transport as a
shallow electron trap is discussed and the experimental arguments supporting this
model are summarized.

The photoinduced change of the refractive indices (originally called optical
damage) is one of the three photoinduced effects limiting the traditional use
of LiNbO3 in optics as electro-optic modulators, optical frequency converters,
etc. The first effect, the so-called laser-induced damage or optical breakdown,
is a nonreversible mechanical destruction of the material. It is characteristic
for a wide group of insulators and occurs at rather high light intensities, e.g.,
for LiNbO3 in the range of GWcm™2 for A = 1,064nm depending on the
laser pulse duration, for example 14.6 Jem™2, ¢, = 1ns, A = 1.053um for
LiNbO3:1%Mg [265]. Note that the laser damage is formed of two parts — the
surface and the volume, so the threshold of the optical breakdown depends
on the surface treatment and defect state, respectively. This is a reason, why
experimentally observed threshold values are scattered and often far below
the literature ones. The second negative factor, the photoinduced coloration
occurring both in the visible (denoted as dark- or gray-trace effect) and in the
infrared (denoted as GRITRA — green induced IR absorption) spectral ranges,
is observed at light intensities in the range of I ~ 100 MW cm 2 after multiple
shooting the crystal by light pulses. The former shooting results in a noticeable
reduction of the optical transmission in the visible, sometimes up to 10-15%.
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This effect as a rule is reversible and may be optically erased or thermally
annealed. In contrast to these two effects, the photoinduced change of the
refractive indices (photorefraction or optical damage) appears at low light in-
tensities (e.g., as low as 10mW cm ™2 for blue-green light for LiNbOj3:Fe) and
shows no intensity threshold. The negative consequences of the photorefrac-
tion is the light-wave degradation (the wave-front damage) and an instability
or loss of lasing when using, for example, LINbO3 doped with Ln3* as a solid-
state laser medium. Additionally, optical damage results in a strong scattering
of a transmitting light-wave.

3.1 Background with Basic Relations

We start from a short formulation of the fundamentals of the photorefractive
effect and of the holographic recording based on it as applied to LiNbOg3. The
basics may be found in numerous monographs and reviews (e.g., [4,9,12-16,
266-269]). A photoinduced change of the refractive indices is caused by the
formation of a photoinduced space-charge field Fg. in the illuminated part of
the crystal, which in turn leads to a variation of the refractive indices via the
linear electro-optic effect in noncentrosymmetric media

1 + rijk Ek, (3.1)

€ij €0
where €;; and 75, are components of the tensors of the dielectric permittiv-
ity and linear electro-optic effect, respectively, ¢y is the initial value, E} is
a component of the space-charge field. The formation of F. consists of the
following steps: a photoexcitation of charge carriers to the conduction band,
their spatial transport and a re-trapping by capturing centers. Usually a band-
transport mechanism is assumed. Formerly, photorefraction was accounted to
the photoexcitation from donor centers (extrinsic or intrinsic defects); how-
ever, recently a relation of the photorefraction to a band-to-band electron
excitation was found, for example in near-stoichiometric LiTaO3 [270, 271]
and LiNbO3:Mg [272] where an interband photorefraction induced by a deep
UV light was obtained. The recent review [273] summarizes the available data
on the interband photorefraction and proposes a model description. Addition-
ally, the photorefraction may be induced by X- or y-irradiation [274-276]. The
photoinduced charge transport involves the following components:

J = Jaritt + Jpv + Jaif- (3.2)

We now discuss one after the other the contribution of each component of
expression (3.2) to Eg.. The first component is the Ohmic current

jdrift = U(Eext + Eint) (33)

arising under external Fey or internal Ej, fields. An example of Ej, is given
by the field of the pyroelectric current caused by a local heating of the crystal
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under illumination; in this case the photorefraction is owing to the screen-
ing of the pyroelectric field by photocarriers [277]. The second term in (3.2)
is the bulk photovoltaic current, which is characteristic for noncentrosym-
metric (piezoelectric and pyroelectric) crystals [4,9]. The bulk photovoltaic
effect is fundamentally related to the specific of the photoexcitation and re-
combination processes in noncentrosymmetric media, so the bulk photovoltaic
current is observed even under a uniform illumination in contrast to the usual
photovoltaic current that requires either a heterogeneity of the medium or a
nonuniformity of the light field. The photovoltaic current is expressed as

Jpv,i = Bijrejerd (3.4)

where (3;;, = fikj”* is the complex photovoltaic tensor, e; and e are unit
vectors of the light polarization, I is the light intensity. In general case, the
real and imaginary parts of this tensor are, respectively, symmetric and an-
tisymmetric in the indices k& and j; for linearly polarized light only the real
Biji is taken into account. If symmetric, the photovoltaic tensor is identi-
cal to the piezoelectric tensor d;ji, so for LiNbOs or LiTaOsz (point sym-
metry group Cs,) contains four nonzero components (317 = (322, (333,
B222 = —B112 = —P121 = =211, B113 = B223. The component 313 character-
izes a spatially oscillating current controlled by the phases of the transmitting
ordinary and extraordinary waves and thus having an oscillation period equal
to the coherence length I, = \/(2 * (ne — o)), where X is the wavelength. In
LiNbO3 we have |ne — no| = 0.095 & 0.1 and thus I, ~ 5 * A\. Therefore the
spatially-oscillating currents contribute when an illuminated region is com-
parable to this value, for example for hologram recording in photorefractive
optical waveguides [278].

Additionally, usage of the component (3113 formed the base for holographic
recording by orthogonally polarized light beams in LiNbOsg:Fe, often called
anisotropic hologram recording, which permitted particularly the determina-
tion of this nondiagonal component [279]. Most often the photovoltaic current
is presented in a scalar form

Jpv = kgal, (3.5)

where « is the optical absorption coefficient assumed to be isotropic, and kg =
Bijr/ o is the so-called Glass constant characterizing the photovoltaic activity
of the given impurity in the particular lattice. The stationary photovoltaic
field corresponding to the diffusion—drift equilibrium in a scalar presentation
is expressed as
EPV = Jpv = kGaI ’ (36)
(0ph +0a)  (opn + 0a)

where oy, and o4 are photo- and dark conductivities, respectively. From (3.5)
and (3.6) one may see that, for relatively low light intensities corresponding
to opn > 0q the photovoltaic field saturates independent of I, assuming the
usual dependence opp o< 1.
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Fig. 3.1. The scheme of a two-beam hologram recording on transmission. Isg, I$,
Is are initial, diffracted, and transmitted intensities of the signal beam, Iro, IS, I
are the same for the reference beam

The third component in (3.2) is the diffusion transport of photocarriers
that occurs under a spatially nonuniform illumination and may be expressed as

. dn dp dn dp
i = Dni D -_— = k T n—, q_ ) .
Jair(z) =€ ( dz + pdz) B (M dz + updz) (3.7)

where Dy, pin, Dy, pip are diffusion coefficients and mobilities of electrons and
holes, respectively, kg the Boltzmann constant, and e is the unit charge. For
a two-beam hologram recording (Fig.3.1), a spatially varied light intensity
owing to a superposition of two mutually coherent plane waves with incident
intensities I; and I is characterized by the coordinate dependence

I(z) = Ipsin(1 + mcos Kz) (3.8)

where m = 2/I1 I5/(I; + I5) is the modulation index, K = 47sinf/\ is the
spatial frequency of the interference pattern, 6 is the half-angle between the
recording beams, A the wavelength of the recording light. For the case of a
mono-polar (electron) photoconductivity, a scalar presentation of the diffusion
field corresponding to the intensity distribution (3.8), is

kgT Kmsin Kz
Eg; = 3.9
aie (2) e 14+mcosKz (3.9)

Principal distinctions of the diffusion field (3.9) from the photovoltaic field
(3.6) are independent of Egi¢ of the light intensity and a shift of the field
grating (3.9) by 7/2 with respect to the interferogram (3.8). The photoexcited
carriers transferred by either of the listed mechanisms or their combination
are captured by traps (if any) to form a spatially modulated space-charge
field Eg.. If the photovoltaic mechanism is dominant, then E(z) is in phase
with the interferogram, which is most often realized in doped LiNbOg. If the
diffusion mechanism prevails and the photoconductivity is monopolar, then
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Fig. 3.2. Phase relations between the intensity distribution I(x), the space-charge

p(z), the space-charge field Es.(x), and the refractive index variation An(z) for the

diffusion mechanism of the photorefraction without external field Ey = 0 and in the

presence of an external field Ey # 0; A is the grating period, redrawn from [268]

the grating is shifted by ¢ = /2, the so-called nonlocal response [280-282],
see Fig. 3.2. If F,, and Eg; are comparable, then the shift of the grating is
less than /2.

We now briefly mention the characteristic parameters of the recording used
in the experiments. The phase grating An(z) formed under the space-charge
field is characterized by the diffraction efficiency 7, the coupling gain factor

I and the sensitivity S. For recording in the transparent regime (Fig. 3.1)
Idif
n===, (3.10)

Is

where Ig and Iéhf are the intensities of the transmitted and diffracted beams,
respectively. For equal intensities of the two recording beams the diffraction

efficiency 7 for a hologram on transmission is predicted by the coupled-wave

theory as [283]
—alL o [ TARL
= i A1
K eXp(cos¢9>sm (Acos@)’ (3:11)

where L is the hologram thickness, An = regFs., the exponent takes into
account the optical absorption of the crystal.




56 3 General Introduction to Photorefraction in LiNbOs3

The two-beam coupling gain I" describes an energy transfer between the
recording beams. This parameter is given by the expression
I _ @exp (I' —a), (3.12)
Isp  Ir
where Igg, Is, Irg, Ir are initial and transmitted intensities of the signal and
reference beams, respectively. The signal Isy beam is a weak one amplified
at the expense of an energy transfer from the intensive reference beam IRg.
If Isp < Irp, then one may neglect the depletion of the reference beam during
energy pumping (Igo ~ Igr). For these conditions and for o < I, i.e., an
optically transparent crystal we have

I
I'=L"'In (S> . (3.13)
Iso
For a photorefractive grating recorded by the diffusion mechanism the expres-
sion for the stationary two-beam coupling gain is

o 2i ngreffEsc

I = (3.14)

A mecosf

The sensitivity of recording is expressed by different ways. A sensitivity per
incident radiation intensity (a nonreduced sensitivity) is

_1dAn  1dy7q
T oAt 1 dt’
g Lddn_ 1dyp
IL dt 1L dt
A sensitivity per absorbed radiation energy, which is more illustrative for
crystals with a high optical absorption, is

S (3.15)

(3.16)

G Libn_ 1 dyy .
Tao dt Tao dt

Additionally, a customary characteristic of sensitivity is the incident radiation

energy required for recording 1% diffraction efficiency (W, ~1¢). For nonpho-

tovoltaic crystals with recording by the diffusion mechanism the sensitivity is

often defined as dI'/d¢. A kinetics of the space-charge field for the case of a

narrow light stripe normal to the current direction E(0) = 0, the open-voltage

conditions, is given by the expression

E(t) = Uphiad {1 —exp (-i)} = By {1 —exp (—:)] . (318)

A kinetics of the space-charge field decay under a uniform illumination or
in darkness, E # 0, the short-circuit conditions is
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E(t) = Euay exp (_Tt) (3.19)

FEat is the steady-state value of the field and 7 in the general case means
the dielectric relaxation time 7 = 74; = €€o/(opn+0a), and €e is the dielectric
permittivity. Clearly, in darkness 74; is dictated by o4 and under illumination
by oph (0pn > 04) depending on the light intensity. If the photoexcitation
and recombination times are comparable to 74;, the expressions for 7 are more
complicated, e.g., [284]. The expression (3.19) immediately predicts the fun-
damental drawback of storage systems based on the photorefractive recording,
namely, the erasure of the grating under the readout by a uniform Bragg beam.
By definition S corresponds to the initial quasi-linear part of E(t) for t < 74;.
For a linear lux-ampere characteristic o, oc I which that occurs in photore-
fractive crystals at moderate light intensities. Then, as seen from (3.16), the
sensitivity when recording by the photovoltaic mechanism is presented as

SYY = regkga/een (3.20)

As a criterion for the sensitivity very often that of LiNbOg:Fe is used which
is S ~ 0.01-0.1cm J~! for A = 633nm and 0.05-0.3cm J~! for A\ = 488 nm.
A special approach was developed to characterize the process of successive
recording (multiplexing) a large number of elementary holograms in the crys-
tal volume. As illumination leads to a partial erasure of the hologram fol-
lowing (3.19), so when multiplexing, all pre-recorded holograms are partially
optically erased on recording of each sequential one. A convenient parameter
characterizing the diffraction efficiency of the multiplexed holograms with ac-
count for this erasure is the dynamical parameter M# (the Mok factor) [285]
introduced by the following way. For a large number M of holograms the dif-
fraction efficiency is n ~ M ~2 [286]. A recording of an elementary hologram
and its decay are described by (3.18) and (3.19), respectively, denoted for
simplicity as Ag[l — exp (—t/Trec)] & Aol — exp (—t/7er)] (where Ag is the
saturation grating amplitude, 7y and 7o, are recording and erasure times).
The final equalized diffraction efficiency of M holograms for short exposure
times (¢t < 7er) may be expressed as where M# = (Ag/Trec)Ter- 1t should be
emphasized that this parameter may be applied only provided that the mul-
tiplexing was performed with the use of an appropriate schedule of recording
(e.g., [287]) ensuring whenever possible equality of diffraction efficiencies of
stored elementary holograms. A convenience of M# for characterizing the
whole system of multiplexed holograms is due to the fact that the values of
Ap and Ty themselves are difficult to measure, whereas Ag/Trec and 7, can
be obtained from the slopes of n(t) and In(n(t)) during recording and erasure,
respectively, which immediately gives M#. Therefore, factor M# is a mea-
sure of the average diffraction efficiency of multiplexed holograms. And vice
versa, the dynamical parameter M# can be estimated from a single hologram
recording and erasure [285] according to
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(A 1] [M#]?
" [M] - [M] | 320
_dym
M# = F Ter- (322)

for t < 7.

It is worthy of mentioning here that in addition to the hologram era-
sure when readout, there is another negative effect specific for the hologram
recording in photorefractive media, especially in LiNbO3:Fe. When recording
or readout, a light scattering (fanning) arises caused (e.g., [288]) by a nonlin-
ear interaction of recording waves with lightwaves scattered within the crystal
bulk by nonuniformities of the refractive indices dn, defect clusters, etc. Note
that for a two-wave coupling, a steady unidirectional energy transfer with a
coupling gain I' (3.13) takes plays only in the case of a nonlocal response,
especially when recording by the diffusion mechanism (3.9) [289]. From this
viewpoint a recording by the photovoltaic mechanism (a local response) is
not accompanied by fanning. However, this is not valid for a multi-wave in-
teraction. For example, according to Au and Solymar [290] in the case of a
local response a three-wave interaction with a unidirectional energy transfer
is possible, i.e., for recording by the photovoltaic mechanism. In other words,
under two-beam recording, a multi-wave interaction within the medium bulk
caused by a scattering of the recording beams is a reason of a strong fanning
observed in the photovoltaic media. This effect results in photoinduced light
scattering (fanning) from occurring multiple parasitic holograms and leads to
a loss of the crystal transparency and to a reduction of the signal-to-noise
ratio. A search for the photorefractive crystals with a suppressed fanning is
desirable.

The often used geometry of recording is the grating vector parallel to
the polar axis (K || z), that is the grating grooves normal to it (Fig.3.1).
In this case, in LiNbOg3 and its symmetrical analogs, the expression for the
effective electro-optic coefficient, rog, used in (3.11), (3.14), and (3.20) is for
the extraordinary polarization of the recording beams [291]

Teff = T'33 COS2 0 — 13 SiIl2 0+ u (T33 + 7’13) Sin2(20) (323)

and for ordinary beams
Teff = T'13- (3.24)

3.2 Photoinduced Charge Transport in LiNbO3 Crystals

The main mechanism of the photorefraction in LiNbOs is the bulk photo-

voltaic effect. Actually, according to (3.9) the amplitude values of the diffusion

fields for real grating periods A =~ 1 um are approximately 1.5 x 103 Vem™!.



3.2 Photoinduced Charge Transport in LiNbO3 Crystals 59

In LiNbOs:Fe and LiNbO3:Cu the Glass constants are kg = 2.8 x 107° and
5.5 x 1071 cm V!, respectively, and photoconductivities in as-grown crys-
tals at moderate light intensities are in the range 10~'1-10712Q~tecm™! (for
details see below), so the photovoltaic fields in saturation are of about 10* or
even 10° Vem ™! [292]. In stoichiometric LINbO3 and in LiNbO3 with optical-
damage-resistant dopants Mg, Zn, etc., under certain conditions equal fields
E,y &~ Eqir may occur [293,294], so a combined mechanism of recording grat-
ing is observed. The photoinduced charge transport schemes have been ex-
tensively investigated in LiNbOgs with transition metal (TM) multicharged
impurities Fe, Cu, Mn, Ni, etc., the available enormous bibliography one may
find, for example, in the reviews [115,269,295]. A search for photorefractive
and photovoltaic impurities so far remains purely empirical. Note, that the
Cr impurity in LiNbO3 and LiTaOgs is not photovoltaic active, although in
literature is often mistakenly attached to those. We should emphasize that
discussions of the charge transport schemes in LiNbOgj are always based on
an a priori assumption of the n-type photoconductivity, which in fact was
experimentally proved only for congruent LiNbOs doped with Fe and Cu. In
the literature we could find only a publication on studies of the photocon-
ductivity in LiNbO3 by the photo-Hall method [296] which were performed
in strongly reduced LiNbO3 and settled the n-type o, with a Hall mobility
of about 0.8 cm? V=1s™! at room temperature. No studies of the opp, type in
Li-enriched LiNbOg3 have been performed so far, so the consideration of the
charge transport scheme in these crystals on the base of the electron photo-
conductivity seems to be rather speculative.

3.2.1 Dark Conductivity in LiNbOg

Preparatory to discussing the photoinduced-charge transport in LiNbOs3, we
briefly dwell on the current concept of the dark conductivity. The origin of the
dark conductivity in LiNbO3 was under a long discussion. First of all, the dom-
inant role of the ionic conductivity was proved at T' > 1,000°C [297-299]. Here
it was shown that in the temperature range from 200°C to 1,000°C the con-
ductivity obeys the single activation energy F, ~ 1.1eV. A similar F, ~ 1eV
was found from room temperature to 150°C in slightly doped LiNbOs:Fe [300].
Therefore, in the whole temperature range the ionic conductivity is due to a
unique type of ions. Originally, the ionic conductivity at high temperatures
was ascribed either to oxygen vacancies Vo, or to Li-interstitials [297,298].
As discussed in detail in Chap. 2, in as-grown congruent LiNbOj the forma-
tion of oxygen vacancies was ruled out, so Vg as possible charge carriers may
be disregarded. At the same time, E, of the Li-transport in LiNbOj is of
about 0.4eV [301] and is inconsistent with E, &~ 1eV estimated from direct
conductivity measurements. The ultimate decision was made in [302], where a
proportional relationship between the hydrogen concentration and the conduc-
tivity was demonstrated in LiNbOg3 at temperatures from 400°C to 1,000°C.
This conclusion was supported in [109, 303] and extended to deuterium in
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Fig. 3.3. Pre-exponential product ooT for protons and deuterons in LiNbOg3 as a
function of their concentration in the crystals, redrawn from [109]

D -enriched LiNbOj3 [109], see Fig.3.3. On the base of these data, the dom-
inant protonic conductivity in LiNbOs may be taken as settled both at ele-
vated and room temperature. However, this consideration of the conductivity
is applicable to LiNbOg3, undoped or doped with low impurity concentra-
tions. Of course, it has no relation to the reduced crystals, in which, as shown
above, the dark electronic conductivity is greatly increased due to formation
of bipolarons. An increase of the impurity concentration affects the transport
mechanism of the equilibrium carriers. This was investigated especially sys-
tematically in LiNbOgs:Fe in view of the relation of the dark-storage times
7s of recorded gratings to oq. We briefly dwell on the current state of this
problem discussed in [300,304,305]. As oq in LiNbOj is extremely low; an ex-
trapolation from elevated temperatures to room temperature gives values of
10716107 Q= ecm~! for undoped or slightly doped crystals, so the most
reliable data may be obtained just from 7. The value of 74 in low-doped
LiNbO3:Fe is up to year [306-309] and falls down to hours, minutes and even
seconds with increasing iron concentration [308,309]. In [300,304,305], it was
shown that in LiNbO3:Fe with iron concentrations of 0.2-0.25% the activation
energy of the dark conductivity decreases to 0.3-0.4 eV, thus the type of the
majority charge carriers is changed. Moreover, according to [304,308,309] the
dark decay of holograms in highly doped LiNbOj3:Fe is described by a stretched
exponential rather than by a single value. On the basis of all these data, the
authors of these works conclude that the dark conductivity in LiNbOgs:Fe is
governed by two concurrent processes, namely by the proton transport and
electron tunneling via Fe-sites with no band transport. At low Fe concentra-
tions the former mechanism is dominant, whereas at iron concentrations of
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0.2-0.25% the determining factor is the electron tunneling. The later conclu-
sion on the dark conductivity relation to the electron tunneling via Fe-sites
was recently expanded to LiNbOs:Fe up to 3wt.% Fe [310]. At elevated tem-
peratures when the proton mobility increases, the decisive factor of oq is
always the proton transport independent of the impurity state.

So, as applied for the optical storage, the requirements for a simultaneous
high-sensitivity and stability in the dark are in certain contradictions, because
an improvement of S by increasing the doping level is accompanied by a faster
decay. An enhancement of the decay time in the dark in low-doped crystals
may be achieved by dehydration of the crystal. According to [292, 300, 304]
in LiNbO3:Fe the highest acceptable doping is 0.1% Fe, otherwise a dark de-
cay would be too fast. As the probability of the electron tunneling through
the potential barrier decreases with increasing height of the barrier, in other
words with the deepness of the dopant level, so a search for a photovoltaic
impurity with a level deeper than Fe and comparable values of the photo-
voltaic coeflicients is required. An appropriate candidate seems to be the Mn
center [138,139], which is deeper than Fe. The sensitivity of LiNbO3z:Mn is
comparable to LiNbOjs:Fe.

Certain characteristic dependencies may serve in the recognition between
the discussed mechanisms of the dark conductivity. If a purely ionic o4 oc-
curs, then a dark decay of the photorefraction is described by a single exponent
analogous to (3.19). At a combined (proton—electron) conductivity, the dark
decay is characterized by a stretched exponential, like §An ~ exp (—t/ 7)8. For
the tunneling mechanism o4 depends on the probability of tunneling between
two neighboring traps. This in its turn has an exponential dependence on the
mean distance between two traps, which is C~1/3 (where C' is the concentra-
tion of the traps). So, for the tunneling process the normalized conductivity
is related to the concentration in the following way o4/Neg ~ exp(—~yC~1/3)
which is equivalent to In(Neg /og) ~ C~1/3 (y > 0 is a constant). For example,
this criterion was applied for analyzing the type of the dark conductivity in
LiNbO3:Cu [311]. The o4 was shown to be protonic up to Ccyy > 7x 10%cm =3
whereupon it sharply grows with C~'/3 in accordance with the relations pre-
sented earlier (Fig.3.4). In LiNbO3:Mn the protonic conductivity dominates
up to Mn concentrations of 0.2 at.% [139].

The values of the transport characteristics (activation energy E,, diffusion
coefficient D, mobility p) of the protonic conductivity are noticeably scat-
tered. The estimates of Dy are varied in the range from 4 [312] to 0.01 [313]
and 0.0014cm?s~! [314]. Note that the data for D were obtained both in
bulk crystals and surface structures, such as proton exchanged optical wave-
guides, this may somewhat account for this scatter. The table exemplifies the
dependence of F, on LiNbOg crystal compositions, deduced either from direct
conductivity measurements at elevated temperatures o4(T") or from the dark
decay times Tgecay Of recorded holograms.

As seen from Table 3.1, the most obvious reason of a spread of F, is its
dependence on the [Li]/[Nb] ratio. Additionally, the scatter in D and E, may
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Fig. 3.4. The ration Neg/0q as a function of the Cu concentration cai/?’ for crystals
with strong copper doping ccu > 7 x 10 m ™3, redrawn from [311]

Table 3.1. Activation energy FE, as a function of the crystal composition and doping

[Li]/[Nb] Impurity E, (eV) Reference
from

0d (T) Tdecay

Congruent 1.1 [299]
Congruent 1.23 [109]
Congruent Fe 1.17 [109]
Congruent Fe 1.13 [315]
0.99 Fe 095 315]
Congruent Mn 1.13 1.05 [315]
0.99 Mn 096  1.05 [315]

be related to a nonequilibrium distribution of hydrogen over several nonequiv-
alent O-sites [108,316].

In summary, according to the presently accepted model, the dark conduc-
tivity in as-grown, low-doped LiNbOj is ascribed to the proton transport,
whereas at moderate doping levels of about 0.1-0.2at.% (at least transition
metals like Fe) it transforms to the electron transfer, occurring by a tunneling
mechanism.

3.2.2 One-Center Charge Transport Scheme in LiNbOg

The microscopic mechanism of the charge transport in TM-doped LiNbOjg
was developed on the basis of the studies in LiNbOj:Fe, LiNbO3:Cu, and
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LiNbO3:Mn (e.g., [115,116,137]), in which the photoinduced charge carriers
were proved to be electrons. Particularly, this conclusion has been drawn with
the use of the original holographic method [317,318], which is applicable to
the case of the nonlocal response when the recording involves the diffusion
mechanism. The method permits to determine the photo-carrier sign from
the sign of the grating shift ¢ with respect to the recording light pattern,
i.e., from the direction of the energy transfer between the recording beams;
 is positive for photo-electrons and negative, if the charge carriers are holes.
Moreover, the method permits to detect a contribution from either type of
photocarriers, provided that the photoconductivity is bipolar.

The one-center charge transport mechanism may be summarized in the
following way. TM impurities as a rule are present in the LiNbOg lattice in
two charge states (for example, Fe?* and Fe3*, Cut and Cu?*, Mn?* and
Mn3+ ete.) [4,115,137-139], which govern the transport of free photoexcited
electrons e~ according to the scheme

Fe?t 4+ hy < Fedt 4o, (3.25)

where Fe?T and Fe3* (or Cut™ and Cu?*) are electron donors and traps, re-
spectively. The photoconductivity for such a one-center scheme in a simplified
form may be presented as

Oph = Nep = grep = % S%h ]]Y[—zl = AJA\;—EI, (3.26)
where g = qal/hv is the photoexcitation rate, 7 = 1/9,N¢ is the life-time
of the photocarriers in the conduction band, p the mobility, ¢ the quantum
efficiency, a = spn/Np the optical absorption coefficient, v is the recombination
coefficient, spp is the absorption cross-section, N¢ and Np are concentrations
of the donors and traps, respectively. So, the photoconductivity for such a
scheme is a linear function of the light intensity and of the concentration

ratio of donors and traps. These relations were experimentally proved for
LiNbOj3:Fe and LiNbOg3:Cu [115,137]:

9ph _ Fe 10~12 ch_lw_l,

I Fe3t
+
% - g“H 6.5x 10" 2ecm QWL (3.27)
u

They are fulfilled in a wide range of the impurity concentrations, however,
as shown in [292], are no more valid in very highly doped LiNbOjs:Fe obvi-
ously because of a fundamental change of the transport mechanism. Thor-
ough investigations of the spectral distribution of the photovoltaic current in
LiNbOg3:Fe [72,317] and LiNbOj3 [319] have found its broad maximum in the
visible range and a smooth decrease when moving to the UV range from 364
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to 334 nm. According to [115] jpy in LiNbOg:Fe (and LiNbOg:Cu) depends on
the donor concentration only

jpv = stph[Fez+] I. (328)

From (3.27) and (3.28) one may see that the saturation value of the photore-
fraction dAn ~ E,, ~ [Fe3*] which was proved experimentally [320]. In the
literature one may find the attempts to estimate the microscopic parameters
of the charge transport in LiNbOjs:Fe. For example, in the review [116] the
oscillator strength for the iron impurity is calculated. The data on the optical
absorption in oxidized and reduced LiNbOj3:Fe [321] give the value of the Fe**
absorption cross-section Sge2+ of about 1078 cm? for A = 500 nm. Similar ex-
periments in [322] lead to the absorption cross-sections Spe2+ = 10717 ¢cm? and
Srest = 8.5 x 10720 cm? (for the blue-green spectral range). This permitted
to estimate the number of transition metal ions (TM) [TM?*], () from the
peak value of the absorption a(\) at A given in nm:

[Fe**] (477 = (2.16 £0.70)10'" cm ™2, according to [116]
[Cu ]a(477) =2 x 10" cm~? and

[Cu ] (1,040) = 10" cm 2 for details see (323, 324]
[Mn**]o(s77) = 1.11 x 10" cm~2, reported in [139]

The transport scheme (3.25) in LiNbOgs:Fe may be fundamentally modi-
fied with the aid of certain external actions. For example, in strongly oxidized
crystals, where [Fe?*] 2 0 and iron is in the state [Fe®*], the photoconduc-
tivity measured in the near UV becomes dominantly of the p-type [317,318].
Recent studies in very highly doped LiNbOjs:Fe [310] also have found that
a strong oxidation also transforms oy, to the p-type, however the existing
photovoltaic current is due to the electron transport. Other possibilities of
modifying the scheme (3.25) are provided by increasing the Li content or dop-
ing by optical-damage-resistant ions Mg or Zn. As shown in Chap. 2, in both
cases the localization of the Fe3*-ion in the lattice is changed which is ac-
companied by a change of the electron trap [325,326]. Actually, in [327,328]
it was shown that in highly-doped LiNbO3:Mg and LiNbO3:Zn, respectively,
the photocarriers are holes.

The relations (3.26)—(3.28) are valid in a wide range of light intensities, so
under relatively low I (when o, > 04) the photorefraction comes to satura-
tion, which occurs in LiNbO3:Fe even at I ~ 1 W cm~2 for blue-green light.
From the expression (3.27), (3.28) we obtain the following relations for the
saturation photovoltaic fields [115,116, 329]

By o [Fe*T]; B, o [Cu*t] (3.29)

for LiNbOj:Fe and LiNbOj3:Cu, respectively.

The one-center scheme (3.25) formed the basis for a general description
of the hologram recording in photorefractive crystals on a whole. This ap-
proach was proposed in [280-282] and in detail developed and supplemented
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Fig. 3.5. Charge transport scheme in a one-center model. Fe?™ and Fe®' are filled
and empty electron traps

in numerical manuscripts and reviews [330-332]. The model assumes the band
electron charge transport. The basic scheme consists of a single electron donor
D which in an ionized state D7 is the unique electron capture (recombination)
center, i.e., for LiNbO3:Fe we have D = Fe?*, and Dt = Fe3™, see Fig. 3.5.

The calculations are performed assuming the case of a compensated semi-
conductor, where a hypothetical acceptor A providing the compensation con-
dition is not involved in the charge transport. A coupled set of electrostatics
and rate equations for a one-dimensional case looks as follows

dn  dN7j  1dj

dNg + +
1 = (SphI + sT) (ND — ND) —yniNy , (3.30b)
d
j=0E— €D£ + kaspn (Np — NiY) (3.30¢)
)
o =e(n+Na—Ngj,) (3.30d)

where n is the concentration of free electrons, Np and Nf)L are the donor
and ionized donor densities, respectively, Ny is the density of a compensating
passive acceptor, spn and st are the parameters characterizing the probabil-
ity of the photoionization and thermal ionization of the donor, respectively,
v is the recombination coefficient, I is the light intensity, other notations
were explained above. Accordingly to the Einstein relation D,, = pckpT/e
(where kg is Boltzmann constant, D,, is the diffusion coefficient). As applied
to LiNbO3:Fe, (Np — N;}) and Np are the concentrations of Fe?+ and Fe3t,
respectively. Note that the electron current density (3.30c) takes into account
both the diffusion and photovoltaic currents.
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Assuming the spatially modulated light intensity presented by (3.8), the
general solution to (3.30a)—(3.30d) gives the following general expression for
the steady-state amplitude of the space-charge field

Ep —iE,,
By = ime—— e (3.31)
14 £ N5 e
where
I
Me = m—Ph" (3.32)
Sphd 4 sT

In (3.31) Ep is the amplitude of the diffusion field (3.9), E,y is the photovoltaic
field (3.6). The saturation or the limiting field

Eq=eNy/Keeg (3.33)

gives the maximum amplitude of the space-charge field provided by the elec-
tron transport for a given spatial frequency of the grating, that is it cor-
responds to a complete spatial separation of positive and negative charges
captured by traps; Ny = N,Np /N is the so-called effective trap concentration.
We should mention a well-known analytical solution to the set (3.30) ob-
tained neglecting the nonlinear effects and assuming the diffusion mechanism
of the charge transport (thus the first and third terms in (3.30c) being zero).
The space-charge field in this case is presented in the following way:
mEqED
Ese Fot B’ (3.34)
This expression physically means that the Fp value given by (3.9) is limited by
screening effects. The curve Fy.(K) passes over a maximum for K = 27/,

where \g ~ lgq, with lg = \/(eeoKBT)/(e2Neff) being the Debye screening

length, see Fig. 3.6.
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Fig. 3.6. Diffusion field vs. grating period, jpnv = 0, redrawn from [268]
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The angular dependencies of the diffraction efficiency n() (3.11) and two-
beam coupling gain I'(6) (3.14), following (3.34) pass over maxima at Ay ~ lq
and permit to estimate formally l4 and thus Neg for a pure diffusion mech-
anism. For a combined recording mechanism (jp, 7# 0), sometimes observed
in LiNbO3 [293,294], the solution to the equation set (3.30) becomes more
complicated, examples may be found in [330,331]. Angular dependencies of
E. in these cases depend on relations between Ep, Epy, and Eq. General
expressions for the recording kinetics and erasure by a uniform illumination
have the forms

E(z,t) = Ex [1 — exp(—P.t)] exp(ikz) (3.35)
and
E(z,t) = Fx exp(—®.t) exp(ikx), (3.36)

respectively, where F is given by (3.31) and @, is the characteristic rate, the
same for recording and erasure. This rate may be presented by the following
general expression:

1+ K= —iK
b, = dy; fDCsz Fpe (3.37)
T

where @q; = o /ecq is the dielectric relaxation rate, K is the spatial frequency of
the grating, Kpep is the inverse Debye screening length, gp is the inverse diffu-
sion length, kv is a certain photovoltaic characteristic number. As reasonable
parameters in the first approximation one may assume @, ~ ®@4;. This means
that the rates of the recording and optical erasure are linearly proportional to
the photoconductivity opy, and the decay rate in dark is proportional to the
dark conductivity 4. The expressions (3.35), (3.36) are identical to (3.18),
(3.19), respectively. An alternative characteristic time which manifests itself
at very short 74;, is the diffusion time m = e/(K2kpT).

The one-center model shortly presented in this section was subsequently
refined. For example, in [333] possible variations of the initial recording or
erasure kinetics from (3.35), (3.36), particularly a nonequality of the record-
ing/erasure times are discussed in view of a specific of the electron drift under
the photovoltaic field (which is not identical to applying an external field).
Another problem concerns the limits of the applicability of the whole concept.
In principle, it is developed for so-called adiabatic or quasi-CW approxima-
tion, which means that the electron system is in the equilibrium state and
the free electron density is by orders of magnitude lower than the trap den-
sity. However, this approximation is not valid for times shorter than those
required for occurring this equilibrium, i.e., during an instantaneous rise of
the free electron density. This should be taken into account for the fastest
initial stage of recording or for recording by short pulses. According to the
estimates performed in [334] the photoexcitation and recombination times
of the photoelectrons are in the range of 10ps, so when recording by light
pulses shorter than 1ps one could expect a violation of the given concept.
There is very scant available material on hologram recording by ultrashort
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light pulses. Okamura [335] found in a comparison of recording gratings with
moderate intensity at 532nm by a CW-beam (72mW cm~2) and by pulses
of 3.5ps duration (68mW cm~2) no discernible distinctions in the temporal
characteristics of the diffraction efficiency. In all other cases the recording by
picosecond or femtosecond light pulses using extremely high light intensities
in the range of 50-250 GW cm™2 (e.g., [336] and references therein) lead to
an extremely involved scenario of the photoinduced change of the refractive
indices which does not permit to analyze the applicability of the adiabatic ap-
proximation. We mention that Sturman et al. [336] detected no contribution
from the photorefraction in the initial meaning of this term, i.e., related to the
EO-effect under the internal field, when studying the femtosecond holography
at 388nm and ¢, = 0.22 ps in LiNbO3:Fe.

In summary, we again list the usual characteristic features of the pho-
torefraction occurring via the one-center charge transport scheme (3.25): the
lux—ampere characteristics are linear op o< I; the characteristic times of the
recording and erasure are equal for equal I; the sensitivity does not depend
on I; the photorefraction comes to a saturation at relatively low intensities
corresponding to o, > 0gq.

3.2.3 Two-Center Charge Transport Scheme in LiNbOgj:
The Intrinsic Defects as Secondary Electron Traps

At the first stage of studies of the photorefraction on a whole, the experimental
data on the photoinduced charge transport fitted into the one-center scheme
developed by an example of LiNbOj3:Fe and described in the preceding section.
However, at high light intensities (I > 10> W cm~?) peculiarities were found
(e.g., [337,338] which departed from the requirements of the one-center model,
for example, the recording and erasure kinetics could not be described by sin-
gle exponents (32), (33) [339]). The most pronounced evidence of a nonvalidity
of the one-center scheme was finding of sublinear lux—ampere characteristics
oph x I? (z < 1), first in BaTiOg [340, 341] and then in other photorefrac-
tive crystals even at rather low light intensities. These results led to necessity
of a new approach to the charge transport scheme and its consideration on
the base of a two- (or more) center model. The most simple and obvious is
a transport scheme assuming the participation of an additional (secondary)
shallow electron trap, that is empty in the equilibrium state (the appropriate
balance equations may be found in any classical monograph on the photo-
conductivity in semiconductors). A relation of photorefraction anomalies to
the existence of secondary traps was supported by the discovery of a photoin-
duced increase of the optical absorption A« under high light intensities in
BaTiO3 [342] that was attributed to a nonequilibrium population of a shallow
trap [343].

A system of material equations based on the set (3.30a—d) was proposed
by Valley [344] for a photorefractive medium with two photoactive nonpho-
tovoltaic centers. A set of coupled equations for two types of centers in a
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photovoltaic crystal was discussed in [345]. On the base of the model [344]
the calculations of sublinear lux—ampere characteristics and kinetics of the
photorefraction were performed for several nonphotovoltaic crystals (BaTiOsg,
KNbO3, SBN, BSO, BGO; e.g., [346-349]). As no information on the origin
of involved centers was available, these calculations used mainly fitting para-
meters.

In the course of the development of two-center charge transport models in
photorefractive crystals it became clear, that in LiNbOg the recording grating
under high light intensities, especially in undoped and low-doped crystals
also could not be confined to the one-center description. For example, the
photorefractive sensitivity S; was found to depend on I [350,351]. Recall that
accordingly (3.20), the dependence S;(I) may be related to a photoinduced
change of the optical absorption only. Consequences of this dependence were
anomalously high photorefraction values at I > 10> W em ™2 when recording
by pulsed light [352,353] and in optical waveguides [354]. In pure and low-
doped LiNbOg3 the dependencies of the photorefraction on the duration of the
recording light pulses were found [94,355-357] which also cannot be explained
in terms of the one-center concept.

The scope of these data led to necessity of a refined charge transport
scheme in LiNbOj;. This problem was discussed in a series of publications
[98,337,357,358] in which two-center models of the charge transport are pro-
posed for LiNbOg, the resulting variations of the photorefractive kinetics are
discussed and the origin of secondary centers is analyzed. This consideration
may be exemplified by the scheme proposed by Jermann and Otten [98] for
LiNbO3:Fe containing additionally to the traditional centers Fe?T and Fe3*t
a hypothetical shallow trap X with the concentration Nx which is empty in
the equilibrium state (that is completely ionized in darkness, Nx = Ny),
see Fig. 3.7.

When populated, the center X is assumed to be photovoltaic active. On the
base of this scheme the authors interpret the photorefractive characteristics
of LiNbOj3:Fe at high light intensities. The set of equations looks as follows

dn  dNj  dAN{ | 1dj

@@ T a Tedr (3.38a)
dN7
TtD = (s+spx) (Np — N I
—ynNg —vxp (Nx — N{) N, (3.38h)
dNF
th = (Bx + sxI +vxpNp ) (Nx — N¥)
— ['yxn + Spx (ND — NS) I] Nx, (338(3)
j=0E+kas(Np— Nj)I+kxsx (Nx—Ny)I, (3.38d)
GeodiE:e’(n+NA*NS+NX*N;), (3386)

dx
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conduction band

Fe2* Fe3*

valence band

Fig. 3.7. Charge transport scheme in a two-center model. Fe?™ and Fe3" are filled
and empty deep electron traps. X° and XT are filled and empty shallow electron
traps

where according to Fig.3.7 the balance equations (3.38a)—(3.38¢c) take into
account the electron photoexcitation from the donor D and from nonequilib-
rium populated center X° and the electron capture (recombination) by traps
DT or X' Bx and sx are probabilities of the thermal and photoexcitation
of X, the notations for the center D are the same as in (3.30). Additionally,
the authors suggest the direct electron transfer from Fe?* to X+ to form X°
with a probability spx and from X° to Fe?* with a recombination coefficient
vxp- This assumption was taken in order to substantiate the observed linear
dependence of the photoinduced optical absorption increase on the concen-
tration of donors Fe?T. The current equation (3.38d) takes into account the
photovoltaic current only, the photovoltaic centers being both the donor Fe?*
and X with the Glass constants kg and kx, respectively. Note that the neces-
sary condition of the transfer Fe—X is a smallness of the inter-center distance,
or, in other words a high concentration Nx > 10%° cm=3.

Not coming into details of this work, which is more or less repeated in
other publications of this type, let recognize the most important qualitative
conclusions. At intensities I > 103-10* W cm ™2 both under pulsed and CW
pumping, a nonequilibrium population of X leads to a photoinduced increase
Aa « Nx and a super-linear lux-ampere characteristic o(I). Both for a CW
and pulsed radiation the dependencies of o, S and E. were obtained. The
main parameter determining the population of the trap X and the consequent
anomalies of the photorefraction kinetics is the concentration of the pumping
donor Fe?*. For example, the expressions for the photoconductivity, and the
space-charge field in saturation look as
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'LLSFeNFeQJrI + [ﬁX + (SX — SFB) I] N)f(
Yre (NFe3+ + N)f()

op=¢ ) (3.39)

kpe I N, Kx — kpo) NE T
Esat: Fe Fe2++( X Fe) X ’ (340)

g0

where N is the saturation density of nonequilibrium filled secondary trap

SFex VX Npe2+

NL = Ny — N = SReX WX Aret
x X X Bx + yxre Npes+

(3.41)
A contribution from the shallow trap X manifests itself only under peculiar
conditions, such as very high I, when the concentration of nonequilibrium
populated XY becomes comparable to [Fe?*], the concentration of Fe?™, or at
very low Fe, when Nggs+ < N;{ . In accordance with this scheme, the authors
of [358] observed in congruent LiNbOs:Fe a significant photoinduced increase
of the optical absorption at A > 633nm under illumination by an intensive
light A = 532nm, the value of A« being proportional to the concentration
of Fe?*; a nonlinear lux—ampere characteristic for A = 532nm is fitted by a
second-order polynomial

oo =l + o I, (3.42)

where the coefficients o) and o, are proportional to the concentration ratio
[Fe?T]/[Fet]. As a result, the maximum values of §An for each intensity at
I > 10*Wecem™? are growing with I, so no complete (absolute) saturation
of the photorefraction is achieved up to highest I in distinct from the usual
linear case.

Similar calculations for nominally undoped LiNbOj3 with Fe of about
30ppm and an accidental shallow trap with similar concentration [345] and
at recording by a pulsed light lead to a dependence of the photorefraction
both on the pulse duration and interval between pulses even at relatively
low I. The latter dependence is owing to a partial thermal ionization of the
nonequilibrium populated secondary trap during the dark interval. According
to [357] the dependence of the photorefraction on the pulsed light at I = 300
800 W cm ™2 is observed in congruent crystals up to the pulse frequencies of
about 100 Hz, whereupon dAn comes to a constant value which is by a fac-
tor of two lower than for the CW light of the same intensity. Examples of
these dependencies for several free of iron LiNbO3 compositions are presented
in Fig. 3.8.

A photoinduced increase of the optical absorption may lead to arising
of a nonstationary (transient) component of the photovoltaic current during
recording owing to an optical erasure of A«

ju(t) = kg Aa(t)]. (3.43)

This current may manifest itself as a deviation of the photorefraction kinetics
from the usual exponent (3.18), or even in appearance of extrema in JAn(¢) at
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Fig. 3.8. The dependence of the saturation value of the photorefraction on the
recording pulse duration in undoped LiNbOs3 and Zn-doped LiNbO3; for A = 488 nm,
redrawn from [345]

certain conditions [345]. In [359] a superlinear dependence of the photovoltaic
current on I was predicted for a two-center scheme in LiNbOg:Fe.

Experimentally observed anomalies of photorefraction in LiNbOs crys-
tals of different compositions and calculations of relevant two-center schemes
responsible for these anomalies always led to a conclusion of a very high
density of secondary traps involved in the charge transport, Nx ~ 10!
10" em ™3, corresponding to 0.001-0.01 at.%. Examination of compositions
ruled out the presence of accidental impurities with such concentrations.
Therefore, the most reasonable was to suggest that the secondary electron
traps in LiNbOg3 are Nby; intrinsic defects, whose concentration in congruent
crystals according to the structure investigations [41,42] is actually in the
range 10'°-10%° cm~3. An alternative electron trap in oxides on a whole is
the twice ionized O-vacancy. However, remind, that according to the current
defect model of LiNbOg3 the probability of formation of oxygen vacancies is
negligible. Additionally, the model calculations performed in [48] have shown
that the energy of the electron capture by Nby; is By = —1.4eV, whereas the
same value for an ionized O-vacancy gives Fy = —0.16eV, therefore centers
Vg (if any) would be completely unstable. So, accordingly to the model calcu-
lations the most probable electron trap is Nbi{?. Therefore, in the two-center
model developed in [98, 337, 357, 358] the X° center in the language of the
polaron model is the small polaron Nbﬁ'.

This consideration was recently supported by studies of short-living pho-
toinduced centers in LiNbOs which was discussed in detail in Sect. 2.2 [58,
86,96, 97]. Recall that an intensive visible light induces in LiNbOj crystals
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a short-living absorption band at about 740nm (Fig.2.8). Its characteristics
(the spectral position and bandwidth) do not depend on the crystal composi-
tion, i.e., it is due to existence of certain centers common for all compositions.
In the framework of the polaron model this band was ascribed to the for-
mation of a small polaron Nbi;r, or in other words, to capturing electrons by
traps Nbr,;. The lifetime of this band is controlled by the crystal stoichiometry,
namely, the lesser is the concentration of the traps Nby; (the more stoichio-
metric is the crystal), the more stable is the band. Qualitatively it may be
explained as follows. In a rough approximation the lifetime of the band 7x
is inversely proportional to the probability of the direct recombination vygex,
which in its turn depends on a distance between Fe3t and Nby,; and decreases
with decreasing Nby,; content, i.e., 7x for a given [Fe?”r] is increased in stoichio-
metric crystals. The measurements of the lifetimes of photoinduced IR bands
in LiNbO3 are in agreement with this consideration. According to [86] the
lifetime of the photoinduced polaron in congruent LiNbOj:Fe is at room tem-
perature in the range of microseconds, whereas in reduced near stoichiometric
LiNDbOg the lifetime of the photoinduced band at about 800 nm interpreted as
well as the polaron band caused by the bipolaron dissociation [84,87], is as long
as 10-100 ms at room temperature. Computer simulations of the dependence
of 7x on the distance between a donor and a nonequilibrium filled trap [86]
concluded that the relaxation kinetics of a photoinduced band decaying by
this mechanism should obey a stretched exponential law

Aa(t) = Aag exp [_ (i)j (3.44)

with 8 < 1. Actually, experimental results of [86] found that in darkness the
relaxation of the photoinduced band occurs via (3.44).

We now mention other indirect experimental evidences of a contribution
from Nbp; to the charge transport. A degree of reduction of LiNbOg crystals
strongly depends on the crystal stoichiometry. A criterion of the reduction
degree in LiNbOs is the intensity of the absorption band at about 2.6eV
(Fig. 2.6) which appears after a reductive annealing and is assigned to electron
capturing by Nbr; to form a bipolaron [48, 70, 72]. As shown in [68], this
absorption band in reduced stoichiometric crystals is significantly lower than
in congruent ones. This difference may scarcely be interpreted in terms of the
O-vacancy formation and seems to indicate a correlation between the content
of Nbr; and the degree of reduction: the lesser is Nbr; concentration, the
weaker is the band at 2.5eV, i.e., the lesser is the concentration of centers
responsible for its formation.

In the next chapter a growing photoconductivity in stoichiometric LiINbO3
will be discussed in detail, which also corroborates the role of Nby; as an
electron trap.

Nowadays, although the presented consideration is rather qualitative and
speculative, studies of the transport scheme in LiNbOg3 by direct methods of
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the semiconductor physics are missing, nevertheless the two-center model of
the photoinduced charge with Nby; as a secondary electron trap, is gener-
ally accepted and is always attracted for interpretation of the results on the
photoconductivity and photorefraction in LiNbOs.
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Photorefraction in LiNbQO3 Crystals
with Different Stoichiometry and/or Doped
with Optical-Damage-Resistant Impurities

Summary. The photorefractive properties of LiNbOs with different [Li]/[Nb] ra-
tios or/and doped with optical-damage-resistant impurities (ME = Mg, Zn, Sc, In,
Hf, and Zr) are overviewed. The dependencies of the photorefraction on the com-
position caused mainly by variations in the photoconductivity are discussed in the
framework of the two-center charge transport scheme. The origin of the photo-
conductivity decrease is attributed to a variation in the shallow electron trap (Nb
antisite) concentration or/and an alteration of Fe®"-like ion incorporation into the
lattice, namely their partial localization on the Nb sites. An emphasis is given on
an indubitable, although incomprehensible increase of the photovoltaic effect in Li-
enriched and ME-doped LiNbOgs. The photoinduced coloration (‘dark trace’ and
GRIIRA effects) in LiNbOj3 is considered in terms of the contribution from intrinsic
defects. An improvement of the photorefractive properties in LiNbO3 at low ME
doping is demonstrated and an appropriateness of these compositions for practical
applications is examined.

As usual in LiNbOg, the optical damage is caused by the photovoltaic field,
so according to (3.6), its value may be reduced by several ways. It may be
achieved by an increase in oq as found in strongly reduced LiNbOj [360]
or Ag-doped [192]. In H-exchanged optical waveguides, an observed optical
damage resistance is due to an increasing o4 [192]. Optical damage reduction
may be provided by a suppression of the photovoltaic current. For example,
because of an impurity origin of the photovoltaic effect in LiNbOs, the spectral
distribution of j,, shows a maximum in the visible range and decrease in the
UV, which results in a much lower value of the photorefraction recorded by
the UV radiation compared to one induced by the blue—green light [361].
Moreover, as mentioned above, a strong oxidation of low-doped LiNbOj:Fe
strongly reduces jpy in the UV-spectral range obviously because of altering the
photoinduced charge carriers from electrons to holes [317,318]. As discussed
later, recent studies have found that the photovoltaic properties of LiNbOjg
are noticeably affected by a variation in the [Li]/[Nb] ratio. The microscopic
reason of these effects has not been studied yet.
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The most efficient tool to increase the optical damage resistance is, increas-
ing the photoconductivity opn, which provides a suppression of dn by two to
four orders of magnitude. The reason of the optical damage resistance caused
by an increased o, and studied in more details in LiNbO3 doped with optical
damage resistant impurities, may be more or less adequately interpreted in
terms of the current model of the defect structure.

4.1 Photorefractive Properties of Near-Stoichiometric
LiNbOj3 Crystals

The photorefractive properties and photoinduced charge transport in rela-
tively recently grown near stoichiometric LiNbO3 and LiTaOj3 crystals (here-
after sometimes NSLN and NSLT, respectively) are investigated not in details.
The available scant material is summarized in the recent reviews [29,195]. For
the first time, a dependence of the optical damage on the stoichiometry of
LiNbO3 was reported by Anghert et al. [362], who observed an increase in
the optical damage with increasing Li content. Later studies in LiNbOg with
varied stoichiometry performed by several research groups [35, 357,363, 364]
confirmed a dependence of the optical damage on the crystal stoichiometry.
The summary of these studies is as follows. In the range of low and mod-
erate light intensities the results confirm the data of Anghert et al. [362], who
observed that on increases with increasing [Li]/[Nb] ratio. This conclusion is
exemplified by Figs.4.1 and 4.2. Figure 4.1 presents temporal dependencies
of photorefraction in LiNbOj3 with different [Li]/[Nb] ratio obtained under

- 49.8 mol.% LiO in crystal

-Ar-laser off 1
A=488nm - |=20Wcm

49.5 mol.% Li,O in crystal

birefringence change A n x 1075
o))

48.6 mol.% LiyO in crystal

2 47.8mol.% Li,O in crystal

0o 2 4 6 8 10
Irradiation time (min)

Fig. 4.1. Optical damage in LiNbOg of different Li content; A\ = 488nm, I =
20 W cm™? according to [365]
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Fig. 4.2. Intensity dependencies of the optical damage in congruent and stoichiomet-
ric LiNbOs [35]. The stoichiometric crystal was grown by the Czochralski technique
by adding 10.9 mol.% K5O into the melt

I =20Wecem~2 for A = 488 nm; the near-stoichiometric crystals were grown
from the melt with [Li]/[Nb] > 1.

As seen, the optical damage resistance increases with decreasing Li con-
centration, since the value of dn is the highest in NSLN and negligible in the
Li-deficient sample with [Li]/[Nb] < 0.94. The results shown in Fig.4.2 were
obtained in NSLN grown from the K;O-modified melt [35,357] and confirmed
in LiNbOj crystals grown by the VTE technique [357].

Again, the congruent LiNbOgs is more optical damage resistant than the
near-stoichiometric one up to a certain intensity threshold [35,357], whereupon
the situation is reversed and CLN becomes less damage resistant than NSLN.
This is due to the fact that the value of photorefraction in NSLN increases
smoothly with the light intensity in the whole intensity range, while in CLN
at I > 100-200 Wem ™2 the birefringence dn starts to grow very steeply. A
steep slope of én(I) is a reason of a relatively low damage resistance of CLN
at high intensities reported in [35,357]. These results produced a widespread
opinion of an enhanced optical damage resistance of NSLN at all, although
this may be valid for high intensities only.

Later, the data obtained at low and moderate light intensities again and
again confirmed the conclusion of a lower optical damage resistance in NSLN.
When recording holograms at I = 0.08 W cm ™2, the diffraction efficiency is the
highest in stoichiometric crystals and decreases with decreasing [Li]/[Nb] ratio
[293]. Measurements of the photorefractive two-beam coupling gain [366,367]
also established an increase of optical damage in Li-enriched LiNbOgs:Fe as
compared to congruent LiNbOgz:Fe. In NSLN doped with 270 ppm Fe grown
from the melt with [Li]/[Nb] > 1, the gain was about 25cm™! and exceeded



78 4 Photorefraction in LiNbOg3 Crystals with Different Stoichiometry

the value in the congruent LiNbOs:Fe with the same Fe concentration [366].
A similar result was obtained in NSLN:Fe crystals grown with K>O in the
melt [367].

We now discuss the reason for an increasing optical damage with increasing
[Li]/[Nb] ratio observed in the range of moderate intensities. In the context of
(3.6), the most obvious explanation would be a decreased photoconductivity in
near-stoichiometric crystals. However, on the contrary, all experiments found
an increase of oy, in NSLN. This follows from faster kinetics of the hologram
recording and erasure in stoichiometric crystals [35,225,357,366-368]. A rough
estimate gives opn/l ~ 1071%; (3-4) x 1071 (Qem W) ™! for congruent and
stoichiometric LiNbOg, respectively [357]. The corresponding values observed
by Furukawa et al. [225] are op, = 10715 and 2 x 10714 (Qcem) ™! for A =
488nm, I = 10 W cm™2. A similar increase of oph at increased Li content was
found in crystals doped with Fe [366].

So, one observes in NSLN an inconsistency between an increasing dAn
and enhanced op,,. An alternative reason eliminating this apparent mismatch,
could be an increase of the photovoltaic effect in stoichiometric crystals. The
first attempt to analyze the dependence of j,u, on the [Li]/[Nb] ratio was
performed in [369]. The authors operated with the reduced LiNbOg crystals
of different stoichiometry and found a difference in the spectral dependencies
of jpnv in Li-enriched and near-stoichiometric LiNbO3 accounted for, by the
observed difference in the optical absorption spectra, but no data on jphy
were reported. Furukawa et al. [225,227] performed combined measurements
of the photovoltaic currents and photoconductivity in LiNbOs with different
[Li]/[Nb] ratios in undoped and Mg-doped LiNbOs. A surprising increase of
the Glass constant was found in a pure stoichiometric crystal, more than by
the order of magnitude as compared to kg in congruent crystals. The results
of this group presented in [29] are shown in Table 4.1. One may pay attention
to extremely low values of kg in undoped crystals almost by three orders of
magnitude lower than in LiNbOgz:Fe and LiNbO3:Cu.

It is noteworthy that, accordingly to [29], the Glass constants in Fe-
doped CLN and Fe-doped NSLN are practically the same. This means, that
the observed change of the photovoltaic properties of stoichiometric crystals
(Table 4.1) is caused not by an influence of the lattice defect state on the pho-
tovoltaic ions, but may be related to a direct contribution of the intrinsic de-
fects to the photovoltaic effect. So, at present, an increased optical damage in

Table 4.1. Comparison of the photovoltaic properties and photoconductivity in
CLN and NSLN

Congruent LiNbO3 Stoichiometric LiINbO3
Light polarization Ordinary Extraordinary Ordinary Extraordinary
Glass constant 107'2 (cm V™) 1.5 2.5 41 49

opn 107 (@7 ' em™) 2 2.2 26 27
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near-stoichiometric LiNbOg crystals may be accounted for, by a significantly
increased photovoltaic current, which eliminates the effects of an increased
photoconductivity.

Interesting investigations of the photorefractive process in NSLN crystals
grown with K5O in the melt are reported in [368]. When recording grating, a
large stationary energy transfer was observed with I" = 25 cm ™! and an asym-
metric photoinduced light scattering (fanning), which is characteristic for the
recording by the diffusion mechanism. Nevertheless, the dominant mechanism
of recording was the photovoltaic one, because the diffusion fields Ep corre-
sponding to the used range of grating periods A could not provide the observed
values of dn. The authors explained this paradox by a low concentration of
filled traps Np (see (3.33)). Accordingly to (3.31), if neglect Ep, then the angle
of the shift ¢ between the interferogram and the recorded grating may be ex-
pressed as tan ¢ = E,,/Eq = E},/(ANp). In other words, certain concurrence
between F,, and the saturation field F, resulted in a nonzero stationary I'.

We now try to discuss the range of high light intensities (Fig.4.2), corre-
sponding to an enhanced optical damage in congruent LiNbOgs. The situation
seems to be ambiguous. In principle, the observed steep growth of dn in CLN
may be due either to a photoinduced increase of «a or to a strongly sublinear
lux—ampere characteristic, or to a combination of the both factors, in other
words invokes an explanation in the framework of a two-center charge trans-
port scheme. Measurements of o, () in CLN and NSLN performed in [357]
found almost linear plots, namely op, oc 199 and opy oc 1%9, respectively,
thus ruling out in CLN, a special relationship of 6n(I) to opn(I). Therefore,
the only possible reason for an increasing dn is a photoinduced optical absorp-
tion caused by a nonequilibrium population of certain shallow traps. Note that
the observed steep increase of én more than, by order of magnitude at about
1kWem~2 (Fig. 4.2) would require the corresponding drastic increase of a.

So, the question is raised, which centers could provide a photoinduced
short-living absorption in the visible, responsible for an increasing dAn at
moderate intensities of a blue-green CW-light? A photoinduced short-living
optical absorption in the visible in undoped congruent LiNbO3 was repeat-
edly reported, starting from the basic publications [63,64] concluding a recent
one [96]. Of course, the most attractive would be to relate it to the intrin-
sic defects and to debate a striking difference in dAn(I) graphs in CLN and
NSLN (Fig.4.2) by the presence or lack of Nby; and Vpi;. Such an explana-
tion was proposed, e.g., for the X-ray- or two-photon-induced absorption in
LiNbO3 [55,63,66] according to which the photoexcited interband electrons
and holes are captured by Nby; and O?~, respectively, to form small bound
polarons and the corresponding short-living band extending from the near
IR to near UV. However, this consideration may be applied to photoexciting
with intensive light pulses, but not for the range of moderate CW-intensities
shown in Fig.4.2. Therefore, we believe that the observed steep increase of
the photorefraction in CLN depicted in Fig.4.2 is not an inherent property
of the congruent LiNbOgs. It seems to depend on nonintentional admixtures



80 4 Photorefraction in LiNbOg3 Crystals with Different Stoichiometry

- E
SAW grade o
- (Fe 3.2 ppm) o .
-5 | o ’
g 10
%) B .
3 :
g L ©
© o
S - optical grade 1 o
3 ; (Fe0.42ppm) .-~
c . o
O .np | © .
E’ 5*10 :
= . o .
2 % © optical grade 2
Q - RY (Fe 0.21 ppm)
L © o AU o
;0 4.0
F OO © C)MgO doped optical grade
L | (Fe 0.45 ppm)

0 2 4 6 8 10
irradiation time (min)

Fig. 4.3. Exposure dependencies of the photorefraction in LiNbOg with accidental
admixtures of Fe, redrawn from [370]

and a photoinduced nonequilibrium repopulation of these accidental shallow
levels which, as known from the physics of semiconductors, may occur even
under low light intensities.

Our assumption is supported by the following experimental facts. The
amount of photorefraction in congruent LiNbOj3 is very sensitive to the crys-
tal purity (e.g., Fig.4.3) and it increases with the concentration of Fe-like
admixtures [370]. As seen from Fig.4.2, in the crystals under investigations
in [35,357], the value of dn at relatively low intensities is in the range of
10~*, which evidences a high concentration of accidental impurities. Under
high light-intensities all accidental traps may be nonequilibrium populated,
leading to an intensity dependence of the photovoltaic current, for example, to
a superlinear plot jp, o< I*(x > 1) [345,359]. So, it is reasonable to ascribe an
anomalous growth of dn in the curve of Fig. 4.2 to the presence of accidental
shallow traps. Such effects, controlled by a real spectrum of capture centers
and particularly specific for high light intensities, are obviously responsible for
an unpredictable behavior of the optical damage. That means to make any
comparative estimates, a knowledge of the crystal purity is required.

A question is raised, why in near-stoichiometric crystals, grown from a not
specially purified charge and thus also containing a large amount of admix-
tures, no nonmonotonous growth of dn is observed with increasing I as occurs
in CLN (Fig.4.2). This will be discussed in more detail in the section devoted
to the photoinduced charge transport in optical-damage-resistant LiNbOg
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crystals. For the moment, we only mention that as mentioned in Sect.2.4
(Fig.2.12) in stoichiometric LiNbO3 crystals, the Fe?* — (and other TM?*)
ions change their lattice positions and are partially localized on the Nb sites.
As a result, the capture cross-section of electrons by these centers is decreased
and they do not serve as electron traps. So, we suggest that in NSLN crystals
due to a change of the lattice sites of TM3*-ions, the density of potential
accidental electron traps is lesser than in CLN, which is consistent with the
conclusions of Chen et al. [368]. Therefore, the photoinduced Aa in NSLN
would be lower than in CLN with the same concentration of admixtures, and
a dependence on(I) would be less pronounced than in CLN.

It should be mentioned that in the relative crystal LiTaOgs, the depen-
dence of the photorefraction on the crystal stoichiometry is different from
LiNbO3 and more regular [371]. In LiTaOj3 crystals with different [Li]/[Ta]
ratios grown by the VTE technique, a regular lowering of dn with increasing
Li content was found in the whole intensity range up to 2.5kWcm™2 (see
Fig.4.4). This dependence correlated quantitatively with the observed signif-
icant growth of opn when approaching the stoichiometric composition [371].
These effects were discussed in terms of decreasing content of the hypothetical
electron traps Tar;. In closing, we repeat again that there is a lack of detailed
studies of photorefractive process in stoichiometric LiNbOg3 crystals. Unam-
biguously, the optical damage in the range of relatively low light intensities
in stoichiometric crystals is higher than in congruent ones in spite of a some-
what enhanced photoconductivity. This seems to be related to an increased
photovoltaic constant, which was proved experimentally but not discussed
microscopically. For high light intensities the situation is yet unclear.
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Fig. 4.4. Saturation values of light-induced birefringence changes §An® vs. pump-
light intensity I in LiTaOs. The Li content of the powder after the VTE treat-
ment varied from 49.2 to 51.2mol.%. The dashed lines are empirical fits, redrawn
from [371]
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4.2 Photorefraction in LiNbO3 Crystals Doped
with Optical-Damage-Resistant Ions

4.2.1 Photorefractive Properties of Optical-Damage-Resistant
Compositions

Properties of LiNbOg crystals doped with optical-damage-resistant impurities
Mg, Zn, In, Sc are described in reviews [194,195]; information on the photore-
fraction in Li-enriched LiNbO3:Mg, one may find in [29,195]. Recently the fam-
ily of the optical-damage-resistant ions was extended by Hf** [183,184,186]
and Zr*t [183,188].

As already briefly mentioned in Sect. 2.5.1, for the first time a possibility of
suppression of the optical damage together with the preservation of the optical
transparency was discovered in LiNbO3z:Mg [171] and studied in more detail
later [76,172,173]. Bryan et al. [173] found a stability of LiNbO3:Mg against
pulse-laser intensities up to 100 MW cm~2. The optical damage resistance was
accounted for by an increased photoconductivity and a critical threshold con-
centration of 5mol.% MgO was found for the congruent melt, above which a
steep decrease of the optical damage occurred almost by two orders of magni-
tude. Interestingly, that in LiNbO3:Mg with a very high purity, a comparable
reduction of optical damage was observed even at 3 mol.% MgO [370]. In chem-
ically analogous LiNbOjs:Zn crystals, an increased resistance against optical
damage was found by Volk et al. [175,176], with a particularly strong effect at
ZnO concentrations exceeding 7mol.% for the congruent melt. Later, in con-
gruent LiNbOg3:Zn a lower threshold of about 6 mol.% ZnO was found [177].
Figure 4.5 shows the dependence of the photorefraction on the Zn concentra-
tion and the dependency of dAn on the intensity in several LiNbOg crystals

LiINbO3:2%Zn
107 u | ] u | ]
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Fig. 4.5. Photorefraction as a function of the light intensity for LiNbOg with various
Zn concentrations, data were taken from [175,176,180]
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with different Zn concentrations, data were taken from [175,176,180]. Highly-
doped LiNbO3:Zn crystals revealed no optical damage under irradiation with
532nm pulses of 10ns duration up to intensities of 100 mW cm™2 [175,372].
The next members of the optical-damage-resistant family were the trivalent
ions In®* [178-180] and Sc3* [181,182,373]. In these cases, a drastic de-
crease of the photorefraction occurs already at concentration below 2mol.%
oxides (that is 4at.% of the elements) in the melt for the congruent com-
positions. The effect of 1.7mol.% InyOs [178] and 1.5mol.% ScoOs [182]
on the value of §An is comparable to the effect of 4.5-5mol.% MgO. Data
for stoichiometric LN doped with Sc have been reported in [374]. In the re-
cently found optical-damage-resistant LiNbO3:Hf composition [183-186] (see
Fig.2.18) the photorefraction falls down abruptly above a threshold concentra-
tion of ~3% HfO5 in the melt. Recently, the threshold concentration for Hf was
refined to about 2at.% in the crystal [187]. In the most recently investigated
optical-damage-resistant composition LiNbOgz:Zr [188], the amount of pho-
torefraction drastically drops at a ZrOy concentration less than 2 mol.%. So,
one may conclude the threshold concentrations for both tetravalent optical-
damage-resistant ions Hf and Zr to be about 2at.% or even lower. As shown
in Sect.2.5.1, a difference in the threshold values of di-, tri- and tetravalent
ions may be qualitatively explained in terms of the charge compensation ef-
fects. A reduction of the photorefraction in LiNbO3:Hf and LiNbO3:Zr with
concentrations of Hf [186] or Zr [188] above the thresholds is even more pro-
nounced than in LiNbO3:6.5%Mg for equal light intensities. According to
Kong et al. [188], LiNbO3:2%Zr crystals show no optical damage up to inten-
sities of 20 MW cm 2.

At the first steps of studies of optical-damage resistance, it was shown
that codoping LiNbOs:Fe or LiNbOs:Ln?t with above-threshold concentra-
tions of optical-damage-resistant ions, also strongly reduces the photore-
fraction. This was ascertained in LiNbO3:Nd:Mg [375], LiNbO3:Fe:Mg [230],
LiNbO3:Fe:Zn [56, 376] (see Fig.4.6). Later on, these studies in doubly- or
multiply-doped compositions were expanded owing to practical tasks. First, a
stability of Ln3*-doped LiNbOj3 should be analyzed in view of lasing applica-
tions. Second, as will be discussed in Sect. 4.2.4, codoping of photorefractive
crystals, like LiNbOj3:Fe by an optical-damage-resistant ion promotes an
improvement of the photorefractive properties, e.g., an increase of the sensi-
tivity or the recording speed. Additionally, as discussed in Chap. 2, a slight
doping with Fe3*, Cr3*, etc., is a very convenient probe for investigating the
intrinsic defect structure. A considerable quantity of studies was recently been
performed in such multiply-doped crystals, for example, in LiNbOg3:Cr:Zn
[377], LiNbO3:Nd:In [378], LiNbOs:Fe:In [379], LiNbOs:Mn,Fe:Mg [380],
LiNbOg3:Fe:Hf [262], LiNbO3:Cr:Mg [381], LiNbO3:Ce:Cu:Sc [382]. In all
cases, codoping with an optical-damage-resistant ion led to a significant
decrease of the optical damage as is exemplified by Fig. 4.6.

As repeatedly mentioned, some authors [76,174] observed in Li-enriched
LiNbO3:Mg crystals a decrease of the threshold Mg concentration, which finds
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Fig. 4.6. Optical damage dAn in LiNbO3 and LiNbOs:Fe vs. Zn and Mg con-
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and LiNbO3:0.02%Fe:Mg, respectively. The two plus markers represent data for
LiNbO3:0.02%Fe:Zn. Optical damage was induced by an Ar-ion laser, A = 488 nm,
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an adequate explanation in terms of the scheme of Mg incorporation into the
LiNbOj3 lattice as discussed in Sect. 2.5. Actually, the higher is the Li content,
the lower is the content of Nb antisites, thus the lower is the substitutional
impurity concentration required to replace them. These observations stimu-
lated a series of works [225-227,383] aimed to investigations of photorefraction
in Li-enriched near-stoichiometric LiNbO3 crystals doped with Mg. It is of a
special importance for practice, because congruent LiNbOgs crystals heavily
doped with Mg exhibit a poor optical quality, whereas, according to the asser-
tion of this research group [227], the near-stoichiometric LiNbO3 doped with
1-2mol.% Mg are optically more uniform. Later on, a great deal of results
in Li-enriched LiNbO3 doped with various optical-damage-resistant ions was
published, but a detailed investigation of the photorefractive properties was
reported for Mg-doped near-stoichiometric LiNbO3 (NSLN) only.

Figure 4.7 from [225], compares the dependencies of the space-charge field
on MgO concentration in NSLN and congruent LiNbOs (CLN). The former
were grown by two techniques — either by the top-seeded solution with addition
of 10.6% K20 into the melt following [36] (the sample denoted as NSLN1),
or by the double-crucible method from an Li-enriched melt [384] (denoted as
NSLN2). Both Mg-free NSLN compositions corresponded to [Li]/[Nb] ~ 0.99;
while introducing Mg this ratio decreased to 0.96 and 0.98 in NSLN1:Mg
and NSLN2:Mg, respectively. In the congruent crystal, the ratio [Li]/[Nb]
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Fig. 4.7. Saturated space-charge field and optical damage vs. MgO concentration in
congruent and stoichiometric (NSLN-I and NSLN-II) LiNbOs crystals, data taken
from [225]

decreased from 0.943 in the pure Mg-free composition to 0.873 for LiNbO3:5%
Mg. One may see a drastic fall-down of the photorefraction in NSLN:Mg even
at 1% Mg, where 6 An drops to 10~%. Therefore, it is more than by two orders
of magnitude lower than in CLN doped with 5% Mg. One may conclude that
a combination of Li-enriching and Mg doping is not simply additive. The
question of the threshold Mg concentration in NSLN crystals seems to be still
open. For example, in NSLN:Mg crystals grown by the high-temperature top-
seeded solution growth method, a threshold value as low as 0.2mol.% Mg
was reported [229], deduced from measurements of the IR spectra. Furukawa
et al. [225,227] found an optical damage resistance for NSLN:1%Mg crystals
up to intensities of 2-8 MW cm 2. Moreover, according to [385,386], the VTE-
grown NLSN:Mg crystals are optically stable up to 26 MW cm™2.

4.2.2 Fundamental Changes of the Charge Transport Process
Produced by ODRI in LiNbOj: Charge Transport Process
in LiNbOg3 Crystals Doped with ODRI

The main reason for a decreased optical damage is an enhanced photocon-
ductivity. The dark photoconductivity in LiNbOs doped with 5.5% Mg was
shown to increase as well [387], but this effect is not of importance.

Figure 4.8 illustrates the concentration dependencies of the photoconduc-
tivity reduced to the light intensity opn /I for Mg-, Zn- and In-doped congru-
ent crystals. The photoconductivities were calculated from the characteristic
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Fig. 4.9. Photocurrent under 410 nm illumination at room temperature in doubly-
doped LiNbO3:Cr:Mg, redrawn from [381]

times of grating erasure according to dAnN(t) = §Ang. exp(—t/7er), where
Oph = Ter/€€o. The intensities of the erasing Ar-ion laser beam (A = 488 nm)
were in the range of 30 Wem™2. As seen, doping with 1.7mol.% InyO3 pro-
duces the same effect, as a doping with MgO or ZnO of about 4.5mol.%.
Figure 4.9 demonstrates a steep increase of the photocurrent at an Mg con-
centration of about 5mol.% in LiNbO3:Cr:Mg.
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Figure 4.10 shows the dependence of the photoconductivity on the Hf con-
centration calculated from the kinetics of the holographic recording §An(t) =
0Angat exp(—t/Trec); the recording was performed for A = 532nm and [ =
310 W cm™2. All these curves manifest a steep growth of oy, at impurity con-
centrations approximately above the thresholds.

In NSLN crystals doped with Mg, a correlation between the photorefrac-
tion and photoconductivity is observed as well [225]. Figure 4.11 shows the
dependence of the photoconductivity on the Mg concentration in the set of
crystals presented in Fig. 4.7 and reported [225]. A steep growth of opp in
NSLN crystals occurs already at [MgO] ~ 1-2mol.% in accordance with the
dramatic drop of the photorefraction in Fig.4.7.

The dependencies o(I) in Mg-, Zn- and In-doped congruent LiNbOs crys-
tals are slightly sublinear o, ~ I (z = 0.8-0.9) [294], which evidences of
a two-center charge transport scheme. In contrast, even a slight codoping
with Fe, transforms the lux—ampere characteristics to a strictly linear func-
tion [294]. It is analogous to a straightening of an initially slightly sublinear
oph(I) in congruent undoped LiNbOs after a weak doping with Fe. In terms
of the current concept, this effect may be regarded as the transformation from
a two-center to an one-center charge transport scheme owing to the dominant
role of Fe3* as an electron trap. Note that in the presentation given in Fig. 4.8,
slight sublinearities of opn(I) were neglected assuming the plots of opn(f) to
be linear. The lux—ampere characteristics for the newly found optical-damage-
resistant ions Hf and Zr have not been published yet. According to [186], the
saturation value of §An in LiNbOg3:Hf very slightly grows with the light inten-
sities up to 600 W em ™2, so one may assume a slightly sublinear lux-ampere
characteristic similarly to LiNbO3:Mg or LiNbOg3:Zn [294]. However, no data
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have been published yet for the op,(I) dependencies in near-stoichiometric
LiNbOg3 both undoped and doped with Mg.

For the first sight, a correlation between decreasing dAn and a steep
growth of opn(I) in the same concentration ranges gives an exhaustive expla-
nation for the optical damage resistance. However, a detailed comparison of
these curves detects one more reason, less pronounced but more fundamental,
of the falling down of §An. The calculations for NSLN:Mg show that the ob-
served increase of op would correspond to the JAn magnitude by one to two
orders higher than those measured experimentally. This impelled Furukawa
et al. [227] to assume and then to show experimentally [225,383] that, Mg
doping strongly affects the photovoltaic current as well (see Fig.4.12). Note
that this figure illustrates the fact mentioned above, that the j,, value in
the undoped stoichiometric crystals is significantly higher than in undoped
congruent ones (see Table 4.1). When doping NSLN with Mg, the value of
Jpv decreases drastically so that in NSLN:2%Mg it is more than two orders
of magnitude lesser than in the undoped NSLN. This steep decrease of jpy
accounts for the enormous drop of the photorefraction to 10~%. In this com-
position, the highest of the so far reported optical damage resistance is due
to a combination of both effects, namely of a dramatic growth of o}, and of a
simultaneous significant decrease of j,. Moreover, as seen from Fig.4.12, in
the congruent LiNbOg3:Mg crystals jp. also decreases with increasing Mg con-
centration, although much less pronounced than in near-stoichiometric ones.
Table 4.2 collects the data on the photorefractive parameters in CLN and
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Table 4.2. Comparison of the photoconductivity (opn), photovoltaic current (jpv)
and space-charge fields (Esc) in congruent (CLN), stoichiometric (NSLN) and opti-
cal damage resistant CLN:5.1%Mg and NSLN:2%Mg (I = 10 Wem ™2, X\ = 488 nm).
The data for CLN and CLN:5.1%Mg are taken from [56], the data for NSLN and
NSLN:2%Mg are taken from [225]. The bottom line presents the Glass constant cal-
culated according to k = Eg.opn/(al) assuming absorption coefficients av = 0.025—
0.03cm ™! for A = 488 nm (according to experimental estimates)

Property CLN NSLN CLN:5.1%Mg NSLN:2%Mg
opn (1071 Q) 0.2 2-3 3 60

Jov (1072 Aem™2) 6 200 0.3 0.5-0.6
Ese (Vem™) 2,500 7,000 10 1

ke (107" emV™Y) 24 80 0.1 2

NSLN with and without Mg. In the congruent LiNbO3:Zn crystals [294] cer-
tain mismatch between experimentally measured dependencies op, and dAn
on the Zn concentration was also detected, which led to a conclusion that jy,
nonmonotonically varies with increasing Zn concentration.

The dependencies of the photovoltaic effect on this type of doping, qual-
itatively recalls the above-described influence of the Li content on the value
of jpv. In undoped congruent and near-stoichiometric crystals, the photo-
voltaic currents are significantly different (Fig.4.12, Table 4.1), whereas ac-
cording to [29] in Fe-doped CLN and NSLN they become equal. Similarly,
measurements of the photovoltaic currents in Mg-doped LiNbOs:Fe [230] and
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Zn-doped LiNbOg [175] have found that the Glass constant is the same as in
LiNbO3:Fe (with the same [Fe?T]/[Fe®*] ratio). In other words, even if a low-
est Fe concentration is admixed, then the photovoltaic properties in LiNbOj3,
LiNbO3:Mg, LiNbOg3:Zn are controlled by the Fe-admixture, whereas in com-
positions free of Fe the photovoltaic current seems to be governed by other
microscopic mechanism.

The microscopic origin of the increased photoconductivity in LiNbOg
doped with optical-damage-resistant ions will be discussed in the Sect. 4.2.3.
We now speculate about the effects of these ions on the photovoltaic proper-
ties. One of the most reasonable explanations could be an alteration of the
photocarrier type resulting from an incorporation of optical-damage-resistant
ions, or, in the language of the defect model, when decreasing Nb antisite
and Li vacancy concentrations. Assume that the removal of Nb antisites and
Li vacancies is followed by an appearance of a hole photoconductivity. It
was actually supported by finding a photohole conductivity in highly doped
LiNbO3:Mg [327] and LiNbO3:Zn [328] by means of the holographic method
proposed in [317,318]. Then, the value of (op,) would grow with the Mg
concentration at the expense of growing the hole component. At the same
time, jp,v may decrease due to a decreasing electron component. Based on
the data of Orlowski and Krétzig [317,318], one may suggest that the photo-
voltaic current in LiNbOj3 is related to the photoelectrons only. A relation of
the photoconductivity and photovoltaic currents to different charge carriers is
probable, for example, a coexistence of a hole photoconductivity and electron
photovoltaic current was established in quartz [9].

We now discuss the microscopic reasons for an increased photoconduc-
tivity in LiNbOjs crystals doped with optical-damage-resistant impurities
with the above-threshold concentrations. In general, a photoconductivity
growth may be caused by increasing either the mobility p or the lifetime
or free charge carriers. For an one-center charge transport scheme, a simpli-
fied expression (3.26) for the photoconductivity gives the following relation
oph =~ 1(spn/7)(Np/Nc)I, where spn = a/Np is the absorption cross-section
of the electron donor, v is the recombination coefficient, Np and N¢ are
the concentrations of donors and traps, respectively. Let us begin the dis-
cussion with the case of an one-center scheme assuming that it is realized
in LiNbO3:Fe:Mg and LiNbOj:Fe:Zn similarly to LiNbOgs:Fe. This assump-
tion is supported particularly by the linearity of o,,(I) plots in these crys-
tals [230,294]. The case of a two-center scheme involving the shallow trap
Nbr,; will be discussed later. First, we should rule out the effects of [Np]/[N¢]
variations. As mentioned in Sect.2.5.2, iron in LiNbOg3:Mg:Fe exists in the
traditional states Fe?t and Fe3* According to measurements of the opti-
cal absorption [387] and Méfbauer spectra [388] in LiNbO5:Mg:Fe, the ratio
[Np/Nc¢] = [Fe?t]/[Fe?t] at high Mg concentrations decreases by a factor
of about 2, so one would more likely expect a lowering rather an increasing
of oph.
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Additionally, the optical absorption coefficient o in LiNbOj:Fe:Mg [387]
and LiNbOj:Fe:Zn [389] abruptly falls down above the thresholds that ev-
idences a lowering of the Fe?*T concentration. Therefore an increase of opp
above the threshold cannot be accounted for, by concentration arguments.
Other reasons of an increasing o, as applied to expression (3.26), might be
either a growth of u, or a decrease of «. In principle, the value of p depend-
ing on the scattering of the carriers by defects might be changed in Mg- or
Zn-doped crystals. This mechanism was proposed by Sommerfeldt et al. [230].
Arizmendi and Agullé-Lépez [390] also suggest an enhancement of the elec-
tron mobility for Mg concentrations above the threshold. Adibi et al. [391]
discussed a possible effect of increasing p on the holographic recording in
LiNbOgs. However, so far, there are no direct or indirect experimental proofs
for this assumption. Moreover, the temperature dependencies of the conduc-
tivity performed in LiNbOg, LiNbO3:5%Mg and LiNbO35:5%Mg:Fe [392] argue
against it. According these measurements in all three compositions, the con-
ductivity may be described by an identical expression

o =1,620 exp (;sz}) (4.1)

with the same activation energy E, = 1.2eV independent of the composition.
From this it was concluded that an increase of opp in no case is related to a
change of 1. We now discuss an alternative reason of increasing opy,, a decrease
of 7y, thus a reduction of a capture cross-section of electrons by Fe3* traps
at high Mg (or Zn) doping. This mechanism seems to be more substantiated
due to the following reasons. As discussed in detail in Sect. 2.5.2, the Fe?*-like
ions in LiNbOg3:Fe:Mg (or Zn) with Mg (Zn)concentrations above the thresh-
olds, change their lattice sites and incorporate, at least partially, onto the Nb
sites; this was deduced on the base of EPR measurements. It is qualitatively
clear that the center [Fef\,t]Q’ is a hardly probable electron trap. Actually,
estimates of [392] have shown that the main reason of a drastic growth of
the photoconductivity at high Mg concentrations is a decrease of the capture
cross-section S = 7, /v of electrons by Fe3* traps by more than two orders of

magnitude. A rough estimation for [FeiﬂQ' gives S = 1.3 x 10~ cm? [393]

and for [Feﬁg]zi, the value S < 10715 cm? [392].

The conclusion of a drastic decrease of v in highly-doped LiNbO3:Mg:Fe
was supported by the measurements of the X-ray-induced absorption spectra
in these crystals [325, 326].

Figure 4.13 presents the X-ray-induced spectra in LiNbOz:Mg:0.01%Fe
with Mg concentrations below and above the threshold. According to [230]
and more recent data, the shape of the characteristic absorption band of
Fe?* is not affected by Mg doping; actually, the corresponding peak at about
2.6eV (480 nm) exists in all LiNbOg:Mg:Fe and LiNbO3:Zn:Fe compositions
independently of Mg or Zn concentration. X-ray irradiation of LiNbO3:Mg:Fe
with Mg concentrations below the threshold results in an increase of this
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Fig. 4.13. X-ray-induced absorption of Mg- or Zn-doped below (upper) and above
(lower) threshold concentrations in LiNbO3 at room temperature. Lines I and 2
represent the absorption before and after the X-ray irradiation, line & shows their
difference A«. This band is stable in the darkness, while that represented by line 4
vanishes within several minutes [325]

band, see Fig.4.13 (upper part). The same is observed in LiNbOj:Fe [394].
This X-ray-induced band is accounted for, by formation of extra (nonequilib-
rium) Fe?™ centers owing to capture the X-ray-induced interband electrons
by the trap Fe3T following the scheme Fe3t + e~ — Fe?*. This conclusion
is supported by EPR measurements according to which the appearance of
the X-ray-induced band is accompanied by a simultaneous decrease of the
Fe3™ concentration [394]. The X-ray-induced band is stable and may be opti-
cally erased, with a simultaneous restoring of the initial Fe3* EPR spectrum
and the initial absorption peak at 2.6eV. A quite different behavior is ob-
served in LiNbOs:Fe:Mg with Mg concentrations above the threshold, see
Fig.4.13 (lower part). In these crystals, X-ray irradiation induces no peak
at 2.6V, thus the Fe?t concentration stays unchanged. Instead of that, the
spectrum contains a new unstable band with a broad peak at about 360 nm
quickly decaying in the darkness. The same band is induced by UV irradiation
[325, 395, 396]. Qualitatively similar, but a much more pronounced differ-
ence in X-ray-induced spectra in low- and highly-doped LiNbOj:Fe:Mg and
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LiNbOs:Fe:Zn were observed at the low-temperature X-ray irradiation [326].
Missing X-ray-induced Fe?T centers indicate that the Fe3t centers are no
more electron traps. Thus, we conclude that in LiNbO3:Mg:Fe and other rela-
tive crystals with above-threshold concentrations of optical-damage-resistant
ions, the charge transport scheme (3.25) is violated and the origin of electron
traps is changed; we emphasize that Fe?t remain electron donors. Note that
this consideration may be extrapolated to a near-stoichiometric LiNbOj:Fe,
in which the measurements of the two-beam coupling gain [366] found an in-
creased opn compared to the congruent LiNbOg:Fe. According to [126,397],
Fe3* in stoichiometric LiNbO3 incorporates partially onto the Nb site, so
one may suggest that in Fe-doped NSLN, the center Fe3T loses its acceptor
properties and the charge transport scheme (3.25) does not give an adequate
explanation of the photoelectric properties of Fe-doped stoichiometric crystals.

According to the structure data, the threshold concentrations of optical-
damage-resistant ions correspond to their partial incorporation onto the Nb
sites that assuming the self-compensation mechanism 3[Mgp;] — [Mgg, ], is
followed by a minimization of the Vy; content, see Fig.2.20. So, at above-
threshold concentrations of these ions, the LiNbOj intrinsic defect structure
is fundamentally modified, namely the deep Fe?t and shallow Nby; electron
traps disappeared and the Li vacancy content is decreased. These events would
necessarily lead to a change of the charge transport scheme. Such a rather
speculative consideration finds an experimental support. An analysis of the
sign of the photocarriers using a holographic method [317,318] in LiNbO3:Mg
[327] and LiNbOg3:Zn [328] has shown that at low impurity concentrations, the
photoconductivity is of n-type, whereas above the thresholds it changes its sign
and becomes dominantly p-type, the contribution from the hole component
increasing with Mg or Zn concentrations. The alteration of the photocarrier
sign indicate that the traditional scheme (3.25) is actually violated. According
to Donnerberg et al. [398], Li vacancies in LiNbOj3 are the most probably hole
traps. As the Mg or Zn concentrations increase above the thresholds, the
Vi; content decreases (Fig.2.20), thus resulting in an increase of the hole
photoconductivity.

We now turn to the case of a two-charge transport scheme that occurs in
LiNbO3:Mg and LiNbOg:Zn crystals nominally free of Fe. Evidences of a two-
center charge transport scheme in them are particularly given by nonlineari-
ties of the o, () plots [294] and, for example, by a pronounced dependence of
d0An on the duration of the recording light pulses, see Fig. 3.8. In terms of the
conventional two-center model, it may be attributed to the participation of
electron traps Nby;, which are concurrent with Fe?t provided that the concen-
tration of the latter is low. The expression (3.39) deduced for a particular case
of a two-center scheme gives an example of a dependence of o, (I) on the con-
centrations N¢ of deep traps (Fe*t) and Nx of shallow traps (Nby,;); as a priori
clear, opn([f) increases with decreasing Nx and/or Nc¢. In the Figs. 4.5, 4.8,
and 4.6 one may see a gradual growth of op (1) and a decrease of 0An already
at low Zn concentration. This may be accounted for by the conclusion drawn
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from many experiments, cited in Sect. 2.5.1, that Nby; traps are removed from
the lattice starting already at low Mg or Zn concentrations, see Fig.2.20. A
more abrupt drop of §An in Fe co-doped LiNbO3:Mg or LiNbO3:Zn (Fig. 4.6),
is due to a dominant contribution from Fe3 and a secondary role of remov-
ing Nby;. A low concentration of any optical-damage-resistant impurity affects
the photoconductivity in LiNbOg:Fe crystals provided that the Fe concentra-
tion is low. This is supported by the data reporting an enhancement of the
photorefractive sensitivity of LiNbO3:(0.01-0.03)% Fe achieved by a relatively
low doping with an optical-damage-resistant impurity, e.g., Mg [399], Zn [380]
or In [400].

4.2.3 Dark-Trace and GRITIRA (BLIIRA) Effects
in Optical-Damage-Resistant LiNbOj3 Crystals

It is reasonable to discuss separately some aspects of the influence of optical-
damage-resistant impurities on the photoinduced coloration in LiNbOj, in
order to introduce a bridge between the microscopic scenarios of the photo-
coloration and the photorefraction, and the negative phenomena known from
practice. Additionally, the set of levels involved in the photorefraction and
photocoloration seems to be similar, which is proved by similar influence of
the optical-damage-resistant ions on both effects.

Formerly, when analyzing the appropriateness of LiNbOg crystals for non-
linear optical applications, it was found that a pulsed-IR irradiation with
intensities of tens of MW cm™2 or higher, induces in LiNbOj crystals broad
absorption bands in the visible and near infra-red spectral ranges. The origin
of this coloration in the visible was under discussion. Some authors [401,402]
interpreted it as a result of a two-photon absorption. Other authors [64] at-
tributed its formation at room temperature to a nonequilibrium repopulation
of traps under the visible radiation of the second harmonic. These interpreta-
tions are not mutually excluded and a contribution from any of them depends
mostly on the used intensity range. As mentioned in Sect. 2.2, a photoinduced
coloration in the visible actually occurs under intensive blue-green pulses, so
the assumption of von der Linde et al. [64] was reasonable. The band induced
in the visible was referred to as a “dark-" or “gray-trace” effect, and some-
times one may see by a naked eye a gray track within the crystal bulk after an
intensive IR pulse shooting. A photoinduced band in the infrared was referred
to as GRIIRA or BLIIRA (green- or blue- induced IR absorption) effect. The
dark-trace and GRIIRA effects usually occur simultaneously and are typical
for many ferroelectric crystals such as LiNbOg, LiTaO3, KTP, KNbOsg, etc.,
for references see, e.g., [403].

The dark-trace appears as a nonstructured absorption band with a weakly-
pronounced peak at about 500 nm. In congruent LiNbOQs it is stable and may
be erased optically or thermally, similarly to the photorefraction. The negative
consequence of the dark trace is a loss of the optical transparency, for example,
in [402] after IR shooting LiNbOj, a photoinduced increase of the optical
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absorption coefficient in the visible from 0.03 to 0.15-0.2cm™! was reported,
which corresponds to a reduction of the transparency to 10-15%. Similar
loss in the transparency of more than 20% were observed in LiNbO3:Mg and
LiNbO3:Zn [404]. A loss in the transparency may, for example, break the
required relation between the powers of the fundamental and second harmonic
Py, ~ P2. The negative consequence of the GRIIRA (BLIIRA) effect is a local
heating and a resulting nonuniform temperature profile in the active volume
of the crystal, so to say a thermal lens, which may lead to a disturbance of
the phase matching in the optical frequency conversion.

After the discovery of the optical-damage resistance in LiNbO3:Mg, the
studies of the dark trace effect started in highly-doped (optical-damage-
resistant) LiNbOs:Mg [404-409] and LiNbOs:Zn [404, 409]. As mentioned
above, a dark trace appears in these compositions as well, in LiNbOj3:Zn
its value is lower than in LiNbO3:Mg [176, 404, 410]. Particularly, Nightin-
gale et al. [405] and Kozlovski et al. [406] accounted for a limitation in the
conversion efficiency of LiNbO3:Mg by the optical losses caused partially by
the dark-trace effect. Yao et al. [407] also detected this photocoloration in
LiNbO3:5%Mg , but did not observe its influence on the parameters of the
optical frequency conversion. The characteristics of the dark-trace in optical-
damage-resistant compositions sharply differ from those in congruent ones.
For Mg or Zn compositions above the thresholds, the photoinduced band in
LiNbO3:Mg and LiNbOg3:Zn is unstable and decays in darkness during tens of
minutes [175,404,409]. Additionally, its broad peak seems to be slightly blue-
shifted. Therefore, the dependence of the photoinduced band in visible on Mg
or Zn doping reminds qualitatively to the behavior of the X-ray-induced band
in the same crystals shown in Fig. 4.13; for Mg or Zn concentrations above the
thresholds, the band becomes unstable and is shifted to the UV. Therefore,
we may account for this behavior by similar reasons formulated in Sect. 4.2.2.

Following von der Linde et al. [64] it is most reasonable to assume that
the main reason of the dark-trace is a photoinduced nonequilibrium repopu-
lation of levels related to unintentional impurities like Fe, Mn, Ti, etc., with
concentrations of tens of ppm. The coloration, for example, may be related
to a formation of metastable Fe?t, Mn?*, etc. Note that in literature to our
knowledge, no results have been published yet on the dependence of the dark-
trace effect on the crystal purity. As follows from the detailed spectroscopic
investigations discussed in Sect. 2.3, when doping LiNbO3 with above thresh-
old Mg or Zn concentrations; Fe3*-like ions incorporate partially onto the
Nb sites, thus loosing their acceptor properties. This change of the electron
traps discussed in Sect. 4.2.2 as applied to the photorefraction in highly doped
LiNbO3:Mg(Zn), seems to be the most obvious qualitative reason accounting
for an instability of the dark-trace in these crystals. At the end of Sect. 2.2,
a new approach to the photoinduced coloration was mentioned, accordingly
to which a contribution from bound hole polarons O~ also contributes to
the photoinduced band in the visible. However, this fundamental explanation
cannot be applied to the case of the dark-trace, because the band owing to
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Fig. 4.14. Green-induced infrared absorption (GRIIRA) vs. MgO concentration in
NSLN and CLN samples, redrawn from [411]

hypothetical O~ centers decays during times not exceeding seconds, whereas
the dark-trace in congruent LiNbOs is stable and in LiNbO3:Mg(Zn), it decays
within 10-20 min.

We now remark on the photoinduced band in the near infrared (GRIIRA
or BLIIRA effects). From recent results of studies on the spectral and kinetic
characteristics of such a band discussed in Sect.2.2 (e.g., [86], Fig.2.8), an
unambiguous conclusion may be drawn of its relation to the electron cap-
turing by Nby; defects to form small bound polarons , Nbir’;r +e — Nbii*.
Therefore studies in GRIIRA are informative for the development of the po-
laron model. Particularly, Furukawa et al. [411] analyzed the dependence of
GRIIRA in Mg-doped congruent and near-stoichiometric LiNbO3 on the Mg
concentration (Fig.4.14). The photoinduced optical absorption measured at
1,064nm and pumped by 532nm with intensities in the range of kW cm™2,
decayed practically instantaneously on the turn-off of the pumping beam.

As seen in Fig.4.14, the value of the photoinduced absorption falls dras-
tically at Mg concentrations exceeding the thresholds, of about 5% and 1.5%
Mg in CLN and NSLN, respectively. The simultaneous measurements of the
photorefraction at 532 nm in accordance with the GRIIRA dependencies found
a drastic fall down of 0An in the same concentration ranges.

These results are consistent both with the proposed explanation for the
threshold concentrations of Mg-like impurities and with the interpretation of
the photoinduced IR band (see Sects. 2.2, 2.4, and Table 4.3). Actually, the
suggested removal of Nb antisites at the threshold concentrations eliminates
the possibility of a formation of small bound polarons. These results agree
with conclusions drawn from the spectroscopic and EPR measurements in
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Table 4.3. Photorefractive damage threshold for Mg-doped congruent (CLN) and
nearly-stoichiometric (NSLN) LinbOs crystals. The photorefractive damage thresh-
old is defined as the cw green-light intensity, where the transmitted laser beam
is distorted as a result of photorefraction after 10 min of irradiation, data taken
from [411]

Crystal Threshold intensity OH-mode
(kW cm™2) (em™")
CLN 1 3,485
CLN:3%MgO 10 3,485
CLN:4.5%MgO 75 3,485
CLN:6%MgO >8,000 3,532
NSLN 0.1 3,466
NSLN:0.6%MgO 10 3,466
NSLN:1.8%MgO >8,000 3,632

optical-damage-resistant compositions, e.g., [55, 56]. At the same time, the
dependence of GRITRA on Mg concentration below the thresholds does not
fit the proposed scenario of the Mg incorporation. Assuming a substitution
for Nb antisites starting from low Mg concentrations, one could expect a
decrease of GRIIRA with [Mg] rather than a plateau and even an increase
observed in the graphs for CLN and NSLN, respectively (Fig.4.14). From
the practical viewpoint the scope of these results evidences that the optical
damage resistance in Mg-doped CLN and NSLN crystals is accompanied by
their improved stability against the photoinduced coloration.

At the end of this section, it is worthy of presenting recent comparative
studies of the BLIIRA in several popular crystals [403]. One may see the
improved stability of CLN:Mg and NSLN:Mg compared to KTP at intensities
exceeding 1 GW em~2; the data were obtained both for single domain and
periodically poled crystals (Fig.4.15).

4.2.4 LiNbOj3 with Optical-Damage-Resistant Impurities as Media
for the Photorefractive Recording

A search for optical-damage-resistant compositions in LiNbOg3 was stimu-
lated by traditional applications of this material in optical schemes using
intensive visible light. Later on, it was found that LiNbOg crystals doped with
optical-damage-resistant impurities (hereafter denoted by ME), offer proper-
ties appropriate for alternative aims, namely for the photorefractive grating
recording. First, at relatively low ME-doping these crystals combine a suffi-
ciently increased photoconductivity with a large enough photorefraction (see
Figs. 4.5, 4.6 and 4.8), altogether enhancing the photorefractive sensitivity
and the recording speed. Second, a shift of the bandedge towards shorter
wavelengths (Fig. 2.17) provides a possibility for UV-recording gratings. We
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Fig. 4.16. Diffraction efficiency vs. light intensity in LiNbO3:2%Zn at a grating
period of about 5 um, according to [199]

shortly dwell on the photorefractive recording in LiNbO3:ME based on these
potentials. Campbell and Yeh [412] recorded and thermally fixed holograms
in LiNbO3:4%Mg with a recording speed exceeding that in undoped crys-
tals by an order of magnitude. Volk et al. [294] investigated the recording in
LiNbOg3:Zn crystals with Zn concentrations below the threshold. In a 2mm
thick LiNbO3:2%Zn a diffraction efficiency as high as 50% was achieved at
488 nm during several seconds (see Fig.4.16), therefore the recording speed
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and sensitivity was comparable to those in low-doped LiNbOgs:Fe. The storage
time of holograms in LiNbO3:2%Zn is indefinitely long, in other words, not
shorter than in LiNbOgs. The mechanism of recording in LiNbO3:Zn unlike in
LiNbOgs:Fe depends on the recording conditions, namely, at a given grating
period A the recording at low intensities occurs via the diffusion mechanism,
whereas at I ~ 10 W cm ™2 the dominant one is the photovoltaic mechanism.
For medium I and A the gratings are recorded by a combined mechanism.
This is mainly due to the fact that an increased photoconductivity in these
crystals reduces Ep,, to make it comparable with Eg;s.

Neither LiNbO3:4%Mg [412], nor LiNbO3:2%Zn [294] revealed the pho-
toinduced light scattering (fanning), which is typical for LiNbOs:Fe. This
specific of LiNbO3:ME may be accounted for by a model of fanning in crys-
tals with the photovoltaic mechanism of recording [413]. Assuming the fanning
to originate from a forward three-wave interaction, the authors conclude that
the fanning intensity is controlled by the photovoltaic field £, and increases
at a certain threshold field, which by their calculations for LiNbOg is approxi-
mately 4x 10V em ™!, Actually in LiNbOg:Fe crystals, E,,, exceeds this value
even at low light intensities, whereas in LiNbO3:ME the field E,, is within
10* Vem™! [294].

The calculations performed by Zhang et al. [413] were supported by ex-
periments in LiNbOjs:Fe, LiNbO3:ME and LiNbOj3:Fe:ME with [Fe] = 0.05—
0.1%, [Mg] = 2-4mol.%, [Zn] = 2-6mol.%, [In] = 0.06-1.2mol.% [414, 415].
For each composition, a pronounced threshold intensity Iy, i.e., a thresh-
old field E, was found for impinging radiation. Recording with I > Iy, is
accompanied by a drastic (by orders of magnitude) increase of the fanning
intensity. Iy, is the lowest in LiNbOs:Fe (about 0.05 W cm™?2) and increases
when co-doping with ME: the higher the ME concentration, the larger is
Iipy and the lower is the maximum fanning intensity. Most efficient was co-
doping with In, because in LiNbO3:Fe:1.8%In I}, increased to 0.24 W cm 2.
All compositions with I < Iiy,, had a high recording speed, a diffraction effi-
ciency close to 50% and a high signal-to-noise ratio. Additionally, these data
suggest optimum recording intensities for obtaining the highest light ampli-
fication in each composition. Note that Kamber et al. [414, 415], according
to the consideration of Zhang et al. [416], assign the observed specific of E,
in LiINbOgs:Fe:ME to a strong increase of the dark conductivity o4 with the
ME concentration. However, as o4 in LiNbOjz:Fe with [Fe] < 0.2% is domi-
nantly protonic [300,304] (see Sect.3.2.1), so from this viewpoint the effect
of ME ions on o4 is unconvincing. The model presented in [413,414] neglects
the role of the diffusion mechanism and does not take into account the re-
lation opn ~ I” with (x < 1) in LiNbO3:ME (see Sect.4.2.2) leading to an
intensity dependent E.,, in a large intensity range [186,294]. This specific of
Ey(I) in LiNbO3:ME together with an apparent participation of the diffu-
sion field [294] obviously contribute to the interesting threshold behavior of
fanning found in [414,415].
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The potentials of LiINbO3:ME and LiNbOgs:Fe:ME as recording media have
been demonstrated in the references [294,412,414,415] and gave rise to a large
body of research in this direction; below we list some of them.

The photorefraction sensitivity at 488 nm was found to increase consid-
erably when doping LiNbO3 even with very low [In] = 0.1-0.2at.% (in the
melt) [417]. The achieved values of S exceeded those in low-doped LiNbOs:Fe;
such a low In doping did not affect the optical absorption and the optical
quality of the crystals. A sufficient improvement of holographic properties
was achieved by means of codoping with In, the most appropriate composi-
tions for recording LiNbO3:0.03%Fe and LiNbO3:0.06%Fe [400]. For hologram
multiplexing at 633 nm, the sensitivity S in LiNbO3:0.03%Fe:In sufficiently in-
creased with the In concentration by a factor of 3 for [InyO3] = 3% in the melt.
The best results were demonstrated in LiNbO3:0.06%Fe:0.5%In. In a 4 mm
long sample the gained parameters are n = 61%, the dynamic range (Mok
factor) M/# = 7.47 and S = 0.02cm J~! and sufficiently exceeded those in a
LiNbO3:0.06%Fe sample of the same size (36%, 3.88 and 0.01 cm J~!, respec-
tively), whereas the optical erasure time in the former was noticeably larger.
Interestingly, that in LiNbO3:0.03%Fe:In the In threshold concentration man-
ifests itself as a drastic reduction of M /# for 1 mol.% In, while S grows almost
linearly with the In concentration.

The effect of codoping LiNbO3:0.03%Fe with the new optical-damage-
resistant impurity Hf ([HfO2] = 2-5mol.%) was investigated by Li et al.
[262]. Hf doping as well as doping with other ME ions sufficiently improves
the recording parameters, the sensitivity of LiNbOg:Fe:Hf for 532nm is in
the range of 4-5cmJ~!. The best results were achieved in slightly reduced
crystals.

We now discuss the data on the UV-recording grating in highly-doped
LiNbO3:ME crystals. An interest in the UV recording is due to the follow-
ing reasons. First, the response speed may be sufficiently improved. Second,
the UV recording may provide a possibility of a nonerasable readout by a
longer wavelength. At last, a UV readout of a grating is not accompanied
by a change of refractive indices within the illuminated crystal area, which
is characteristic for the readout by visible light and is related to the forma-
tion of the photovoltaic field in a nonshort-circuited state; this negative effect
vanishes under UV radiation because of a negligible £, . The problem of the
UV-induced photorefraction on a whole is not sufficiently investigated. The
basics of the UV-induced (band-to-band) photorefraction are considered in
a recent review [273]. Studies of the UV recording in LiNbOg were started
by Laeri and co-workers [361,418]. For two-beam recording in the UV at
351 nm in pure congruent LiNbOg, a steady-state unidirectional energy trans-
fer between recording beams was observed with a I' ~ 14cm™!, which is
evidence of a prevailing diffusion mechanism; the detected photovoltaic field
was found to be Ey, ~ 0.5kV cm™' < Egir. As the recording wavelength in-
creased, the steady I' decreased and completely vanished at 514 nm, where
only the photovoltaic mechanism is involved. From the direction of the energy



4.2 Photorefraction in LiNbO3 Doped with Optical-Damage-Resistant Ions 101

Table 4.4. The photorefractive characteristics of LiNbOs:Zn and LiNbOs:In crys-
tals for a recording at A = 351nm, taken from [420]. The grating period was
A = 0.5um, n was measured with Is = 121.7mW cm ™2 and Iz = 176.9mW cm ™2,
while for I" the ratio Ir:Is = 100:1 was used

Samples CLN 5%Zn 7%Zn 9%Zn 1%In 3%In 5%In

opn (1072 em QT W) 3.32 106 252 573 1.59 746 129
Diffraction efficiency n (%) 9.05 169 223 253 101 159 17.7

Response time 7 (s) 12.4 1.97 1.01 0.88 139 3.06 1.58
Two-beam coupling 1.32 11.0 15.2 21.7 1.16 11.8 17
Gain I' (cm™")

Sensitivity S (cm J™1) 0.99 4.0 8.85 11.1 0.86 2.85 3.88
Dynamic range M/# 0.14 0.11 0.12 0.14 026 0.19 0.15

transfer, the photoholes were determined to be the dominant charge carri-
ers at UV-wavelengths, whereas in the visible, the well-known charge carriers
are photoelectrons. The UV-recording grating was performed in congruent
LiNbO3:Mg [419] and in LiNbOs:Zn and LiNbOs:In [420] in the range of
Mg, Zn and In concentrations below and above the thresholds. The gratings
were recorded at 351 nm. The summary results of these studies are as fol-
lows. The optical absorption at 351 nm in LiNbO3:ME drastically decreased
compared with LiNbOs3 in which ass; = 10ecm™', e.g., in LiNbO3:9%Mg
ass; = 1.2ecm™ ! In all LiNbO3:ME crystals with Mg, Zn, and In concen-
trations close to the thresholds and above, a steady unidirectional energy
transfer was observed with I' growing with ME concentrations; the high-
est achieved values are I' = 15cm™! in LiNbO3:9%Mg, I' = 21.7cm™! in
LiNbO3:9%Zn, and I’ = 17cm™! in LiNbO3:5%In, see Table 4.4. So, the
UV-recording in highly-doped crystals occurs dominantly by the diffusion
mechanism as well as in undoped LiNbOj [361,418]. The recording speeds
and sensitivities are significantly enhanced for ME concentrations above the
threshold, e.g., in LiNbO3:9%Zn we have S > 10ecmJ~!. An additional ad-
vantage of these crystals for the UV-recording is a relatively low light-induced
scattering. Therefore, with regard to the UV-recording that is based on the
diffusion mechanism, LiNbO3:ME crystals offer very appropriate properties
and by no means are optical-damage-resistant.

Interesting, but unclear results were obtained when determining the car-
rier sign from the direction of the energy transfer following the method of
Orlowski and Kritzig [317]. At UV-wavelengths the photocarriers in highly-
doped LiNbO3:Mg are holes [419] similarly to undoped LiNbOj [361, 418].
On contrast, according to Qiao et al. [420] in highly-doped LiNbOj3:Zn and
LiNbOs:In, the photocarriers in the UV are electrons. At the same time,
in LiNbO3:Mg [327] and LiNbO3:Zn [328] with Mg and Zn concentrations
above the thresholds, the photocarriers in the visible determined by the same
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holographic method are holes. In principle, a different sign of the photocarri-
ers in different spectral ranges for a given crystal is known in semiconductor
physics and even could be discussed in the framework of a fundamental change
of the charge transport scheme at ME concentrations above the thresholds.
However, no speculations may account for the difference in the photocarrier
sign in LiNbO3:Mg on the one hand and LiNbOj3:Zn and LiNbOgz:In on the
other hand.



5

Problem of a Non-Erasable Photorefractive
Hologram

Summary. The chapter characterizes the methods providing a non-erasable opti-
cal readout of the photorefractive gratings. The first is the two-color holography
which is based on recording a grating by a long wavelength (IR) possible due to a
non-equilibrium population of shallow levels at the expense of a short-wavelength
pumping-over of electrons from deeper levels. The two-step photoexcitation via
short-living photoinduced centers (‘gating’) is described in LiNbOs and LiTaOs
of different compositions. An emphasis is given to the involvement of the intrinsic
defects, namely intermediate small polarons occurring due to the photodissociation
of bipolarons in reduced crystals. A UV-gated recording in LiNbOjs doped with
optical-damage-resistant ions is described. An outline of data is given on certain
combinations of impurities such as Fe and Mn in LiNbOgs which under a short-
wavelength photoexcitation form long-living metastable states resulting in slowing
down the optical erasure. Another method providing a nonvolatile readout is the
thermal fixation of gratings based on screening the recorded electronic space-charge
by species of the opposite sign (ions or photoholes) activated when heating to cer-
tain temperatures. The thermal fixation and the current models of this process in
LiNbOs:Fe is described dwelling on the factors controlling the diffraction efficiency
and storage times of a fixed grating. Particular attention is given to a discussion of
protons as compensating charges in LinbOg:Fe. A short outline of available data on
thermal fixation in other photorefractive crystals closes this chapter.

The hologram storage should combine a high sensitivity and nonvolatility, that
is a stability under the readout and in darkness. In photorefractive gratings
the last problem still remains to be solved. When readout, a spatially modu-
lated space-charge field is destructed on a homogenous illumination by a single
Bragg beam, because of a photoexcitation and a spatial uniform redistribution
of the trapped electrons. This effect is usually (but not always) undesirable
and is the main factor limiting practical applications of photorefractive ma-
terials for holographic data storage. The rate of the erasure is proportional
to opnh & I (0pn > 04), so even when reading with an attenuated beam, a
recorded grating is erased rather quickly, e.g., in as-grown LiNbO3:0.03%Fe

we have opp ~ 10713 cm V21, therefore with an intensity I = 10mWem ™2 a
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hologram is efficiently erased during less than 1h of a continuous illumination.
To overcome this obstacle, several methods were proposed, e.g., [421-424).
The most obvious way is using for the readout a wavelength longer than the
recording one (Aread > Arec) [421,423], because the erasure is retarded ow-
ing to a lower opy at longer wavelengths. This method actually suppress the
erasure under readout, however, in the hologram multiplexing it results in an
increased cross-talk and strong loss of the holographic efficiency due to the
inability to achieve the exact Bragg phase matching. Additionally, the grat-
ing is anyhow slowly erased owing to a nonzero photoconductivity at Ayead-
The techniques aimed to solve the problem of volatility of the photorefractive
gratings are a two-color holography, or, what is the same, recording in the
gating regime and various methods of fixation. These are the subjects of the
present chapter.

5.1 Two-Color Holography

The general principle of the two-color (gated) recording and its difference to
the usual (one-color) mode of operation is illustrated by Fig.5.1.

5.1.1 Principles of the Two-Color Holography

At the traditional one-color recording (right side of Fig.5.1) the formation
of the space-charge field Fg. involves a direct photoexcitation of free carriers

N e\ AN

A write - giore store
@ . A1 write
deep trap deep trap
A, gate
VB
two-color one-color

Fig. 5.1. Schematic diagram of the two-color and one-color photorefractive effects.
CB, conduction band; VB, valence band, redrawn from [84]



5.1 Two-Color Holography 105

from a donor level Uy, their subsequent drift or diffusion and capturing by
deep traps Us. In this case, the data medium is the recording wavelength
A1, so the grating readout by A; leads to an erasing Fg., as in the charge
transport scheme (3.2) underlying the photorefractive recording U; ~ Us. To
avoid the erasure, a two-step photoexcitation (left side of Fig.5.1) may be
used over an intermediate level Uy < U;. The free carriers are first pumped
by an intensive illumination from level Uy to Us (A2 > Aq), then photoexcited
from U, to the conduction band by a lower-energy wave Ao and after a drift
or diffusion captured by Us. The lifetime of the intermediate nonequilibrium
state is dictated by the value of Us. Provided that the photoexcitation leads
to a nonequilibrium repopulation of relatively deep levels, then the lifetime
of the intermediate state may be rather long, this case is sometimes referred
to as a two-center recording. The deeper (feeding) level U; is denoted as a
gating one Uyg; the gating may occur via the interband photoexcitation, too.
Usually, it is assumed that the formation of Ey. in the two-color case is due
to a capturing of the photocarriers excited from Uy by the same deep traps
Us as in the one-color process. So, if a grating is recorded by Ag, then the
readout by this wavelength will not erase the grating, because the deep traps
Ujs cannot be photoexcited. Obviously, a recording wave should be coherent,
while for the gating wave this condition is not required and even sometimes is
an obstructive factor. Besides a nonerasable readout, an additional advantage
of the two-color recording is an improvement of the photorefractive sensitivity
at longer wavelengths, thus the extension of the recording range towards the
IR. Such an optically fixed grating may be erased by a uniform illumination
with light of a short wavelength (U;). The following qualitative expression
characterizes the recording photorefraction in the two-color regime for the case
of a short-living intermediate center; the subscripts “g” and “rec” correspond
to the parameters of the gating and recording radiation, respectively [401],

0ANe = [a(Ag) I T] [0(Avec) Irec t] X constant , (5.1)

where « is the optical absorption coefficient, Ag, Arec, Ig; Irec are wavelengths
and photon flux (intensities normalized to the photon energy), 7 is the life-
time of the intermediate nonequilibrium state, o is the photoexcitation cross-
section for the intermediate level, ¢ is the exposure time, and ¢ > 7 is required.
The first and second square brackets characterize, respectively, the degree of a
nonequilibrium population of the intermediate level and the photoexcitation
rate from it. Therefore, a rather long 7 is desirable to provide a sufficient pop-
ulation of the intermediate state and to reduce the intensities of the gating and
recording lights. The recording may be performed either simultaneously with
the gating, or with a delay for a time gap shorter than 7. We introduce some
parameters used to characterize the two-color recording. The photorefractive
sensitivity is defined in the usual way

1 dym
S = |t:0 )
Liee L dt

(5.2)
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where L is the hologram thickness, n is the diffraction efficiency, ... is the
intensity of the recording IR light. At the same time, in a two-color recording
the sensitivity is varied during readout due to a partial erasure, therefore
Adibi et al. [425] introduce another measure taking into account this partial
erasure

S’ =88, (5.3)

where 3 is the ratio of /i after a long readout to \/n before a readout. As
a rule, S increases with the gating light intensity in a relatively low range
of I, whereupon it tends to a saturation. The authors of [84] propose to
use as a gating standard the intensity I, = 1Wecem™2 in order to specify
the gating conditions. To estimate the efficiency of the two-color recording,
it is reasonable to correlate the achieved S to the usual empirical criterion,
namely, to the photorefractive sensitivity of LINbO3:Fe observed usually under
recording by an Ar-ion laser Sisgnm =~ 0.05-0.3cmJ~! and by an HeNe
laser Se33nm ~ 0.01-0.1cmJ~! (both per incident energy). Sometimes the
parameter gating ratio is used that is the ratio of the sensitivities in the
presence of the gating light and without it.

The characteristics of photorefraction in a two-color regime differ from
those in the one-step regime. This is due to the fact that in any case it is related
to a nonequilibrium populated level, which leads to intensity and temporal
dependencies of the optical absorption coefficient « (I, t), to nonlinearity of the
lux—ampere characteristics op, ~ AI7, etc. As a result, the photorefractive
sensitivity S & I”. The well-known characteristic for the one-color regime
between the recording Tec and erasure T, times Tree/Ter = ler/Irec 1s violated.

In what follows, one may see two methods used in LiNbOgj for a two-
step photoexcitation of the free carriers. First, it is a two-photon process,
thus either an interband photoexcitation, or a two-step photoexcitation of an
impurity center; in this case lrec = Iz and S = I?. Second, it may be a non-
equilibrium population of shallow traps at the expense of the photoexcitation
of a donor level by means of a pumping by an intensive visible or UV light.
It should be mentioned here that in the most cases it is tacitly assumed that
Fe?t /Fe3+ centers traditionally serve, respectively, as levels of photoexcitation
(gating) and capturing electrons, even for an unintentional Fe concentration
in the range of several ppm.

5.1.2 Two-Step Recording via Short-Living Centers
(Gating Process)

For the first time the possibility of a two-step recording via a two-photon
process was demonstrated in LiNbO3 [94] and KTN [426,427] operating with
A = 532nm (second harmonic from an Nd-YAG laser). It was assigned to
a two-step interband photoexcitation of the free electrons via a short-living
virtual center. In LiNbO3:Cr and LiTaOs5:Cr [95] the recording grating under
identical conditions was attributed to a two-step ionization of a Cr3t-ion,
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namely, the excitation from the ground state *Ay — 47T, with a lifetime of
4T, at room temperature of about 500 ns and subsequent photoexcitation of
the free charge carriers from 47,. A readout in a linear regime at relatively
low intensities at A\ = 532nm did not erase the gratings.

It is necessary to emphasize the pioneering role of these first investiga-
tions, which underlay the subsequent development of this area. The results
had a fundamental significance, but no practical matter, because the required
peak power for recording was of about 107-10® W cm 2. In later works, sim-
ilar results were obtained in LiTaOj3:Fe and LiNbOj3:Cr when recording with
Arec = 6941nm in a two-photon regime with a peak power of 6 x 10° W cm 2
[356, 428]. Later on, Buse et al. [295, 358, 429, 430] succeeded in recording
a grating in LiNbOg3:Fe and LiNbOg3:Cu at Ao = 1,064 nm by means of an
intensive pumping with Ay = 532 nm. The lifetime of the photoinduced IR ab-
sorption band was in the range of ms which permitted to perform a two-step
process, thus to delay the IR recording pulse with regard to the gating one.
A disadvantage was again the necessity of high intensities. The photoinduced
band at about 1,000 nm forming the base for the IR recording was interpreted
as a result of electron capturing by Nb antisites. Therefore, for the first time
the Nb antisites were regarded as an intermediate level participating in a
two-color recording. This assumption was in agreement with the observation
of a nonstable absorption band induced in LiNbOgs:Fe by an intensive visible
light [357, 358]. Similar results were obtained when pumping LiTaOs:Fe by
an intensive UV laser pulses Ay = 355nm, I, =~ 3kW cm~2 and simultaneous
recording with A\jec = 1,064nm and Ile. ~ 10kW cm =2 [431]. A nonerasable
readout was achieved, and UV-induced band in the infrared by analogy with
LiNbOg3 was assigned to hypothetical Tay,;.

A new era in the development of the two-color holography started in 1997,
when several research groups practically simultaneously reported on the two-
color recording gated by rather low intensities of a cw-light in SBN:Pr [432],
and LiNbO3 [89,89-91,433]. The role of a slight Pr doping was first seemed to
be a decisive factor [90,91,432,433], but in more recent researches it was not
corroborated. These early results may be exemplified as follows. A recorded
grating in LiNbOj3 at Apec = 810nm from a Ti-sapphire laser with I,ec =
10Wcm™2 and a cw-gating with Ay = 515nm and I, = 10 W cm™? provided
a gating ratio of 1,000 and a nonvolatile readout during 20 h; the hologram
was stored in dark not less than during 200 h. Bai and Kachru [433] assigned
this process to the existence of nonequilibrium centers with lifetimes in the
range of tens of milliseconds and assumed these centers to be Nbﬁr. In LiNbO3
doped with 0.1% Pr (810nm, 10 W cm~2) with gating at 515nm provided a
diffraction efficiency as high as 50% [89], that is five orders of magnitude higher
than without pumping. In LiNbO3 doped with 2% Pr the grating recording
was performed at 810 and 852 nm with a gating between 400 and 500 nm from
an Xe-lamp [90]; the recording sensitivity significantly increased at rather low
I, and comes to saturation at ~ 2Wcm~2. Lande et al. [91] reported on a
digital 256 Kbit recording in Li-enriched LiNbOg3:Pr with A\, = 800 nm and
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Ag = 476 nm. So, the results were encouraging, because the two-step recording
provided rather high S, diffraction efficiency and a nonvolatile memory with
long storage times.

These basic works intuitively related an intermediate short-living level to
Nby,; and sometimes remarked on an improvement of the two-color recording
parameters in Li-enriched crystals. This stimulated further playing with the
intrinsic defects following the concept of bipolarons in reduced LiNbOgj crys-
tals described in details in Sect. 2.2. Recall that the illumination of a reduced
LiNbOgs by a visible light leads to a reconstruction of the optical absorption
band in the visible (Fig.2.6) and to the appearance of a band at 1.6eV in-
terpreted as formation of small polarons Nbﬁ' whose photoexcitation by an

appropriate IR light provides free electrons. The two-step process looks as
follows

[Nbrs — NbNb]zf(huzz.f)ev) o [Nbi] —(hv=1.6eV) N (5.4)

Guenther et al. [84,90] applied this scheme for the two-color recording
in reduced LiNbOg3 crystals (Fig.5.2) using Ay = 488nm for gating and
Arec = 852nm from a diode laser for recording. Studies were performed in
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Fig. 5.2. Comparison of the one-color grating (a) and the two-color grating
(b) schemes. For the one-color grating a laser with A = 488 nm and 1 Wcm™? was
used for both writing (two beams) and reading (one beam). In the second case the
light source for writing was a distributed Bragg reflector laser diode with 852 nm and
4 W em™? (two beams), the gating was done with a second laser (488 nm; 1 W cm™?2).
Nondestructive reading was carried out with one of the writing beams (2 W cm™?)
and erasing with the gating light; redrawn from [84]
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Li-enriched LiNbOg3 with different Li content. Figure 5.2a shows the record-
ing and readout kinetics in a reduced crystal by visible light (488 nm); the
grating is erased under readout. Figure 5.2b presents the IR recording in the
same crystal (852nm) with simultaneous uniform illumination with 488 nm.
The readout of the recorded gratings at 852nm was nondestructive and the
gating ratio at 852 nm was in the range of 103-10*. The saturation values of the
sensitivity achieved at I, > 1-2W cm~2 did not exceed S = 0.02-0.03cm J !
per incident energy, being lower than the above-mentioned criterion. At the
same time the sensitivity per absorbed energy was very close to that obtained
in LiNbO3:0.02%Fe when recording with 488 nm, which is due to the fact
that the optical absorption at 800-900 nm in reduced crystals is very low. An
important conclusion was a significant increase of the decaying time of the
metastable band at 852 nm, i.e., of the Nbﬁr lifetime, with increasing Li con-
tent. In the crystal with 49.4%Li the decay in the dark was characterized by
74 ~ 100-200 ms, whereas in the crystal with 49.7%Li 74 = 3.5s was found.
Effects of Fe doping were found, namely doping with 60-100 ppm noticeably
enhanced the sensitivity and reduced 7q. This confirmed an a priori assump-
tion of the Fe?T level as a source of the electron photoexcitation. At the same
time, an increase of the Li content or doping with Fe along with a sensitization
of the crystals led to an undesirable decrease of the storage time in darkness,
obviously due to an enhanced dark conductivity.

A relation of the photoinduced metastable IR bands to Nb antisites
found in Li-enriched crystals stimulated studies of the two-color recording
and photoinduced optical absorption in LiNbOj crystals doped with optical-
damage-resistant impurities, because these ions are regarded as controllers of
the Nby,; content. The investigations of the two-color recording in as-grown
(nonreduced) near-stoichiometric LiNbO3:Mg crystals [88] found a funda-
mental difference in the behavior of crystals doped with below- and above-
threshold Mg concentrations. It gives an insight into the specific of the charge
transport in optical-damage-resistant crystals. The gratings were recorded at
852nm with gating at 488 nm, the experimental conditions were the same
as in [84]. The characteristics of recording in crystals doped with Mg below
the threshold (0.6%) were very similar to those obtained in reduced SLN [84]
(Fig.5.2), so the process could be interpreted in terms of the reaction (5.4). In
crystals doped with Mg above the threshold in this material (1.8% and 3.6%)
the temporal characteristics of the photorefraction were fundamentally differ-
ent. After turning off the gating light, the diffraction efficiency after passing
over a slight maximum was quickly decreasing during about 10 min. A de-
tailed analysis permitted the authors to suggest that this decay in darkness
is caused by arising of a compensating grating, formed by the charge carriers
of the opposite sign. In other words, an after-effect of gating is the forma-
tion of a hole-grating spatially modulated by an electron-grating recorded by
the IR light. Winnacker et al. [88] qualitatively account for this effect by the
appearance of an electron trap other than Fe?t. This assumption is in agree-
ment with the conclusion made by others [216, 218, 325] and discussed in
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Sect. 4.2 of an alteration of the electron traps in LiNbOj crystals doped with
above-threshold concentrations of optical-damage-resistant ions. A fundamen-
tal change of the charge-transport scheme is due to a partial incorporation of
Fe3t onto Nb sites and to a drastic decrease of the Li vacancy concentration.
The assumption of a formation of a hole-grating is supported by observations
of the hole-photoconductivity in LiNbO3:Mg and LiNbOj3:Zn with concentra-
tions above the thresholds [327,328]. The idea of coexisting gratings formed
by capturing the charge carriers of the opposite signs is in line with similar
observations of mutually compensated gratings which accounts for a hologram
fixation in some crystals having a bipolar photoconductivity, see Sect. 5.2.

The principle of the two-color recording in reduced crystals based on the
photoexcitation of the small bound polarons, is very attractive from the fun-
damental view point, but exhibits drawbacks impeding its practical applica-
tions. The achieved sensitivities in the range of 10731072 [84,87] are far
behind those in the one-color process. In addition to the above-mentioned
decrease of the storage times because of increased dark-conductivity, a slight,
but noticeable erasure of the grating during IR readout occurs due to a re-
verse bipolaron formation according to the reaction (5.4). Rather long lifetime
of polarons achieved in reduced crystals may also be regarded as a negative
factor, because it may lead to a dark decay of the grating instantaneously
after recording [84]. A fundamental technological drawback of this method is
an impossibility to achieve the identical starting states in reduced crystals, so
one may a priori expect a nonreproducibility of results.

Later on, in developing the two-color recording methods, the inter-
est turned towards UV-induced effects. This is due to the fact that, as
discussed in Sect.2.2, the UV irradiation induces in some LiNbOj and
LiTaO3 compositions unstable broad absorption bands, whose tail in the
infra-red was often assigned, rather qualitatively, to the formation of Nbii*.
This hypothesis was reasonable, because these effects again depend on the
crystal stoichiometry and manifest pronouncedly in Li-enriched LiNbOg3 or
in congruent LiNbOj3 doped with optical-damage-resistant dopants. Inde-
pendently of the microscopic origin, this UV-induced coloration provides a
sensitization of the crystal to an IR photorefractive recording, so can be used
as the base for a two-color holography. It was observed in Th-doped congruent
and Li-enriched LiNbO3 [92,434-437], where the UV-induced band extends
at least from the near infrared to the absorption edge, see Fig.5.3.

Under gating with 313 nm from a mercury lamp, in LiNbO3:0.01%Th and
LiNbO3:Fe:0.01%Tb a nonvolatile grating was recorded at 852nm [92, 435]
(Fig.5.4).

Additionally, a pre-exposure to the UV light significantly improved the
sensitivity of recording by the visible light [436,437]. The authors recorded by
A = 532nm 50 plane-wave angle-multiplexed holograms in a LiNbOs:Fe:Mg
crystal pre-exposed to a UV irradiation from a Hg—Xe-lamp. When recording
of each sequential grating the value of S is decreasing due to a step-by-step
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Fig. 5.3. Optical absorption of Tb-doped (100 ppm) LiNbOgs with a [Li]/[Nb] ratio
of 49.7/50.3 before and after illumination with UV light of 313 nm for 1min with
50 W ecm ™2 at room temperature; redrawn from [434]
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Fig. 5.4. Nonvolatile readout with a single 852nm beam in Th:NSLN. The to-
tal writing intensity was 300mWcm™2 at 852nm, and the gating intensity was

30mW 2 at 313 nm; redrawn from [434]
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optical bleaching of the photoinduced absorption, so an appropriate schedule
of multiplexing should be elaborated for this special case [437].

Similar recording was performed in near-stoichiometric LiNbO:0.05% Er
[438] and near-stoichiometric LiNbO3:0.05%Tm [439]. The role of Ln*" ions
remains unknown yet. Lee et al. [440] tried to analyze a contribution from
Tb ions into the UV-induced coloration in LiNbO3:Tb and LiNbOj3:Tbh:Fe by
EPR measurements at low temperatures. A decrease of the Fe3T concentration
was observed due to electron capturing Fe3* + e~ — Fe?T, but no evidences
for an involvement of Th was detected.

Usually Fe?" ions, either unintentionally or specially introduced, serve as
a source of photoexcited electrons. The authors of [441-443] probed Mn%*
ions for UV gating. The experiments on the UV-assisted two-color recording
were performed in a near-stoichiometric LiNbOgs crystal doped with slight Mn
concentrations of 8-10 ppm. The UV irradiation of the crystal induced a broad
optical absorption band expanding from the bandedge to the near IR with a
diffuse peak at about 800 nm, decaying in the dark with characteristic times of
0.5-1.5s depending on the crystal stoichiometry. The shape and kinetic char-
acteristics of this band permit to attribute it to a formation of the bound small
polaron. The two-color recording was performed at Ajec = 778 nm with gating
by Ag = 350nm and I, in the range 0.2-1.5 W cm™2. The write-read—erasure
cycle reminds that observed in other crystals (Fig.5.2). The recording para-
meters were promising, e.g., with I, = 1.5Wem™2 and Lee =20.5Wem™2 a
value of S = 0.21 cm J~! was achieved.

A UV-assisted two-color recording was investigated in LiNbOg crystals
doped with optical-damage-resistant impurities. The experiments in LiNbOs3
crystals highly doped with Mg [395,396,444] as well as the above-mentioned
data in reduced LiNbO3:Mg [88] revealed a specific of the transport process
in optical-damage-resistant crystals. In the congruent and near-stoichiometric
LiNbOj3 crystals doped with an above-threshold concentration of 5%MgO a
noncoherent irradiation with 320-410 nm induces a band extending from the
bandedge to the near infrared and a rather fast decaying in darkness; the same
was observed by Volk and Rubinina [325], see Fig.4.13.

Later on, a similar photochromic effect was observed in LiNbOg3 doped
with 9% Zn [445]. In view of missing Nb antisites in the above-threshold
LiNbO3:Mg and LiNbOgz:Zn compositions, the UV-induced band cannot be
attributed to Nbﬁ". From analyzing the kinetics of the decay, several authors
[395, 396, 444, 445] assign it to the formation of a small bound polaron O~.
Their consideration is based on the old works [63,64,94], in which a similar
broad band induced in LiNbOjz under the two-photon photoexcitation was
interpreted as a small hole polaron O~ . The two-color recording (780 nm) with
the UV-gating was performed in these above-threshold crystals [395,396,444];
the authors attributed the process to the excitation of photoholes from O~.

A UV-assisted two-color recording was obtained in Li-enriched LiTaOg
crystals [446-448] with Aee = 780nm, A, = 350nm and I, as low as
0.02-0.03 W cm 2. The following data may exemplify an improvement of the
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sensitivity in the infrared achieved in the above-listed crystals when gating
with UV light. Initially the photorefractive sensitivities at Ayee =~ 800nm
are practically zero; for the two-color conditions the values 1.1 x 1072 and
9 x 10~*ecm J~! were achieved in NSLN:Tb [92,434,435], and NSLN:Er [438],
respectively. The sensitivity in Mg-doped CLN and NSLN was in saturation
0.08cm J~ ! (Arec = 780 nm, Ag = 350nm, I, = O.4Wcm_2). In Li-enriched
LiTaOj3 the value of S for 788 nm was in the range 0.02-0.08 cm~! depending
on the Li content, thus being comparable to the above-mentioned criterion in
LiNbOgs:Fe. The two-color recorded grating in LiTaOs was extremely stable
under a readout during several hours and showed no degradation in darkness,
especially in dehydrated LiTaO3 samples [446-448].

Note that the experiments on the two-step recording in LiTaOg [447] with
varied Li/Ta concentration ratio provided indirect evidences for the relation
of the UV-induced absorption band to small polarons, that is to hypothetical
Tar; acting as shallow electron traps. When approaching the stoichiometric
composition, the values of S and §An with increasing Li content are growing
up to a certain limit, whereupon they start to decrease. Such an optimal Li
content may be interpreted as certain optimal conditions for a nonequilibrium
population of Tay; following the reversible reaction (5.4).

Regardless of an ambiguity in the interpretation, the UV-assisted two-color
recording in nontreated crystals exhibits certain practical advantage over that
in reduced crystals, because it is not accompanied by an increase of the dark
conductivity reducing the storage time.

A set of experiments on the two-color recording was performed in con-
gruent LiNbOs:In doped with a below-threshold concentration of about
0.6mol.% InyO3 in the crystal using for gating Ay = 488nm and 514nm
with Irec = 1-4 Wem™2 and recording Ajec = 780nm [449-452]. In as-grown
(nonreduced) LiNbOs:In the two-color recording provided a sensitivity in
the range 3-5 x 10~*cm J~! and a nonerasable readout [449], a reduction of
crystals led to an increase of the sensitivity S = 3 x 1073 cm J=1 [450, 451].
The lifetime of the photoinduced IR band of about 4ms was by orders of
magnitude lower than in-reduced NSLN, since by this and other reasons an
interpretation in the framework of the polaron concept is questionable yet.

Summarizing these data on the two-color recording in reduced crystals
gated by visible light and in untreated crystals gated by UV, one may see
that they bear witness to the participation of Nbﬁr in the two-step electron
photoexcitation. This is consistent with the more recent data on the small po-
laron formation under pumping by an intensive visible light cited in Sect. 2.2.
A pronounced dependence of the lifetime of the small polaron Nbﬁr on the
crystal stoichiometry is clearly seen from all these data, namely milliseconds
at room temperature in congruent LiNbOs:Fe [86], tens or hundreds of millis-
seconds in reduced stoichiometric crystals [84,87] and even tens of seconds in
as-grown Li-enriched LiNbO3:Mg crystals with Mg concentrations below the
threshold [88].
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5.1.3 Two-Color Recording in Doubly-Doped Crystals

Another method of a two-color recording assisted by UV light may be ap-
plied to doubly (or multiply) doped crystals, where UV irradiation results in
a nonequilibrium redistribution of photocarriers between relatively deep lev-
els, thus an intermediate metastable state is rather long living. This method
requires finding an appropriate combination of dopants, which could provide
an efficient refilling of levels. An interest to this type of recording flamed up af-
ter reporting on the UV-pumped two-color recording in LiNbOj:Fe:Mn [453].
Later on this research group investigated this effect in LiNbO3:Fe:Mn in de-
tail [425,454-456]. The two-color recoding is based on the photochromic effect
found formerly in these crystals [457]. A UV irradiation enhances the initial
band at 480 nm, which evidences an increased Fe?T concentration. As man-
ganese and iron occur in LiNbOj in the valence states Mn?*/Mn?* and
Fe?t /Fe3t, respectively, so this band was interpreted [457] as a metastable
population of the Fe3T level at the expense of the electron photogeneration
from Mn?*. Schematically the recording and readout process in this case is
presented in Fig. 5.5.

Recording with an He—Ne laser after exposure to the UV light or simulta-
neously with the UV-pumping occurs with a diffraction efficiency significantly
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Fig. 5.5. Holographic recording and read-out curves. The diffraction efficiency 7, the
ratio between the intensity of the diffracted and of the total incident read-out light,
is shown vs. time. Lower curve: the crystal is pre-exposed to the ultraviolet light
(365nm, 20 mW cm ™2, 120 min), then the hologram is recorded (633 nm, ordinary
polarization, 600 mW cm ™2, 120 min) and finally it is read by one of the recording
beams (633 nm, 300 mW cm ™2, 240 min). Upper curve: same procedure, but the UV
light is also present during recording. Simultaneous presence of ultraviolet and red
light yields higher efficiencies and in the final stage, nonvolatile read-out; redrawn
from [453]
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exceeding that achieved when one-color recording is used with the same I ec.
When reading out with 633 nm, a part of the recorded hologram is erased,
and a residual part of it is stable under several hours of a permanent He—
Ne illumination. This fixed residual n may be erased by UV. As an example,
in LiNbO3:0.075%Fe:0.01%Mn the recording with L. = 35mW cm ™2 and a
simultaneous gating with nonpolarized light from a mercury lamp (365nm,
20mW cm~2) resulted in an enhancement of 7 by a factor 4-5; under the
readout a residual part of n was 32% and 4% after recording by the extra-
ordinary and ordinary beams, respectively [453]. The process on a whole is
qualitatively explained in the following way. A UV irradiation excites the elec-
trons to the conduction band from both donor levels Mn?t and Fe?t, where-
upon the electrons are redistributed between Fe?t and Mn3* traps. A balance
between this nonequilibrium repopulated levels and thus the concentration of
metastable extra Fe?* depends on many parameters, particularly, on the ini-
tial population of the traps and on the relation between the recombination
coefficients of Fe3™ and Mn3*. Under readout by a longer wavelength, the
electrons are dominantly excited from a shallower level Fe?t, whereupon are
again redistributed between the trap levels up to certain quasi-equilibrium
balance. This accounts for a decrease of 7 in the beginning of the readout.
A part of metastable nonequilibrium Fe?T is preserved and provides an in-
creased photorefractive sensitivity and a nonerasing readout. The photore-
fractive characteristics of such a scheme are controlled mainly by a shallower
(nonequilibrium populated) level, therefore in the discussed case by Fe.

An optimal ratio between initial Fe?t and Mn?T concentrations may be
achieved by variation of the doping levels [456] and an oxidation-reduction
treatment [454, 456]. The best parameters are observed when the Fe (trap)
concentration sufficiently exceeds (by a factor of 5-15) the Mn (donor) con-
centration. For example, at 0.075 wt% FeoOg3 the highest sensitivity and pre-
served value of 7 are observed for 0.005 wt% MnO and significantly decrease
with increasing MnO concentration to 0.025%. A nonvolatile readout with rea-
sonable values of the diffraction efficiency is achieved at oxidation conditions
completely transforming Fe?t to Fe3t and only partially oxidizing Mn?T,
whereas in strongly reduced crystals the sensitivity is much higher, but the
readout erases the grating. The achieved sensitivity (Fig. 5.5) is anyhow rather
low Sg33 ~ 0.0033cmJ ™!, and may be increased by using for recording an
Ar-ion laser up to Ss14 &~ 0.07cmJ~! [425], but in this case the grating is
efficiently erased when readout.

The kinetics of the photorefraction in the two-color regime always dif-
fers from that of a one-color recording due to a decreasing of the photoin-
duced optical absorption when readout. In the case of the two-color recording
in LiNbOg:Fe:Mn the recording kinetics may be satisfactory approximated
by a single-exponential function analog to (3.18), whereas an optical erasure
(Fig.5.5) is described by a two exponentials

—t —t
Vn(t)=Aexp— + B exp —. (5.5)
Tel Te2
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In spite of a relatively low sensitivity, the discussed two-color record-
ing in LiNbOjs:Fe:Mn has the advantage of a very low energy required for
recording. The recording energy per 1% of the diffraction efficiency was
W, 1% = 3.5Jem™? [453] which is comparable to W,_jo = 1 Jem™2
for a one-color recording with an Ar-ion laser in LiNbOj:Fe. The practi-
cal potential of a two-color recording in LiNbOjs:Fe:Mn crystals was ana-
lyzed in [455], where the authors performed the hologram multiplexing using
for recording an He—Ne-laser with simultaneous UV-pumping. The recording
schedule was elaborated with the account for the specific of the erasure kinet-
ics (5.5), and the authors succeeded in multiplexing 50 plane-wave holograms
in LiNbO3:0.075%Fe:0.01%Mn.

Several models were proposed to describe the two-center recording in
LiNbOj3. The model [456], refined in [458] is applied for LiNbO3:Fe:Mn with
account for experimental parameters. The model proposed by Liu and Liu
[459] is devoted mainly to a discussion of the photochromic effect in dou-
bly doped LiNbOj crystals on a whole. The model [456,458] is similar to the
two-center charge-transport model introduced by Jermann and Otten [98], see
(3.38a)—(3.38¢) and Fig. 3.7. It calculates the time evolution of the metastable
Fe?" concentration (or, which is the same, of the electron concentration on
the trap Fe3T) and the space-charge field when recording a grating by red
light under simultaneous pumping by UV light. The set of equations reminds
of the set (3.38a)—(3.38e) except for the fact that now the deeper (donor) level
is Mn?* and the shallower (trap) one is Fe>T. An analytical expression is ob-
tained for temporal evolution of the number of Fe?t centers as a function of
the population of Mn and Fe levels, the recombination coefficients v of Fe3*
and Mn?t and the absorption cross-sections S of Mn?t and Fe?t under UV
and red light. The numerical calculations of F.(t) required experimental data
for o of Mn?*+ and of S in the UV for both species. The full current expression
takes into account the photovoltaic current contributed from both dopants,
so the missing Glass constants for Mn in the UV range was needed, too. The
missing parameters were measured and reported [391]. The calculations of
Ei.(t) under recording and readout, made with certain assumptions, gave a
satisfactory agreement with the experimental curves shown in Fig.5.5. The
important results of this work are estimations of the optimal concentration
ratio [Mn?*]/[Fe®>"] providing the highest value for 7, which agrees with re-
sults on the oxidizing/reducing treatment in these crystal. The optimal ratio
for the recording and gating intensities is deduced to be Iec/Iz = 25-30.

A search for other couples providing a UV-pumped two-color recording
found several potential candidates — LiNbO3:Cu:Ce [460-462], LiNbO3:Mn:Ce
[463] [464], and LiNbO3:Fe:Th [437]. In the first two cases, the deep levels Cu
and Mn are the pumping donors and Ce is a shallow nonequilibrium pumped
trap. Although a nonvolatile two-color recording was sometimes achieved in
the above-listed crystals after appropriate oxygen/reduction treatment, how-
ever, all of them seem yet to stay behind LiNbOg3:Fe:Mn.
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If commenting on the two-color recording from the fundamental viewpoint,
the following remark may be done. For a two-center case the best parameters
of recording are provided by the photovoltaic mechanism of recording, so
a nonequilibrium populated level is desirably be related to a photovoltaic
center. For example, in spite of a pronounced UV-induced coloration in
LiNbO3:Mn:Ce [464], the two-colour recording parameters are rather poor
compared to LiNbO3:Mn:Fe, mainly due to a much lower glass constant kg of
Ce in LiNbOg:Ce [464]. However, for a two-color recording based on the pho-
toexcitation of short-living intermediate Nb{; (or hypothetical O~) the ques-
tion of the recording mechanism is still open. The inspection of the literature
data does not permit to conclude unambiguously the recording mechanism.
The recording kinetics and the intensity dependencies of the parameters are
too involved to separate the mechanisms. So, a fundamental question whether
the intrinsic defects are photovoltaically active being nonequilibrium popu-
lated, is unclear yet.

5.2 Thermal Hologram Fixation

An alternative way of realization of a nondestructive readout is provided by
methods of so-called hologram fixing. We shortly dwell on this problem, al-
though it is not directly related to the main target of this monograph, the
intrinsic defects, but is governed by the most prominent extrinsic defects,
protons. The underlying principle of fixing is based on screening the recorded
space-charge field Fy.(z) by charge carriers having the sign opposite to those
forming Fs(z). A complementary screening charge pattern provides a stabil-
ity of Esc(z) under the read-out. As will be seen from the following material,
a screening of the photorefractive space-charge fields by thermally activated
charge carriers of different sign at elevated temperatures is a common ef-
fect for photorefractive media on a whole. In LiNbO3 and some other ox-
ides the fixation is owing to screening Fg.(z) by thermally excited protons.
Another possibility may be realized in the case of bipolar photoconductivity
when a space-charge field Fy.(z) created, e.g., by electron capturing is mu-
tually screened by photoholes. For example, it was demonstrated at room
temperature in BijoTiOg (BTO) [465,466]. As mentioned in Sect. 5.1, when
recording grating in a gating regime in LiNbOg3:Mg with Mg concentration
above the threshold, Winnacker et al. [88] found indirect evidences of for-
mation of two mutually compensating gratings related obviously to a bipolar
photoconductivity.

In ferroelectric photorefractive compounds like SBN or BaTiO3 another
possibility of hologram fixing was found, by means of applying after recording
an external de-field Foy of the order of the coercive field E, [467-473]. It may
be regarded as a method relative to the thermal fixing, because the field fixing
is assigned to a partial P, reversal under combined external and internal fields
(Feoxt £ Eqc), or, in other words, to screening Fy.(z) by the bound charge of the
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depolarizing field on the boundaries of arising domains. This effect is due to
the fact that in these crystals the coercive field E, ~ 10° Vecm ™! is comparable
to the space-charge field Fy. of the recorded grating. So far an electric fixing
could not be performed in usual (congruent) LiNbOg, as the coercive fields
E. =~ 210-220kV em™! are by orders of magnitude higher than the achieved
values of Fg.. However, recently, the field hologram fixing was demonstrated in
near-stoichiometric LiNbO3:Fe crystals [474,475] which became possible due
to a significant lowering of the coercive field to E. ~ 21-25kVem™! [476].
The number of publications on thermal fixing of photorefractive holograms is
vast. The available data are summarized in recent reviews [477-479].

5.2.1 Basics and the Theoretical Approach of Thermal Fixing

The thermal fixation of holograms was discovered in several crystals like Fe,
Mo-doped BagNaNbsO15 [480], undoped LiNbOj5 [299,481] and LiNbOjs:Fe
[482] and observed later in a variety of similar and dissimilar materials (see
Table 5.1). The procedure of the thermal fixation in LiNbOj and related

Table 5.1. Thermal fixation of holograms in materials other than LiNbOg

Crystal Doping Comments on the principles Reference

of the method and mechanism?®

BasNaNbsOq5 Fe, Mo Same as in LiNbO3 [480]
LiTaOs3 Fe Same as in LiNbO3 [307]
Sro.75Bag.25NbaO12 Cooling from the para- to the ferro- [496]
electric phase, a domain mechanism
BaTiO3 Same as in Srg.75Bag.25NbaO12 [497]
BaTiOs Thermal treatment in ferroelectric phase [498]
KNbO3 Fe Thermal treatment in ferroelectric phase [499]
La3GasSiOq4 Pr [500]
KTa,Nb;_,O3 Cooling from the para- to the ferro- [501]
(KTN) electric phase, a domain mechanism [502]
KTN:Li [503]
Bi1251029 (BSO) Room temperature, complementary [465]
electron and hole charge patterns [466]
BSO Heating and cooling, a screening by [504]
ions similar to LiNbOg [505]
BSO Heating and cooling, a screening by [506]

protons applying external field
Bi12TiO2 (BTO) Heating with a simultaneously [507]
applied ac-field

Comments correspond to explanations proposed by the authors
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materials (LiTaOs, BasNaNbsO5) in general looks as follows. A holographic
grating is recorded with the use of a two-beam scheme, an achieved diffrac-
tion efficiency being denoted as 7y. Then the crystal is heated up to tem-
peratures in the range 120°C < Txx < 200°C and cooled down to room
temperature. In the very beginning of the Bragg readout at room temper-
ature the initial value is 7 =~ 0, whereupon it is growing to a saturation
value nax < 1. Qualitatively similar results are obtained, if recording is
performed at temperatures in the range 120°C < T < 200°C; after cool-
ing to room temperature the behavior of n under the readout is the same,
as described above. For brevity, the two temperature procedures of fixing are
referred to as post-fivzing and simultaneous fixing, respectively. The behav-
ior of n under the readout resembles qualitatively the chemical development
of the usual photographic film, so is denoted by the same term. The devel-
opment may be achieved under illumination by a non-Bragg beam and un-
der noncoherent visible light. The authors of [483] proposed for multiplexed
holograms a method of a local thermal fixation by means of heating an ele-
mentary grating by a focused COsq-laser beam. A fixed pattern may be erased
either thermally by heating the crystal up to T' > 300°C, or optically by an
uniform illumination at temperatures T' > 120°C. The thermal fixation with
slightly modified ranges for Tg, (120-200°C) is the same in LiNbOg3, LiTaO3,
and BasNaNb;O15 [299,480, 481,484, 485].

A qualitative general explanation of the fixing process proposed in [299,
480, 481,484, 485] and underlying the models [486-495], is that at elevated
temperatures certain mobile ions move in the field Ey. within the recorded
grating to screen Ey.. A formed ionic pattern N;(z) is a replica of the initial
E,.(2). On cooling, this ionic pattern becomes frozen, hence in the beginning
of the development no spatially modulated internal field exists because of
screening effects. Homogenous illumination on developing excites and spatially
redistributes captured electrons, thus partially releasing the frozen backbone
Ni(z). After attaining a steady state, it is a nonscreened part of N;(z) that
dictates the properties (efficiency and temporal stability) of the developed
hologram pattern.

The assumption of an ionic compensation mechanism was based on the
following reasons: the activation energies of the thermal fixing and of the
dark conductivity oq in LiNbOj are close (about 1eV) and the value of a
high-temperature o4 estimated from the temperature dependence of the fix-
ing was in good agreement with o4 obtained by direct measurements [298].
As the high-temperature o4 in LiNbOj is predominantly ionic [298], Staebler
and Amodei [299] concluded that thermally-excited movable ions play an
important role. In the temperature range 80-600°C this ionic conductivity
is owing to the hydrogen transport [109, 303]. Additionally, in the refer-
ences [299,480,481,484,485], the fixing and developing processes were charac-
terized on a whole, particularly, the lowest temperature for fixing in LiNbOg
at T ~ 100°C and the temperature of the thermal erasure of fixed grat-
ings T' ~ 300°C were established. Interestingly, that these regularities and the
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qualitative explanation of the thermal fixing published in the pioneering works
are valid until recently and have been supported by a multitude of subsequent
experiments.

Some authors of a modified explanation of the thermal fixing [324,493,508]
suggested that the formation of an ionic pattern Nj(z) (which is the corner-
stone of all models) at elevated temperatures results in a spatial redistribution
of the electron donors Fe?t and traps Fe?t which is frozen on cooling. So, by
this consideration, the origin of a nonerasable grating is related to a per-
manent spatially-modulated photovoltaic current, supported by a pattern of
redistributed Fe?* /Fe?T ions.

The whole scenario of the thermal fixing may be separated into several
stages illustrated in Fig.5.6. The initial efficiency 7y of the grating achieved
during recording (phase 0) corresponds to the space-charge field F1(0). In the
phase I (heating) Fj. of the recorded electronic grating causes the transport of
the thermally excited ions. This leads to a compensated grating, which is rep-
resented by the net space-charge field amplitude F1(1); at a limiting complete
compensation of the electronic charge by ions, E1(1) = 0. Simultaneously with
the screening process a partial decrease of the initial £ (0) occurs in the phase
I because of a thermal excitation of captured electrons. In phase II, charac-
terizing the storage time of the frozen pattern in dark, the electronic grating
is slowly decaying due to an electron thermal detrapping, whereas the ionic
compensating pattern adiabatically follows this decay. Under a readout (de-
velopment) in the phase ITI the light causes a partial redistribution of trapped
electrons due to the photoexcitation, culminating in a quasi-stable field F4 (2).
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Fig. 5.6. Typical life history of a thermally fixed hologram for the case of post-
fixing. The roman literals are phase numbers, redrawn from [490]
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The latter dictates the efficiency ngx of the fixed hologram. Because of possible
ionic transport, the field F1(2) may decay under illumination (phase IV).

There are three crucial parameters for practical applications of the ther-
mal fixing: (1) the ratio of nax /7o depending on E§2); (2) the storage time of
the developed pattern in the dark; (3) the stability of the developed grating
under continuous illumination, or, what is the same, under multiple cycles
of the Bragg readout. In the framework of the qualitative model formulated
above, one may a priori deduce an impact of some factors on these parameters.
A necessary condition for a successful completion of phase I is that the screen-
ing of the space-charge field by movable ions occurs faster than the thermal
excitation of the captured electrons, otherwise E%O) would disappear before
being screened. This requirement gives an upper limit for the fixing temper-
atures Tgx < 200°C in LiNbOg, because at higher temperatures the thermal
excitation of traps competes with a migration of ions [509]. In reduced LiNbO3
crystals a temperature of de-trapping is much lower [296]. The low limit of Tgy
is dictated by the requirement of a reasonably high mobility of the screening
ions, for LiNbOg3:Fe it is Thx = 120°C. Another requirement of the fixation
is a reasonable concentration IV; of screening ions, which, on the other hand,
should not be too large, because with increasing N; the ionic conductivity
o; would increase thus resulting in a decreased storage time. For practical
applications the procedure of a simultaneous fixing gives higher 75, than the
post-fixing, because in the latter case a loss in 7y occurs during heating. At
the same time, recording at elevated temperatures provides additional exper-
imental difficulties.

All the models developed are based on the qualitative picture described
above. The first attempt of a model [492] assuming E,, > Eqg;r and a spatially
uniform Fp, neglected the thermal decay of the space-charge, as well as the
next, more rigorous charge transport model [486]. The further progress was
achieved in the refined model [487] taking into account the thermal decay of
the recorded pattern because of the electron thermal detrapping. Jeganathan
and Hesselink proposed a description of the development for a nonphotovoltaic
medium [510]. Later advanced models were developed [489-491,494,495,511].
The most detailed description of the thermal fixing with account for all in-
volved contributions, particularly concerning the recording at high temper-
atures one may find in [488] and the review [479]. The models start from
a coupled set of material equations describing the one-dimensional electron
transport and grating formation (5.6a—f) [281,282] and incorporating addi-
tionally the continuity equation for ions and the ionic charge in the Poisson
equation. The set of equations takes now the form
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= (spnl + s1) (Np — Np ) — yne Ny, (5.6b)
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Here the mobile ions were assumed to be protons. The meaning of the
variables is as follows: the dynamic variables n,, NB‘ and H are the densities
of free electrons, ionized donors and protons; Np is the donor density and
when applied to LiNbOg:Fe, (Np — Nj) and N are the densities of Fe?*
and Fe?t, respectively; N, is the density of a compensating passive acceptor,
sph and st are the photoionization cross-section and the thermal ionization
probability of the donor; 7y is the recombination coefficient and I the averaged
light intensity. The j. and ji, describe the electron and proton current densi-
ties, respectively. Hy is the average (initial) proton density, Dy, D, and e,
un are diffusion coefficients and mobilities, respectively, of electrons and pro-
tons; related by the Einstein relation D = pukpT /e with kg as the Boltzmann
constant. In the expression for the electron current density (5.6e) the second
and third terms are the diffusion and photovoltaic currents, respectively, E is
the space-charge field. All the models for thermal fixing are based on the adi-
abatic approximation assuming a short free electron lifetime as compared to
the relaxation times of the variables; additionally, small free electron density
compared to the filled and empty trap densities is assumed.

Now following Yariv et al. [489,490], we briefly outline the analytic expres-
sions characterizing the stages shown in Fig. 5.6. The deciding stage is phase I,
where a compensation of the electronic space-charge by ionic transport occurs
which governs the value of 7gy. If the screening of the electronic grating by

movable ions is incomplete, a solution to the set (5.6) predicts the following

)

expression for a residual steady-state field Egl remaining in the end of phase I

E(l) _ DpK2 +iKunEo (5.7)
! Wh +DpK2 +i,U'hKEO’

where wy, = euy H /e is the ionic dielectric relaxation frequency. The highest

degree of compensation corresponds to Eg) — 0 (limiting complete compen-
sation) which requires

€ kB K 2T
Hy > —a (5.8)
This gives a lower limit for the ion concentration. A lower limit means that
a further increasing of Hy does not improve the fixing efficiency, but decreases
the storage time because of an increasing ionic conductivity. Estimates of
the proton density in as-grown LiNbOg show that it is always large enough
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to provide a complete compensation of the recorded gratings. The behavior
of phase II, i.e., a decay in darkness of complementary screening ionic and
electronic space-charges before development at room temperature depends
mainly on a decay of the electronic charge, because the ionic space-charge
is stable. As known, the FEy. decay is governed by the Maxwell relaxation
time 71, that means by the dark electronic conductivity 4. However, in the
presence of a screening ionic charge the decay is described by a longer time

1 1 < D, K2

- m + K2l§> 5 (59)
p

Tdec ™

where lq = (ecokpT/e?N;i)'/? is the Debye screening length. Physically (5.9)
means that at elevated temperatures the decay of an electronic space-charge
in the dark is slowed down by screening, so requires a large enough ionic
conductivity (op > 04).

Another deciding stage is phase III at room temperature which describes
both the development of a latent grating pattern under uniform illumination
and its behavior (stability) under readout, that is under conditions oy, >> oy.
Electrons are uniformly photoexcited, move (drift and diffuse) both in the
electric field of a present spatially-distributed ionic charge and under a uni-
form photovoltaic field Ei,, afterwards they are retrapped. So, even under a
uniform illumination the equilibrium distribution of trapped electrons is not
uniform because of a partial screening of H(z). This screening is undesirable,
because it decreases 755 in comparison to the value expected from H(z). The
solutions to the maximum developed field Ef) (neglecting the ionic transport)
and to the decay rate 1/7; in phase III under short-circuit conditions are

i By —iE,, =

B? = Xty — N (5.10)
eK Eq+ Eq —iEp 32

1 1 E.. N,
= =" (14+ K2 =22 5.11
w1 o TM<+ d lEqu>’ ( )

where
eN, (1 — N

By = M (5.12)

eco K

is a limiting space-charge field provided by a given concentrations of electron
traps (see Sect. 3.2.2). Physically, (5.10) means that the value of ng controlled
by E§2) may approximate 7, if in the end of phase III the ionic pattern H(z)
is not screened or screened very slightly by trapped electrons. Accordingly to
(5.10) this naked ionic framework may occur, when

N,
‘Ed — it > B, (5.13)

Ng ™Y




124 5 Problem of a Non-Erasable Photorefractive Hologram

The latter condition shows the ways to enhance 7gy. The expression (5.13)
means that the screening may be suppressed either by a strong diffusion
field Eqir > Eq, or by a strong photovoltaic field E,, > E,. In as-grown
LiNbOj3:Fe, where [Fe?T]/[Fet] ~ 0.2 and E, ~ e[Fe?"]/eK ~ 5x10° Vem ™!,
so the fulfillment of the inequality Fqair > Ey would require nonrealistic holo-
gram periods A < lq =~ 0.1-0.2 um. The inequality E,, > E, requires a strong
enhancement of Eyy. As jpy &~ [Fe?T| and o), & [Fe?t]/[Fe3*] (see Sect. 3.2.2),
we find E,, &~ [Fe3*] and this field may be essentially increased, for example,
by a strong oxidation of LiNbOj:Fe transforming Fe?* — Fe3T [116]. There-
fore, one may expect higher values of gy in oxidized crystals, what is actually
observed. In this relation we should remind on the results of R. Orlowski and
E. Kratzig [317,318] discussed in Sects. 4.2.2 and 3.2.2, accordingly to which
an extremely strong oxidation may affect fundamentally the charge transport
scheme. So, it may happen that the whole consideration of the thermal fixing
would not be valid for a strongly oxidized LiNbOs:Fe.

As mentioned earlier, (5.11) and (5.12) were derived for short-circuit con-
ditions [489,490]. Under open-circuit conditions (j = 0, Ey # 0) the photo-
voltaic field acts analogously to the applied external field and a consideration
comes to similar qualitative conclusions; except a lower diffraction efficiency
as compare to the short-circuit ones [512]. Short-circuit conditions may be
achieved, for example, by electroding the crystal edges side [513]. Taking into
account the thermal excitation of electrons, thus an involvement of two types
of species leads to existence in fixing phases of two kinetics conventionally
referred to as fast and slow; for references see [479,488,490] and Fig. 5.7.

LiNbO4:Fe:0.01%
ooy < 0.03 cm™

109 ©  ionic compensation T=130°C 1
(phase I)

/

electronic dark decay

10-1 ) phase Il |

10—2 L L L L -
0 5 10 15 20 25 30
time (min)

diffraction efficiency (%)

Fig. 5.7. An example of the temporal dependence of the diffraction efficiency at
elevated temperature, redrawn from [490]
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Note that two kinetics in grating recording at elevated temperatures were
detected even at the earliest stage of studies in photorefraction [492]. In the
model by Sturman et al. [488] taking as dynamic variables the space-charge
field E, ne, NB‘ and H, a convenient presentation of a photorefractive two-
stage kinetics was proposed. Accordingly to this model, the fast process is the
dielectric relaxation depending on the conductivity, whereas the slow kinetics
is caused by an interaction between charge carriers of opposite signs (photo- or
thermally excited electrons and thermally activated positive ions). The slow
kinetics may be imagined as a slowing-down of the Maxwell dielectric relax-
ation because of screening. Correspondingly, the recording (with light pattern)
and the decay (without light pattern) of a space-charge field amplitude Ex
are presented in a pictorial view

Eic(t) = By (1 — exp (—wit) + By (1 —exp (—wit),  (5.14)

Ex(t) = Erexp (—wst) + Eg exp (—wst), (5.15)

where wr and wg are the fast and slow relaxation rates, respectively.
The recording presentation (5.14) means that the value Ex = Ef is achieved
at the end of the fast stage, and is then decreasing during the subsequent
slow stage due to a slow build-up of the protonic grating. Obviously, at
low-temperature recording, ws — 0, and expressions (5.14) and (5.15) are
transformed to the usual one for the photorefractive recording. Presentation
(5.15) describes the decay in the dark (phase II) or under IR illumination
(phase IV); the result of the slow decay stage is the disappearance of any
inhomogeneity of the charge distribution. The fast rate depending on the
conductivity involves the protonic and electronic components

1

Wf = — = Wy, + W, (5.16)

Tdi
where wy, = oy /eep = Hoepn/€co, we = 0e/€€g = nopie/€€o. In the dark and
under illumination, o, is equal to o4 and oy, respectively. After certain re-
arrangements, Sturman et al. [488] came to the following expressions for the
fast and slow rates in LiNbOg:Fe in the temperature range from 20°C to 300°C
(with account for o}, > o4 for as-grown LiNbOjs :Fe [300]. In darkness

Wf = Wh, (5.17)
wt =wIK3(1 4+ =), (5.18)

where lg = (eeokpT/e?N;)'/? is the appropriate Debye screening length and
N; = (NaNg)/N is the corresponding effective trap concentration. Under
illumination, I # 0, for the low-temperature limit (7" < 80°C for LiNbOgs:Fe)
the fast stage is controlled by the photoconductivity

wg = WPt (5.19)
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and the slow stage neglecting the contribution from the photovoltaic field may
be presented as

wh = K22(1+ =5). (5.20)

An important conclusion from these expressions is that the slow decay rate
in the whole temperature range both in darkness (5.18) and under illumination
(5.20) is proportional to the spatial frequency of the grating. The larger the
grating period, the longer is the lifetime of the fixed grating. This fundamental
relation to the diffusion mechanism was deduced in all models, e.g., (4.9) in
[489,490], starting from the pioneering works [482,485]. The second important
conclusion deduced from (5.18) and (5.20) is that a slow decay rate is strongly
controlled by the ratio Hy/N;. The slowest decay may be achieved whenever
decreasing this ratio. So, in LiNbO3:Fe, where Ny = [Fe?*] holds, the highest
lifetime of a fixed grating would require Hy < [Fe?].

In the model developed in [487,514] the emphasis was put on the role of
the photovoltaic field E,. The analysis has shown that the specificity of a
photovoltaic crystal is a shift of the developed electronic grating with regard
to the fixed ionic grating, which reminds of the effect of applying an external
field. The phaseshift between the gratings is given by the expression

t i 5.21
= arctan Fat ) (5.21)

where E = Ey [N /(N + N)]. This conclusion was supported by the data
of microphotometric investigations of the developing the holograms recorded
in LiNbO3:Cu at 180°C [471]. When approaching n to a saturation value,
the grating phase is shifted almost by 27, which gave an evidence for the
mechanism of a mutual screening of two complementary gratings.

Later we exemplify experimental studies of the thermal fixing in LiNbO3
crystals. It should be noted that in spite of a more than 30-years-old story of
these experiments, the mechanism of fixing seems to be not fully understood.
Particularly, there is no consensus regarding the origin of complex kinetics of
decaying gratings at elevated temperatures. As mentioned earlier, Sturman
et al. [488] attributed the slow and fast decay components to the dielectric re-
laxation and an interaction between charge carriers of opposite signs, whereas
Yariv et al. [489,490] assign these kinetics to the fast ionic compensation and
the much slower thermal decay of the electronic grating screened by the ions.
The most uncertain question is the storage time at ambient conditions which
cannot be obtained directly and is estimated either by direct extrapolating
75(T) or by calculations from oy, (7).

Note, that the thermal fixing in principle may be caused not only by
a screening of the space-charge field Fy. by complementary charge carri-
ers, but as well by a partial switching of P; under Eg. as it takes place
in SBN or BaTiO3. Actually, the coercive field E. in LiNbOj strongly falls
down at T > 120°C, where a partial switching under external fields of about
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10* Vem ™! was detected in LiNbOg:Fe [515]. However, so far no experimental
evidences of a contribution from Ps switching to the thermal fixing have been
obtained, although such a possibility was repeatedly discussed [471,492].

5.2.2 Experimental Studies in the Thermal Fixing

Summarizing the above qualitative consideration from the outlined models,
one may conclude that the optimization of the parameters of fixed gratings,
that is reaching longest storage times 75 in darkness, slowest decay rates 1/7qec
under illumination and highest ngx requires certain compromise between the
concentrations of ions and electron traps. Their ratio should be rather low
to give a high ngx provided by a low degree of screening the ionic frame
by electronic carriers, and at the same time large enough to provide a partial
screening of the ionic frame to slow down its decay. Of course, slowing down the
decay may be achieved by decreasing ionic conductivity, however, in this case
the concentration of ions might become too deficient to provide a complete
screening of the initial space-charge field. In other words, benefiting from 74,
one loses partially ngx and vice versa. In LiNbOjs:Fe this compromise may be
achieved by picking up the ratio between concentrations of Fe3T-like electron
traps and protons.

Detailed studies of the grating behavior at elevated temperatures were
performed [516-518]. It was found that a decay of holograms in the range
from 50°C to 165°C in LiNbOgs:Fe may be fitted to a sum of several exponents
[516]; the decay times show Arrhenius behavior 1/7 = 1/7gexp(—E,/ksT).
A nonmonoexponential kinetics of the decay of 1 at elevated temperature
was analyzed in several works [490, 517]. Taking into account the thermal
excitation of electrons proposed in [487], Yariv et al. [490] interpreted the fast
process as the compensation of the space-charge by thermo-excited ions and
the slow one as the decay of the electronic space-charge because of the electron
detrapping.

Arizmendi et al. [518] compared the decay kinetics in darkness and under
illumination (phases IT and IV) at elevated temperatures. In accordance with
(5.18, 5.20), these kinetics are different. In the range from 90°C to 120°C a
dark decay of 7 is due to the screening process, the ionic skeleton being almost
preserved. This was proved by the argument that the developing procedure
after 7 has come to zero could be performed repeatedly. In contrast, after a
decrease of 1 under illumination the grating was not developed. Therefore, the
light-induced decay is caused by a thermal erasure of the released ionic skele-
ton, whose thermal stability is no more supported by the mutually screening
electronic space-charge. A decay under illumination may be fitted to a single
exponent with FE, = 1.03eV. Starting from this value one may estimate the
decay rate of a fixed grating under readout at room temperature.

Studies of the decay rate vs. the grating period were performed at elevated
temperatures in [490,517-519]. The decay rate is inversely proportional to A2
consistent with the model of Carrascosa and Agullé-Lépez [487] and later
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Fig. 5.8. Temperature dependence of the decay rate on the square of the spatial
grating frequency in Fe-doped LiNbOsg, redrawn from [517]

models [488,490], for more details see (5.9) and (5.20) and Fig.5.8. An exam-
ple gives a crystal with a dependence 75  5.74% [519]. The proportionality
of storage times to A? is provided mainly by the slow stage of the decay (i.e.,
electron thermoexcitation), whereas the ionic decay, as expected, is practically
independent of A. Consequently, the dependence 74 ox A? is more pronounced
in crystals with a higher Fe concentration (about 0.15%), in which a contri-
bution from electronic charge is stronger.

Experimental studies of the developing process were performed by sev-
eral authors [490, 511, 514, 520, 521]. Yariv et al. [490] and de Miguel et al.
[514] investigated the dependence of nsx on Ep, in LiNbOs:Fe, particularly
a predicted effect of enhancing FE,, by means of oxidation (transforming
Fe?™ — Fe3T). To provide the slowest decay by means of reducing the
ionic (protonic) conductivity these experiments were performed in dehydrated
LiNbO3:Fe [490]. The gratings were recorded at enhanced temperatures with a
subsequent developing at 50°C. The value of 75y in oxidized LiNbO3:0.01%Fe
was almost by an order of magnitude higher than in oxidized LiNbO3:0.05%Fe
(nx = 0.819, and ngx = 0.1, respectively). Conversely, the decay time on de-
veloping in the low-doped crystal was by about an order of magnitude shorter
than in the highly-doped one (about 2 and 20h, respectively, at 90°C). The
activation energy of protons of F, ~ 1.2eV predicted storage times of this
naked backbone at room temperature in the range of 50-70 d only. To increase
Tdee and conserve simultaneously a reasonable value of 7gy, Yariv et al. [490]
attempted to reduce the ionic conductivity. They tried either a very strong ox-
idation, which led to a significant reduction of the H content, or a preparation
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of a stoichiometric sample using VTE technique [30], which resulted in a de-
crease of the Li vacancy concentration. Both techniques caused an increase
of the activation energy of the ionic conductivity to E, ~ 1.4eV compared
to F, =~ 1.2eV for the protonic conductivity. This permitted the authors
to speculate on an enhancement of 74 at room temperature up to 2 years.
Qualitatively similar results of oxidizing on the value of ng, in LiNbOj:Fe
were obtained [514]. Additionally, the same authors [514] demonstrated an
increase of ngx with K which is specific for the photovoltaic crystals; this is
especially pronounced in oxidized crystals due to a strong contribution from
E,. in this case.

An interesting example of studies on the microscopic origin of fixing with
an emphasis on the role of the photovoltaic mechanism was demonstrated
in [324]. The authors investigated a redistribution of Fe?™ and Cu™ ions in
LiNbOgs:Fe and LiNbO3:Cu, resulting from illuminating the crystal by a nar-
row light strip normal to the polar axis during extremely long times (from
50 to more than 300h) at 160°C. After developing at room temperature a
scanning of the optical absorption along the polar axis revealed within the
photorefractive area a nonuniform distribution of Fe?* in LiNbOs:Fe and
Cu™ in LiNbO3:Cu, namely a moving of these ions towards +z borders of the
damaged region. As in this case Ep = 0, so the observed spatial redistribu-
tion of trapped electrons is caused by the photovoltaic field. In the sequential
work [305] a development without light in LiNbO3:Fe was demonstrated by
means of applying an external field of the order of several kVem ™! to a crys-
tal with a thermally fixed hologram. This effect was interpreted as a result of
a nonuniformly distributed electronic dark conductivity o4(z) following the
redistribution of [Fe?*] proved in [324].

Of course, the above-listed set of experimental works does not claim to be
exhaustive. We have chosen the publications demonstrating the most typical
results in studying this problem and supporting the main conclusions of the
models. It should be emphasized again that the situation with the storage
times is uncertain. In Table 5.2, an attempt was made to summarize the
experimental data on ngx and experimental and calculated storage times 74 of
fixed holograms.

From the very beginning of studies on thermal fixing in LiNbOg, hydrogen
(in the form of protons or hydroxils) was assumed to be responsible for the
screening of the electronic space-charge. The main argument was a closeness
of the activation energies E, ~ 1eV for the thermal fixing and the protonic
conductivity. At the same time, as this value of E, is not unique, alternative
impurity ions, e.g., Si ions accidentally present in the crystal [523] were at-
tempted to explain the thermal fixing. The suggestion of Si was ruled out by
experiments in LiNbO3 enriched with Si [492].

There is a lot of experiments aimed to prove the proton mechanism of the
fixation by means of comparing the transport characteristics (E, and D) ob-
tained from the measurements of the conductivity to those calculated from the
data on fixing. However, the ultimate conclusion was drawn after experiments
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Table 5.2. Numerical characteristics of gratings thermally fixed in LiNbOj3 crystals.
7o is the initial diffraction efficiency of the recorded hologram, nsx is the diffraction
efficiency of the fixed and developed hologram, A is the grating period, RT means
room temperature, Ny is the hydrogen concentration, and aog is the optical absorp-
tion coefficient at 2.87 um. In the column Comments extrapolation means estimates
by extrapolating experimental curves from elevated temperatures to room temper-
ature, calculations mean evaluations without experimental data

Impurity Nfix Ts Ts T Comment Ref.

experim. estimate

Pure 0.57m0 RT [480]

0.01%Fe Some % 5m RT  Slow decay (481]
5-15a 0°C

0.01%Fe (0.1-0.01)70 RT [485]

0.001%Fe 0.3n0

0.01-0.02%Fe  5-35% >2a 10°a RT  Recorded and fixed [482]

simultaneously 500
gratings at 160°C

Ts grows with A

0.05% Cu RT  Improved by [522]
oxidation

Fe, Cu 15a RT  Extrapolation [324]
from 165°C

0.1%Fe 1d ~ 150°C 75 grows with A [517]

0.1%Fe 3.7a Extrapolation from (518]
145-165°C for
A =0.7um

0.1%Fe 0.8n9 Recording at 170°C [521]
Extrapolation from

0.1%Fe 0.810 5.7a RT  150°C; A = 1pum [519]
Ny =10"%cm—3

0.1%Fe 0.87m0 200 a RT A=2pum Ny =10""cm3 [519]
Ng =107cm—3

0.01-0.02%Fe 10a RT [489]

0.01%Fe 0.25n0 1h 90°C oy = 0.035cm—! [490]

0.05%Fe <no >10h 90°C  aop =0.0lcm™?!

0.05%Fe 50-70d RT  Calc. from protonic
conductivity

2a H-depleted (calc.); new

type of ionic conductivity
0.1%Fe 0.7n0 RT [514]
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in LiNbOj:Fe [324, 524] and LiNbO3:Cu [324] directly proving the participa-
tion of hydrogen in this process. Taking into account the basic importance of
these experiments, they are worthy of a more detailed description. The pho-
torefraction was induced by a narrow light strip perpendicular to the polar
c-axis. Vormann et al. [524] recorded the photorefraction at room tempera-
ture, whereupon the standard procedure of thermal fixing and developing was
performed. Buse et al. [324], as mentioned above, recorded the photorefrac-
tion at elevated temperatures during extremely long times. After developing,
the distribution of the optical absorption at A = 2.87um was scanned along
the zaxis. Recall that this band characterizes the hydrogen concentration, for
details see Sect.2.5.3. The results of both works were qualitatively similar,
namely the distribution of the band intensity was nonuniform (Fig.5.9) and
showed anomalies (a maximum and a minimum) at the +2z and -z borders,
respectively, of the photorefractive region. Amplitudes of these anomalies in-
creased with increasing concentration of hydrogen in the crystals [524]. Buse
et al. [324] found a more pronounced effect, because the conditions of the

LiNbOg:Fe
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Fig. 5.9. Spatial distributions of the optical absorption coefficients at 477 and
2,870 nm along the polar z-axis after a prolonged recording of the photorefraction by
a focused laser beam at 165°C in Fe-doped LiNbO3. The origin at 0.0 corresponds to
the center of the recording Gaussian beam. An increase of aa77 nm (upper curve) and
2,870nm (lower curve) at the right (4+z) border of the photorefractive strip indicates
the corresponding increases of the Fe?™ and H concentrations, respectively, in this
region. The left (—z) border is Fe?"-deficient, i.e., enriched by Fe3'. The curves
were obtained for ordinary polarization of the scanning beams. Redrawn with data
taken from [324]
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high-temperature recording provided a more efficient redistribution of hydro-
gen within the photorefractive region. From Fig.5.9 one may see that the
H concentration is increased in the region, where the concentration of Fe?*
(and of Cu™ in the case of LiNbO3:Cu) is increased, or, in other words in
the regions of electron accumulation. This means that exactly protons are
those mobile ions which screen the electronic space-charge. The results of
the neutron diffraction on a thermally fixed grating supported this conclu-
sion [525]. Since those experiments the protons are generally accepted as the
main ions responsible for fixing in LiNbOs. The conclusion of a decisive role
of protons in the fixing process was supported as well by investigations of
characteristics of fixed holograms in LiNbOg crystals with different contents
of hydrogen [314, 324, 490]. As shown in Sect.2.5.3 the H concentration esti-
mated from the absorption band at 2.87um is in as-grown or slightly oxidized
LiNbOj crystals in the range of (0.2-5) 1071, so always satisfies the require-
ment (5.8) N > 5 x 1018cm ™3 for the low limit of the ionic concentration
providing the complete screening of Fig..

There are evidences indicating that some ions other than protons may
also provide a thermal fixing of holograms. For example, in strongly oxidized
(hydrogen-free) LiNbOg3:Fe crystals despite the absence of hydrogen and an
increase of E, up to 1.4eV, a thermal fixing of holograms occurs neverthe-
less [490].

It is worth noting that the range of the thermal fixing between 120°C and
150°C is peculiar for LiNbOj3, because various properties of these crystals
exhibit certain anomalies within it. We may mention the thermal expan-
sion coeflicient, the dielectric permittivity and pyrocoefficient, some optical
parameters, the dark conductivity, electron emission, the frequency of the
Nb-nuclear quadrupole moment, the ratio of the lattice parameters a/c, and
others [526-532]. These peculiarities impelled some authors to conclude about
a phase transition in this temperature range, which might initiate an ionic
conductivity on a whole.

5.2.3 Thermal Fixing of Holograms in Other Photorefractive
Materials

We now mention very briefly the results on the thermal fixing of recorded grat-
ings in crystals other than LiNbOj. These are SBN [496], KNbO3 [499,533],
BaTiO3 [497, 498], KTN [501, 502], Bi;2SiOgp (BSO) [505, 506] Bij2TiO9
(BTO), including applied ac-fields, [507], LagGasSiO14:Pr (LGS) [500].

Note that in all these crystals the recording mechanism differs from that in
LiNbOjs. In BaTiO3, SBN, BSO, and BTO, it is purely diffusion, whereas in
KNbOj3 it involves both photovoltaic and diffusion fields in a dependence of the
impurity state [534]. At ambient conditions KTN is in the centrosymmetric
paraelectric phase, so the photorefraction occurs via the quadratic electro-
optic effect and the readout of a photorefractive grating requires applying an
external bias field. An interesting example of the orientation dependence of the
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recording mechanism is observed in the piezoelectric crystal LGS, where the
properties of the photovoltaic tensor dictate a dependence of the photovoltaic
current jpy, i.e., of the recording mechanism on the angle 3 between the light
polarization vector and the polar axis x [535]. If § = 0, then j,, # 0 and
the hologram is recorded by the photovoltaic mechanism; for § = 45 we have
Jpv = 0, so the recording proceeds by the diffusion mechanism.

Thermal fixing in these crystals has not been studied in detail due to their
secondary role as storage media. The process of thermal fixing in them mani-
fests itself as an unusual behavior of the diffraction efficiency 7(¢) when record-
ing at elevated temperatures (T > 60-70°C): the diffraction efficiency after
coming to a saturation value 7y.x, starts to decrease and falls down to zero.
When illuminating by a single Bragg beam at room temperature, a nonzero
7 appears increasing to a certain value ngx < Mmax- LThe fixing means that
an optical erasure of this developed grating under the readout proceeds much
slower than of the original grating recorded at room temperature. A principal
distinction of all these materials from LiNbOj is that in all of them an opti-
cal erasure occurs anyhow, though relatively slow, whereas in LiNbO3 a fixed
grating is practically not optically erased at room temperature. The behav-
ior of n(t) at elevated temperatures is exemplified by KNbO3, the caption to
this Fig. 5.10 formulates the qualitative interpretation of the dynamics by the
authors [499]. In this crystal nax = (0.1-0.5)nmax. A similar scenario was re-
ported for KTN [502], BaTiO3 [497], BSO [505], LGS [500]. Passing n(t) over
a maximum at elevated temperatures in all cases was attributed to the forma-
tion of a complementary grating, which screens the original (recorded) one.
The existence of a complementary grating was sometimes proved experimen-
tally. For example, in KNbOg3 simultaneous measurements of  and I" during
developing found a coexistence of two gratings (original and screening ones)
mutually shifted by 7 [499]. In LGS the authors [500] found a dependence of
the phase shift between the original and complementary gratings on the po-
larization vector of the off-Bragg developing light beam. This dependence was
in accordance with the orientation dependence of the recording mechanism
mentioned above.

In general, the interpretation of the kinetics of 7(t) at elevated tempera-
tures presented in Fig. 5.10 as a manifestation of screening the photorefractive
field Ey. by any charge carriers, does not raise doubts. However, the origin of
the screening charges was determined in none of these crystals. The thermal
fixing process in all crystals obeys the Arrhenius law with activation energies
E, = 1eV in KNbOj3 [499], 1.44 eV in BSO [505], 0.89 eV in LGS [500]. Rather
low E, in LGS makes it possible to accomplish the fixing procedure at temper-
atures as low as 63°C. Several attempts were made to prove that fixing process
is related to thermally excited ions rather than to thermally excited carriers
of an electronic nature (electrons or holes). This attempt may be again exem-
plified by experiments in KNbOj3 [499], where in strongly reduced undoped
crystals the photoconductivity op, is electronic and Ejg is formed by captured
photo-electrons, while in doped crystals KNbO3:Fe and KNbO3:Na:Li:Fe opp
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Fig. 5.10. Temporal dependencies of the diffraction efficiency during recording
(t < 5505) and after turning off the light (¢ > 550s) in a KNbO3:LiNaFe crystal at
95°C. The authors interpret the phases marked B, C and D as the compensation of
the recorded grating by some screening (secondary) charges, the thermal decay of the
photoinduced space-charge field and the thermal decay of the screening (secondary)
grating, respectively. Redrawn with data taken from [499]

is of the p-type and F. is formed by captured photo-holes. Nevertheless, the
activation energy of the thermal fixing in all these crystals is practically the
same, which argued in favor of a common (ionic) origin of the screening car-
riers. As F, ~ 1eV for the thermal fixing in KNbOg3 is close to the activation
energy of the protonic conductivity in oxides on a whole, so the thermally
activated protons were suggested as a reason of fixing [499]. Interestingly that
to account for fixing mechanisms in SBN [496], BaTiO3 [497] and KTN [501]
the authors engage the ferroelectric mechanism, because they perform fixing
by means of cooling the crystals over the phase transition temperatures, thus
involving possible domain redistribution under the space-charge field of the
recorded grating.

Summarizing these isolated data, one can conclude that a screening of
the photorefractive space-charge fields by thermally activated charge carriers
(of different origin) at elevated temperatures is evidently a common effect
for photorefractive media on a whole. However, only few cases of a real use
of this effect for hologram fixing have been found so far. A principal differ-
ence of the thermal fixing characteristics in LiNbO3 — like materials (LiTaOsg,
doped BayNaNb;O;5) from those in other crystals is related obviously to the
existence of the bulk photovoltaic effect.
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5.2.4 Attempts of Practical Applications of Thermal Hologram
Fixing in LiNbOgj

A first attempt of a practical application of thermal fixing has been per-
formed in a pioneering work by Staebler et al. [482], where 500 holograms
were recorded at 160°C in LiNbO3:(0.01-0.02)%Fe and then developed at
room temperature. The studies of applications of thermal fixation in the suc-
ceeding 30 years may be separated into two groups. First, thermal fixation
is used in traditional applications of photorefractive crystals for construct-
ing nonvolatile optical memory devices, which combine a high storage density
with a fast random-access and high data transfer rate [287,332,511,536-546].
A more recent direction of applications is based on a high angular selectivity
of recorded phase gratings, which may be used in devices requiring a nar-
row spectral bandwidth and a close spatial shift tolerance, like narrow-band
filters, optical correlators and other related systems. We now briefly outline
the available data on these two directions. For storage applications, multi-
plexing of many elementary holograms in the same photorefractive crystal
is required. A high multiplexing capability in photorefractive media, partic-
ularly in LiNbOj, was demonstrated; since 10 years the storage capability
advanced from 500 [332,511,537,544] to 5,000 [538,541,542] and even 10,000—
20,000 holograms [543, 545] with a reliable fidelity of a retrieval of an el-
ementary hologram. The best techniques of multiplexing giving the largest
number of recorded holograms M is the angular multiplexing. Its basics
and the main obstacle for the multiplexing (a partial erasure of all pre-
recorded holograms on recording of each sequential one) were briefly outlined
in Sect. 3.1. There were several attempts to fix thermal holograms multiplexed
in LiNbO3 [332,511,539,540,545]. The authors of [511] which achieved a ca-
pability of 1.2 MB during recording and fixing of 530 digital holograms, per-
formed the first regular study of fixing conditions for multiplexing, particularly
of the thermal regime of fixing. Recall that recording at elevated temperatures
(producing a simultaneous fixing) gives higher 75, and lower noise [482] than
the postfixing. At the same time, the former procedure involves instabilities
of the crystal parameters, an air convection and a consequent deterioration
of the fixed hologram. To overcome this problem some authors [547-549] de-
veloped active stabilization systems. However, these methods may solve the
problem only partially, because a deterioration of a fixed hologram at room
temperature after recording at elevated temperatures is due also to fundamen-
tal reasons, such as the thermo-optical and piezo-optical effect (thermo- and
strain-induced changes of the refractive indices) which cannot be avoided. So,
the postfixing procedure is preferable for multiplexed holograms, although it
leads to lowered 7. To demonstrate a practical realization of thermal fixing
of multiplexed holograms, we shortly dwell on one of these publications [545],
in which the authors achieved thermal fixing of 10,000 holograms recorded in
an LiNbO3:0.015%Fe crystal 2 x 1.5 x 4 cm? in size. To record this number of
gratings, five fractal rows in the crystal bulk were used with 2,000 angularly
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multiplexed holograms in each row. Holograms were recorded using the opti-
mized schedule [287] providing an average (almost equal) diffraction efficiency
of an elementary hologram of about 7 x 10~°. Multiplexing was performed at
room temperature with a post-heating to the fixing T = 120°C, whereupon
the fixed system was developed at room temperature with the use of a mer-
cury lamp. The authors attempted two regimes of fixation: a fixation of the
recorded holograms altogether in one act of heating and an incremental pro-
cedure of fixing, namely, a step-by-step heating the sample after recording
each successive thousand holograms. The latter procedure required 10 fixing
(heating) acts and a sophisticated schedule of recording. The former proce-
dure gave a ratio n7ax /10 ~ 0.26, whereas the latter provided a ngy/no =~ 0.66,
the average efficiency of fixed holograms being about 4.6 x 1077. A surprising
result is that in agreement with [482] a system of thermally fixed holograms
shows a lower noise compared to the initial nonfixed one.

Let us briefly run through the more recent, alternative applications of
photorefactive gratings [550-556] based on their angular selectivity, which is
strictly constrained by the Bragg conditions. In the first turn, these are very-
narrow-bandwidths interference filters required in a number of areas, such
as solar astronomy, high-resolution spectroscopy, extra- or intra-cavity laser
elements, wavelength multiplexers and demultiplexers for optical telecommu-
nication systems, etc. First examples of these applications were demonstrated
in [550, 551]. Rakuljic and Leyva [550] used a photorefractive grating as a
Bragg-reflector which was not fixed. In the report [551] such a filter was
constructed by means of recording and thermal fixing of a grating in a few
millimeters thick LiNbOj:Fe plate. For A = 514.5nm a bandwidth of about
50 pm, reflectivity, T of about 35% and an angular aperture of about 5° were
achieved [551]. These parameters are somewhat worse than those of the most
advanced narrow-band filters [557], however, the advantages are a much lower
price and a possibility of a temperature and field tuning the peak wavelength,
which is due, respectively, to the thermo-optic and electro-optic (and elasto-
optic) effects. Tuning coefficients are 5pm °C~1 [551] and 6 pmkV ! [552].
In [556] a multi-channel Bragg reflector operating in the range of 670 nm
was created by means of recording and thermal fixing of 16 gratings in an
LiNbOg3:Fe plate. Other authors [553, 554, 558] tried the thermal fixing in
wavelength-division multiplexers (WDM), which they develop on the base of
superimposed phase gratings in a photorefractive medium. WDM serve to
merge (multiplex) and separate (demultiplex) superimposed optical signals of
different wavelengths, which are simultaneously transmitted by a single optical
fiber in an optical communication network. A high Bragg-angle selectivity pro-
vides a necessary condition that a given photorefractive grating should diffract
only a single light-wave thus being related to a definite single optical chan-
nel. Eight- and sixteen-channel multiplexers with bandwidths of 0.1 nm based
on recording and thermally fixing gratings were demonstrated [558]. A multi-
channel multiplexer was provided by recording with the use of an Ar-ion laser
(A = 514.5nm) a corresponding number of gratings in an LiNbOg:Fe plate; the
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orientation and the spatial period of a grating determines the wavelength and
propagation direction of the corresponding diffracted beam. The multiplexing
and demultiplexing was performed at the average wavelength A ~ 1.55um
in the reflection geometry. Fixed holgrams in LiNbOgs:Fe were also tried in
an optical correlating system [555]. Development of real-time correlators in
photorefractive media may be found in [559,560]. Recall that an optical cor-
relator serves to compare an unknown object to a known reference one. The
principle is based on a correlation of the Fourier transform of an unknown
object to the Fourier transform of the reference one. In the readout process
the latter is incident on the correlator (in our case, a crystal with a thermally
fixed reference image) at a Bragg angle, the diffracted beam intensity being
proportional to the correlation function. In [555] a matched filter was created
by means of recording a reference object in a sample LiNbQO3:0.1%Fe at 160°C
(grating spacing A = 1.35um). Finally, thermal fixing of holograms may find
application in wave-guiding structures on LiNbOgs. A detailed bibliography
one may find in recent reviews [561] and [479].

5.2.5 Conclusions for Thermal Hologram Fixation

By now the procedure of thermal hologram fixation has found a more or less
adequate description and is examined sufficiently in LiNbOj crystals, espe-
cially doped with iron and in related materials such as LiTaO3. At the same
time there is a deficiency of these investigations in other photorefractive ma-
terials such as BaTiO3, SBN, BSO, etc. Obviously, a screening of the photore-
fractive space-charge fields by thermally activated charge carriers of different
sign at elevated temperatures is a common fundamental effect for photore-
fractive media on a whole and is worthy of further investigations. In LiNbOs3
crystals the microscopic origin of the thermal fixing, namely a screening of
the electronic space-charge by protons thermally activated at temperatures
T > 120-130°C, may be taken as settled. In line with the developed theoret-
ical models the optimization of characteristics of thermally fixed holograms,
that is an increase of ngx and of the decay time 74o. may be achieved in low-
doped LiNbOj:Fe crystals, particularly subjected to some treatments such as
oxidation and dehydration. The maximum achieved experimental values for
Nax are 0.7-0.8 of the initial (nonfixed) 7. In some experimental works no
degradation of fixed holograms was revealed during a time as long as 2 years.
The available theoretical description directs the ways to a further improvement
of these parameters. The thermal fixing was successfully tested in nonvolatile
optical storage systems based on hologram multiplexing and is coming into
use in narrow-band devices requiring a high angular selectivity. The thermal
fixation does not increase the noise of the multiplexed gratings compared to
the initial nonfixed system. In spite of all these advantages, from the practi-
cal viewpoint this method seems to be technologically very complicated. Its
fundamental drawbacks are the impossibility to perform the fixing in situ and
to erase selectively and over-record an elementary hologram.






6

Properties to Characterize Undoped
and Optical-Damage-Resistant LiNbQOg
Crystals

Summary. Many properties, relevant to the topics of this monograph depend on
the composition of lithium niobate and tantalate. In an overview, we mention and
evaluate, methods to determine the composition of the melt and the crystal. Em-
perical equations are given to estimate the crystal composition from that of the
melt. Besides the measurement of the Curie temperature the position of the UV
absorption edge can serve as a sensitive method for an accurate determination of
the composition. The main topics of this section are the refractive index and bire-
fringence including the modeling by various Sellmeier equations as a function of
wavelength, composition, doping, and temperature. The phase-matching tempera-
ture and angle in the context of second-harmonic-generation are discussed as well as
one other nonlinear feature, the electro-optic effect in lithium niobate doped with
damage-resistant impurities.

Almost all properties of LiNbO3 and LiTaOgs are discussed in books and
review articles mentioned in the introduction (Chap. 1). Therefore, we restrict
this chapter to properties relevant to the topics of this monograph. We start
with an overview of methods to characterize the composition of undoped crys-
tals and those doped with damage-resistant impurities. Then, we continue
with a more detailed description of methods, which are strongly related to
photorefraction.

6.1 Methods to Measure the Composition
and Homogeneity of Crystals

The composition of LINbO3 and LiTaO3 can be determined with nonoptical
and optical methods. The latter are usually nondestructive and more accurate,
but need an individual calibration based on nonoptical methods. For undoped
crystals many suitable methods are known and have been discussed and com-
pared in 1996 [37]. The situation is less favorable for crystals doped with
optical-damage-resistant impurities with concentrations around the threshold
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concentrations if the [Li]/[Nb] ratio is involved, because the threshold values
strongly depend on this ratio. However, no complete knowledge of [Li]/[Nb]
as a function of optical-damage-resistant impurities is of practical interest,
because mainly stoichiometric compositions sufficiently doped with optical-
damage-resistant impurities are needed for devices.

6.1.1 Melt Composition and Curie Temperature

For a quick estimate of the crystal composition, the following empirical
equation

CLi = 48.5 + 0~3436(CLi,melt - 485) - 0~02897(CLi,melt - 485)2 (61)

based on several reports [37], where cr; and crimerr denote the Li;O content
in mol.%, can be used in the range 45 < ¢ mels < 52mol.% with an accuracy
of 0.3mol.% (see Fig.6.1).

The Curie temperature T, changes by about 150°C in the solid solution
range, thus providing a high sensitivity for composition measurements ([562],
see Fig.6.2). But the drawback is the closeness of T to the melting point.
DTA measurements on four single crystals characterized by chemical analysis
have been carried out and resulted in the fit

cLi = 0.025467T, +19.39 or 7. = 39.26cp; — 760.67, (6.2)

where T, is given in centigrades [42]. Bordui et al. used five VTE equilibrated
crystals for dielectric measurements [30] and found

cri = 0.02557T, +19.149 or T, = 39.064cr; — 746.73. (6.3)
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Fig. 6.1. Li concentration in the crystal vs. melt concentration. Data are taken for
squares from [201], for stars from [562] and circles from [365]; dotted lines are guides
for the eyes
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Fig. 6.2. Curie temperature of crystals as a function of the Li2O content in the

melt of LiNbOs. The line was calculated using 7. = 9,095.2 — 369.05 ¢ + 4.228 2
(for details see [6,563])
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Fig. 6.3. Curie temperature of crystals as a function of the MgO content in the
LiNbO3 crystal, redrawn from [200]

Both fits differ only by 4°C or 0.1 mol.% and are frequently used. For LiTaO3,
a second-order polynomial of the form

T. = 11,310 — 492.73 cp; + 5.6062 ¢7, (6.4)

was reported [564].
The Curie temperature as a function of the Mg doping increases as well,

but has a different shape. Above the threshold, it starts to saturate or even
diminishes (see Fig. 6.3).
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6.1.2 UV Absorption Edge

The position of the fundamental absorption edge is very sensitive to the com-
position of LiNbOj and LiTaO3. This feature is often used, because samples
of 1 or 2mm thickness with an orientation of about 5° are very suitable and a
moderate optical quality with a density of scratches less than 1% of the total
area is required. A reflection correction is necessary, shifting the edge by about
one nm to the blue. Because there is no common definition of the bandedge,
certain absorption values, suitable for a typical thickness of samples are to
be investigated. For convenience of the reader, empirical equations are given
for absorption values of 15 and 20 cm ™!, as well as a visualization in Fig. 6.4.
Above 49.5mol.% Li; O the sensitivity is high, mapping a change of 0.1 mol.%
to 2 nm. So even common spectrometers allow an accuracy of this magnitude

A5 = 321.9 — 1.597 x — 5.745 22, (6.5)

Moo = 320.4 — 1.829 z — 5.485 z2. (6.6)

The variable  is the deviation from the congruent composition (48.38 mol.%)
in mol.%. These equations are valid for light being polarized parallel and
propagating perpendicular to the polar axis. Similar equations for other light
polarizations are given in [565].

A nonlinear decrease of the bandedge wavelength with rising Li content was
found in LiTaOgs crystals, too, but described with an exponential fit function
of the form

A20 = 278.93 — 15.77 exp [(cr; — 50) 1.75] (6.7)

for the extraordinary polarization [38]. This behavior could be interpreted by
assuming an appropriate overlay of an additional near UV absorption caused

325 (o 325
_.320¢1 320
IS
£
< 315 315
i)

C

2310 310

a bandedge position for o. = 20 cm-?

= 305 305
300} ¢ 1300

475 48 485 49 495 50
Li,O (mol. %)

Fig. 6.4. Absorption edge of LiNbO3 for T' = 22°C at o = 20cm ™! as a function of
crystal composition. Open circles and stars indicate measured values for extraordi-
nary and ordinary polarizations, respectively. Lines are calculated using an equation
and parameters given in [565]



6.2 Refractive Indices and Birefringence: A Generalized Sellmeier Equation 143

by Ta or Nb antisite ions to the base one. The concentration of antisites
increases up to 50% and then stays constant causing the observed dependence
of the bandedge on composition [38]. Finally, we mention that the bandedge
position cannot be used for composition determinations, if an impurity like
Fe causes some absorption close to the bandedge.

Other methods, sometimes used, depend on the linewidths of signals
(NMR, EPR, Raman, OH stretch mode) that decrease with increasing stoi-
chiometry, for details see the survey [37]. Recently, Dravecz and Kovdes [110]
proposed to determine the LioO content in LiNbOg from the intensity ratio
R = I3480/15,465, where 3,480 and 3,465 cm™! are two components of the
OH-stretch mode. This criterion is put forward, because R linearly decreases
with the Li»O increase from 49.7% to 50%.

6.1.3 Homogeneity

Besides interferometric techniques, all optical methods working with spatially
limited beam dimensions may be used to test the homogeneity. Specially the
frequency doubling methods have been proposed. Measurements of the phase
matching temperature T}, can be applied, either working with a focused laser
beam and moving the sample or illuminating it uniformly and using a one-
or two-dimensional detector array to measure the intensity of the generated
second harmonic light achieving a spatial resolution of 20 um. Examples of the
sensitivity of T, on variations of the content of damage-resistant dopants are
given in Sect. 6.3. More methods and details are presented in [37].

6.2 Refractive Indices and Birefringence: A Generalized
Sellmeier Equation

Doping with optical-damage-resistant impurities as well as variations of the
[Li]/[Nb] ratio result in variations of the refractive indices and the birefrin-
gence. An extensive reference list on measurements and modeling of the data
with various kinds of Sellmeier equations is given in [566,567]. Two differently
motivated approaches can be suggested. Schlarb et al. [220,222,568-572] in-
troduced a general approach for describing the dispersion of ne(\), n,(A) in
LiNbOj of different composition or doped with optical-damage-resistant ions.
The unique feature of this approach is the physical interpretation of each
term of the Sellmeier equation with respect to the intrinsic defects. Jundt
et al. [566,567,573] and Paul et al. [574] favor a description, which is valid
over a large wavelength range (400-5,000 nm) but does not allow any special
relation to the incorporation of optical-damage-resistant ions. Both models
describe ne(\) and ny(\) very well for congruent and nearly stoichiometric as
well as Mg-doped LiNbOg in the range 400-1,200 nm. We point out, that the
fits of Schlarb et al. [220,222,572] are valid only in the range 400-1,200 nm
and guarantee an accuracy of about 2 x 1073, while the empirical approach of
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Fig. 6.5. Comparison of the calculated ordinary index of refraction n, for congruent
LiNbOg3 according to Jundt [567] (solid line) and Schlarb et al. [220,222,572] (doted
line). The insets magnify the differences of the two Sellmeier fits in the blue and
near infrared region

Jundt [567] extends up to 5um with a better accuracy of about 2 x 10~%, but
is limited to undoped and Mg-doped material. This conclusion is illustrated
in Fig. 6.5, where the dotted curve denotes the ordinary refractive index ac-
cording to Schlarb et al. [220,222,572], while the solid one to Jundt [567].
The curves are almost identical even in the blue region, if the uncertainty of
2 x 1073 is taken into account, but strongly diverge for longer wavelength,
as already pointed above. This is also true for the extraordinary index in
congruent and nearly stoichiometric undoped material as well as in optical-
damage-resistant LiNbOg grown from congruent melts. The insets in Fig. 6.5
illustrate the differences of both curves at about 400 and 1,200 nm.

We use the general fit to discuss the dependence on the optical-damage-
resistant ions. Usually the index of refraction is described as a sum of several

oscillators 4
2 J

n“=1+ —_— 6.8

> (6.8)

where )\;2 describes the resonance frequency of an oscillator and A; is its
strength proportional to the oscillator concentration (assuming their inde-
pendence). Optical properties of LiNbO3 in the near UV range depend on the
single oscillator represented by an NbOg octahedron [575]. The approach is
based on estimations of the change of the oscillator strength Ag due to a sub-
stitution of a regular Nbyy, atoms by defects like Nby,;. Their concentrations
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depend on the Li content or on the concentration of the damage-resistant
Mg ions controlling the content of Nbyr;. The consideration is based on the
Li site vacancy model; a difference in the resonance energies of Nbyy, Nby;,
and Mgy, (Znpi, Ing,;) is neglected. This idea led to the following generalized
Sellmeier equation for all optical-damage-resistant LiNbOg compositions

n2 Ao + ANby, CNby; + AMg,, OMg,, + Azng; Czng; + Al Cing,

- (Ao + po [f(T) = F(To))) 2 — A2
+AUV — AIR )\2, (69)

where Ayv is the contribution from UV plasmons, Az A% is the contri-
bution from dipole-active phonon oscillations, and f(T) = (T + 273)% +
4.02310° (coth[261.6/(T + 273)] — 1) takes into account the temperature de-
pendence of the resonance frequency (Ty = 24.5°C). f(T') is an empirical para-
meter and has no clear relation to theoretical predictions derived in [576]. The
concentration of Nby; as a function of the concentrations of optical-damage-
resistant ions is given by

CMg CZn Clin

50 — cr;) — & Zn On 6.10
( CL) QMg QZn QIn ( )

Wl N

where onig, ozn, and og, are fitting parameters corresponding to the exper-
imental values of the threshold concentrations of Mg, Zn, In (5.0%, 6.5%,
1.5%), respectively. This presentation of the Nby; concentration is due to the
fact that the authors assumed the threshold concentrations to correspond to
the removal of Nby; and the following substitution of regular Li atoms by
optical-damage-resistant ions. An incorporation of these ions onto Nb sites
found later [215-217], was of course not considered. According to (6.10), a
change of ne, no, at threshold concentrations means a vanishing oscillator
strength for the resonator, and a linear increase of the strengths of Mgy,
Zmr;, and Ing; resonators.

Parameters of the Sellmeier equation (6.9) are shown for convenience, in
Table 6.1. Despite some restrictions, particularly of a postulate on a relation
between the disappearance of Nby; and the threshold concentrations, which
lacked support from structure measurements [215-217], this type of Sellmeier
equation (6.9) allows a discussion of the influence of optical-damage-resistant

Table 6.1. Parameters for the Sellmeier equation (6.9)

Ao 140 Ag Ar ANy

ne 223.219 1.1082x107°% 4.5312x107° 3.6340x 1078 —7.2320x 108
ne 218.203 6.4047x107% 3.9466x 107> 3.0998 x 10~® 11.8635x 10~ 7
AMg Azn AIn AUV

noe —T7.3648x107% 6.7963x107% —2.4 x 107 2.6613
ne 7.6243x107%  1.9221x1077 4.7x1077 2.6613
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ions on ne(N), no(A) for Mg [572], Zn [577], and In [578] doping for wavelengths
up to 1,200 nm and even for double-doping with (Zn+In) [579].

In the next step, we demonstrate the power of the Sellmeier fit by consider-
ing the influence of doping on ne(A) and n,(A). A rough inspection of Table 6.1
shows, that the parameters Any,,, Amg, and A, have different signs for n.,
and n, while they are equal for Az,. Therefore, we expect different slopes,
this means an increase or decrease of the refractive index with increasing dop-
ing concentration. This is indeed observed and shown for the single laserline
633nm (see Fig.6.6). In addition, the threshold values for Mg, Zn, and In
show up as a kink in the concentration dependence. Nevado et al. [580] found
a clear singularity in the concentration dependence of n, in LiNbOg:Sc for a
Sc3t concentration of 3%.

Note that both ne(\) and n,(\) are growing with the Zn concentration in
contrast to Mg doping which results in a decreasing n.(X) [57,572,581]. This
specific observation for Zn doping is of importance for practice (see below at
the end of this section).

Although data on In and Sc are not included in Fig. 6.6, they behave quite
similar [578,580].

Recently data for Li-enriched (near stoichiometric) LiNbO3:Mg were re-
ported [582]. Refractive index data for NSLN are independent on the growth
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Fig. 6.6. Comparison of the calculated indices ne, and n, for A = 633nm for
undoped LiNbOs3 of different composition and Mg-doped and Zn-doped grown from
a congruent melt. The solid lines were calculated with (6.9) using the parameters
of Table 6.1. Experimental data were taken from [220,572]
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method (TSSG or DCCZ). Although n, decreases with increasing Mg concen-
tration for both CLN:Mg and NSLN:Mg, the decrease of the latter is stronger.
But the results differ strongly from those of Mg-doped congruent LiNbOg3 for
the extraordinary index ne, where the index decreases with rising Mg concen-
tration and then slightly increases above 5mol.% (Fig.6.6). In NSLN, n, is
almost independent of Mg up to 4.5 mol.% MgO [582]. The different behav-
iors of NSLN and CLN can be partially explained by the fact that the Nby;
antisite plays no more a dominant role. Changes in the electronic structure,
due to modifications of the constituent chemical bonds induced by MgO or
Zn0O doping are probably responsible for the different influence of Mg and Zn.
As a consequence, the Sellmeier approach used for (6.9) is no more applicable
to NSLN, thus Nakamura et al. [582] derived Sellmeier parameters for each
composition abandoning any physical interpretation. An exhaustive collection
of Sellmeier equations including the parameters are published in the book by
Nikogosjan [17].

A very similar situation is observed in LiTaOgs. The ordinary index n, is
almost equal for CLT and NSLT like in congruent and nearly stoichiometric
LiNbO3, while n, is about 0.5% lower in NSLT than in CLT [28], but differ
about 1% in NSLN and CLN (see upper part of Fig. 6.6). Mg doping of NSLT
up to 1mol.% MgO has no effect on n, and n., but almost eliminates the
photorefractive damage. Recently, a temperature-dependent Sellmeier equa-
tion has been reported for undoped NSLT and CLT with an accuracy of
0.0001 [26].

As mentioned earlier, a specific amount of Zn-doped LiNbOg among other
optical-damage-resistant compositions is an increase of both the ordinary and
extraordinary refractive indices with the Zn concentration (Fig.6.6). Due to
this effect, Young et al. [583,584] proposed wave-guiding Zn-indiffused struc-
tures on LiNbOgj substrates. As known, the most widely used methods to
produce waveguides on LiNbOgj are the proton-exchange or Ti-indiffusion.
In spite of the great advantages of the HT-indiffused waveguides (manu-
facturability owing to low temperature formation), their drawback is that
they support extraordinary waves only. Additionally, protonated LiNbOgs
waveguides exhibit a noticeable photorefractive damage [193]. Ti-indiffused
waveguides support both polarizations, but reveal a pronounced optical dam-
age even on an LiNbO3:Mg substrate [585]. Moreover, a high temperature
during Ti-indiffusion 7' > 1,000°C is accompanied by an Li-outdiffusion and
a partial polarization reversal in the waveguiding layer, as shown in Chap. 7.
Zn-indiffused waveguides on LiNbOj3 and LiNbOj3:Mg eliminate the draw-
backs inherent to these types of waveguides, because they support both ordi-
nary and extraordinary polarization modes and are extremely optical-damage-
resistant. An additional advantage of Zn-indiffused waveguides is a rather
high Zn diffusion coefficient exceeding by two orders of magnitude that of
Ti, thus the required Zn diffusion temperature is considerably lower (800—
900°C) [586]. Similar properties offer Zn-indiffused waveguides on LiTaOg
[687]. Zn-indiffused waveguides on LiNbOs:Mg were optically stable at an
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input power of 180 kW cm ™2 for 515 nm radiation, whereas proton-exchanged
waveguides on LiNbO3:Mg were unstable from 7kW cm~2 [583]. Encourag-
ing results were obtained for proton-exchanged waveguides fabricated on a
substrate of damage-resistant LiNbOg:Zn with 6 mol.% ZnO [588]. Studies
in various waveguiding structures on the base of LiNbO3:Zn are in progress.
For example, low-loss planar and channel waveguides for A = 1,500 nm were
obtained by diffusing ZnO in low pressure [589]. DiPaolo et al. [590] demon-
strated a Zn-diffused LiNbO3:Nd waveguide laser; channel waveguides formed
on the z-cut of an LiNbO3:Nd crystal provided the stable propagation of the
pumping wave with 816 nm and of the m-polarized Nd3t-emission wave at
1,085 nm. Kawaguchi et al. [591] reported on waveguiding properties of Zn-
doped LiNbOj liquid-phase epitaxial thin films grown on LiNbOg3 substrates.

6.3 Phase-Matching Temperature and Angle

LiNDbOg3 is one of the most attractive materials for optical frequency conversion
due to its rather high NLO coefficients. The nonzero components of the non-
linear susceptibility tensor are d3; = d3o, d3sz, doo = —doy = —%dlg, dis = day
with values given in Table 1.2 for 1,064 nm light. A detailed investigation of
nonlinear-optical coefficients of LN and LT are given in [593].

A great advantage of LiNbOg for the optical frequency conversion is the
possibility to obtain a noncritical 90°-phase-matching by means of temper-
ature tuning. Another possibility of controlling the phase-matching temper-
ature Ty, and the angle ©,,, is achieved by varying the Li content or/and
doping with optical-damage-resistant ions (Fig.6.7). These dependencies are
caused by the compositional dependencies of the refractive indices discussed
in Sect. 6.2. Particularly, a strong impact of the Li content of undoped LiNbOg
on the birefringence results in a drastic growth of T}, from —80°C in congru-
ent LiNbOg crystals to 470°C in stoichiometric ones [7].

The threshold concentrations of the optical-damage-resistant impurities
show up in the index of refraction as a smooth kink. Much more pronounced
anomalies are predicted and indeed observed for properties depending on the
dopant and temperature dependence of the refractive index. As an exam-
ple, we discuss the phase-matching temperature Ty, for A = 1.06 pm (Nd-
YAG laser radiation) for collinear noncritical SHG vs. the concentrations of
optical-damage-resistant dopants (see Fig. 6.7). For both divalent and trivalent
dopants, the maxima are found for concentrations corresponding to threshold
values. The same is true for the phase-matching angle ©,,, at a given temper-
ature [220,572,578]. All these concentration dependencies are well described
with (6.9).

Note that these nonmonotonous concentration dependencies of T}, and
Opm present one of the most striking manifestations of the threshold. Stud-
ies on applications of LiNbOs:Mg for optical-frequency conversion started
immediately after finding the optical-damage resistance in this composi-
tion [405,407]. For example, the second harmonic generation of an Nd-YAG
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laser was investigated in LiNbOs:7%Mg crystals that have T, = 60°C,
and Opy, = 82.3 at room temperature, so the walk-off angle is negligible
~ 0.6°) [407]. The authors estimated the type I SHG to be obtainable with
this composition in a wavelength range from 1.05 to 3.4um. The SHG effi-
ciency was compared to KTiOPO, (KTP) and LiB3O5 (LBO) (see Fig.6.8).
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6.4 Electro-Optic Properties

LiNbOj crystals are widely used as electro-optic modulators both in bulk and
waveguiding structures (for references see the recent reviews [477,594, 595]).
The values of the nonzero electro-optic coefficients at 633 nm for static electric
field (zero-strain or nonclamped conditions) and clamped conditions are listed
in Table 1.2 for various compositions. These values oscillate within several per-
centage. As shown later, EO coefficients are modified like the NLO coefficients
by a variation of the Li content or/and doping with optical-damage-resistant
ions. In addition, they serve as a second example for a more pronounced
anomaly induced by the dependence on an external parameter, like the electric
field instead of the temperature, is the electro-optic coefficient (EO). An often
used method to measure it, is the frequency doubling electro-optic modulation
(FDEOM) introduced by the group of Aillerie and Fontana, where the phase
shift between polarization components depends for r. = r33 — (n,/ne)riz on
the field-induced birefringence as follows:

Ir= ﬂAn(E) = @n;‘j re E (6.11)

A A

with L as the crystal length along the z-axis and F along the z-axis. The often
used transverse mode of operation, when the laser beam propagates along the
z-axis and the field is normal to it, involves the coefficient r52. Experimental
results on ro9 in undoped LN as a function of composition that slightly differ
have been reported in [596,597]. Starting at the congruent composition, the
EO coefficient decreases up to about 48.9 mol.% and then increases. In a first
attempt, the minimum was related to the behavior of the elastic constant [596]
and then interpreted as due to the noncentrosymmetry in the electrostatic po-
tential distribution around Nb—Og clusters [597]. An increase between 48 and
50mol.% was reported for r33 [27], almost no difference for ri3 in congruent
and stoichiometric material [598]. A decrease of the EO coefficients with in-
creasing Li content was observed in Fe-doped as well as in Cr-doped LiNbO3,
too, but in Fe-doped samples no increase was found for higher Li concentra-
tions [599,600]. In both cases the EO coefficients depend almost linearly on the
doping element. The most intriguing results are presented by Kondo et al. [27],
where an increase of r33 in Ce- or Fe-doped near-stoichiometric LiNbO3 by
30% was observed compared to CLN; the authors assign this anomalous ef-
fect to a possible variation of the crystal structure. We mention that the
EO coeflicients in congruent LT are much smaller than in LN [601]. Yonekura
et al. [602] report on a rqg coefficient and a half-wave voltages V% in congruent
LiNbO3:5%Mg and near-stoichiometric LiNbO3:1.8%Mg in the spectral range
400-1,600 nm. The values and spectral dependencies of 795 in CLN:5%Mg are
close to those in CLN, whereas 795 in NSLN:1.8%Mg are noticeably higher.
For example, for 633 nm rg9: 6.54; 6.2 and 6.97pm V! in CLN, CLN:5%Mg
and NSLN:1.8%Mg, respectively, under constant stress (clamped) conditions.
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In Zn-doped LiNbOj3, the varying Li vacancy concentration induces even
a minimum and a maximum as seen in Fig. 6.9.

The dependencies of 7. and 733 vs. Zn [221] are nonmonotonic and addi-
tionally to maxima in the range of the threshold concentrations reveal anom-
alies in the low concentration ranges. Speculatively, in LiNbOg3:Zn it correlates
with a disappearance of Nby; (Fig.2.20). From a practical viewpoint, it is im-
portant that in an optical-damage-resistant concentration range, the values of
r;; are not decreased compared to an undoped congruent crystal.
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Polarization Reversal and Ferroelectric
Domains in LiNbO3 Crystals

Summary. Numerous publications on the polarization reversal and domain
dynamics in LiNbOgs and LiTaOgs are summarized. First, the basics of the fer-
roelectric switching are discussed starting from the Landau—Guinzburg—Devonshire
phenomenology with an account for a contribution from domains and domain walls.
The concept of the internal bias fields Ey, in ferroelectrics related to an interaction
of defects with the host is presented. The Miller—Weinreich model of the ferroelec-
tric switching is formulated and various techniques of studies in the ferroelectric
switching and domain dynamics are drafted with an emphasis on those applicable
to LiNbO3s. The background part is closed by the basics of the optical frequency
conversion using the ferroelectric domain structure. After a short historical review
of the early results on the polarization reversal in LiNbO3 and of the first attempts
of the creation of periodically poled LiNbO3s (PPLN), a specific of the ferroelectric
P—FE hysteresis loops in LiNbOg and LiTaOg is discussed. A drastic response of the
coercive E. and bias FEj, fields and of the pulsed-switching parameters to an increase
of the Li content or/and optical-damage-resistant impurity doping is described in
detail. An interpretation of the polarization reversal specifics in terms of the pinning
effects assuming the pinning centers to be the intrinsic defects is analyzed. In the
next step an impact of a photoactive UV-light on the polarization reversal, partic-
ularly values of F. and FEy and the switching velocity is presented which may be
related to screening effects. In the end of the chapter, the experiments on recording
regular domain patterns by means of electron and ion beams or under dc-voltages
applied to AFM-tips are examined. These methods provide a possibility to obtain
domain patterns on a nanoscopic level and to avoid the undesirable effects of back-
switching and domain merging which are inherent for recording PPLNs by applying
external fields to regular electrode patterns. A specific of the ferroelectric switching
under an extremely spatially nonuniform field of an AFM-tip is characterized and
current models are outlined.

7.1 Classical Description of the Ferroelectric Switching

To begin with, we recall the fundamentals of ferroelectricity with an emphasis
on ferroelectric domains and the polarization reversal. This material presents a
compilation from several monographs [3-5,297,603—-607]. From a large amount
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of available material, we selected those details which are appropriate for dis-
cussing the polarization reversal in LiNbOg3. Therefore, we consider the case of
uniaxial ferroelectrics with two antiparallel polarization directions +F;. In this
overview of the data for LiNbO3 and LiTaO3;, we concentrate on the switching
process. The results on the domain structure are presented as applied to the
switching, whereas the domain structure of LiNbOg3 and LiTaOg by itself and
the appropriate bibliography is discussed in recent reviews [608-610].

7.1.1 Phenomenological Description

The phenomenology of a ferroelectric phase transition is modeled with a ther-
modynamic potential, the elastic Gibbs function with the independent vari-
ables temperature, stress and the order-parameter. This order-parameter must
reflect all possible changes (reduction of the number of symmetry elements) of
the system. The order-parameter is defined to be zero in the high symmetry
phase, i.e., for temperatures T" above the phase transition temperature T,
and nonzero else. In proper ferroelectrics the spontaneous polarisation P is
used as order-parameter. Above T, there is no P, thus no reduction of crystal
symmetry elements occurs. On the other hand a P # 0 destroys all symme-
try elements which do not keep Ps unchanged. Neglecting the strain, we have
the differential dG = —SdT 4+ E dP and a second-order phase transition is
described by the Landau—Ginsburg G(P,T) with a polynomial in P having at
least terms up to the fourth order [4].

a(T)

P2+@

P,T) =
G(7 ) G0+ 2 4

P*. (7.1)
Only terms with even power are used, because usually the high temperature
phase has an inversion center or a mirror plane perpendicular to the principal
axis.

We mention that this simple form is only valid if a uniform P, distribu-
tion is assumed and the piezoelectric effect and electrostriction are neglected.
For a first-order phase transition close to the second-order one an additional
term 2P° is added to (7.1) and 3 < 0. In congruent LiNbOs the second-
order phase transition occurs at T, =~ 1,190°C from the centrosymmetric-
paraelectric phase (space group ng) to the noncentrosymmetric phase (space
group C§, ).

The appearance of Py results in spontaneous elastic strains

U; = diij + Q”kPij and Ujp = dijk E;, (72)

where d;; and @;;, are piezoelectric and electrostriction coefficients, respec-
tively. Consequently, the free energy includes the elastic energy and may be
presented in a generalized Landau—Ginzburg-Devonshire (LGD) form as

Grep (P, Py, T, ur) = Gra (P, Py, T) + Gel(u;) + Ges (P, up) (7.3)
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Fig. 7.1. Free energy G — Gy as a function of the polarization P for three temper-
atures 71 < Tc =Tp < Ts

where Grg, Ge and G are the LG-energy (7.1), the elastic and the elec-
trostrictive energies, respectively.

In Fig. 7.1, G is depicted for temperatures below, at the phase transition
and above. In the paraelectric phase only one minimum exists, while two show
up in the ferroelectric state. They correspond to the +P; values, which can
be derived from (7.1) solving (0G/OP)p, = 0, i.e., Ps(a + BP2%) = 0, yielding

g:iw%fbrT<n

P,=0 for T>T1.. (7.4)

The parameter o can be expressed in the paraelectric phase in terms of the

Curie—Weiss law
1 C

XA T o1
where y is the dielectric susceptibility. For a constant temperature 7' the
above-mentioned differential reads £ = dG/dP = aP + BP? defining a
hysteresis loop as shown in Fig. 7.2.

In the ferroelectric phase the curve between the two states A, C' describes
unstable states, thus the system jumps from A — B and C' — D. The corre-
sponding field in A or C' is known as the coercive field E. and calculated from
the roots of dE/d P = a + 33P% = 0, i.e., P. = =1/—a/303, by substituting
P, back into a P + SP3 we yield

Bo—+ 2 0% co03850P (7.6)
3B\ BT '

using the solution (7.4) with SP2 = —a.

This theory describes adequately the anomalous properties in the phase
transition regime and according to (7.4) and (7.6) predicts qualitatively a
two-valued (hysteresis) dependence of P(F). However, this concept is not

(7.5)
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Fig. 7.2. Polarization P vs. electric field E for three temperatures 71 < Tc =
To < T», using the same parameters as in Fig. 7.1

valid for a quantitative description of the observed hysteresis phenomena.
Indeed, calculations using experimental values for y and P, give coercive
fields orders of magnitude higher than the experimental ones. For example,
in LiNbO3 (e33 ~ 30, P, ~ 75 x 1076 Cecm™?) the relation (7.6) leads to
E.~5.4x10Vem™" [611], whereas the experimental values in stoichiomet-
ric and congruent LiNbO3 are 1.7 x 10* and 2.2 x 10° V em ™1, respectively. As
LiNbOj exhibits the highest E. among the ferroelectrics, so for other crystals
this discrepancy is even larger. This discrepancy is due to the fact that the P
reversal occurs via the formation of ferroelectric domains, which are regions
with different orientations of Ps. This mechanism is beyond the phenomenol-
ogy, which was developed for a uniform infinite ferroelectric without account
for discontinuities of P; on the crystal surfaces. The domain formation is
caused fundamentally by depolarizing fields (V Py # 0). The thermodynamic
potential for a ferroelectric crystal with a nonuniform P distribution (i.e.,
one containing domains) takes into account the depolarizing energy Wg and
the energy of the domain walls Wy,

G(P,T) =G, +/

1
{O‘Jﬂ +Opiy SO(VPY AV 4+ Wi+ W, (1.7)
\4

2 4

The depolarizing energy depends on the crystal geometry and on the surface
domain configuration. On the whole, the depolarizing field inside the crystal is

_LP

€0

E = , (7.8)

where L is the depolarizing factor and ¢y the dielectric constant. Thus, the
depolarizing energy is
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Fig. 7.3. A model periodic domain structure

W = 1/ PEAV = 1/ S I2P2av. (7.9)
2 % 2 v €0

For a thin single-domain crystal with a uniform polarization, we have L = 1.

There were many attempts to estimate Wg and W,,. The latter parameter

requires the energy of the unit domain wall area, usually described by o. For

example, for a practically interesting case of a regular (periodically poled)

domain structure (Fig. 7.3) the calculations give

* P2
Wy = C iV (7.10)
d
w, =2V (7.11)
w

where d is the crystal thickness, w the domain width (d > w), V the crystal
volume, and €* a coefficient depending on the dielectric constants. Minimizing
Wg + Wy, for this structure one obtains an equilibrium domain width

od
€* Po2

(7.12)

The dependence w o v/d was actually observed in some crystals. The calcu-
lated values for o are strongly scattered, e.g. for 180°-domains the estimates
give ~ 1072 and 10 erg cm~2 for Rochelle salt and BaTiOs, respectively.

In the equilibrium state the spontaneous strains (7.2) on either side of
the wall in the adjacent domains should be equal to avoid large stresses at
the domain boundary. This condition of the ‘mechanical compatibility’ based
on the crystal symmetry and the values of d;; and @;; imposes limitations
on the orientation of the domain walls with regard to the crystallographic
axes. Their favorable orientations for some point groups were predicted and
tabulated [612]. Recently a phenomenological approach to the domain walls
was developed for uniaxial trigonal ferroelectrics, particularly for LiNbO3 and
LiTaOj3 crystals [610,613]. According to these calculations the most energet-
ically favorable are the domain walls lying in the yz symmetry plane, which
was experimentally supported. Note, that the calculations were performed
with no account for a contribution from defects, so are more appropriate for
the stoichiometric crystals.
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The domain wall thickness is under discussion for long. From the phe-
nomenological viewpoint, in an infinite ferroelectric crystal the thickness of a
single domain wall is equal to the correlation radius of the order parameter
re = y/0/2a with a and § defined in (7.7). First-principle calculations give,
when applied to PbTiOg, for a 180°-domain wall a thickness of the order of
the unit cell parameters, thus within 0.5nm [614,615]. A phenomenological
consideration taking into account the elastic energy G and the nonunifor-
mity of P, i.e., the existence of domains, was for the first time proposed by
Zhirnov [616] by an example of a periodic domain structure like that shown
in Fig. 7.3; recently this approach was developed for domains in trigonal crys-
tals [613]. The polarization and elastic strain fields are functions of the coor-
dinate x, normal to the domain-wall plane, and minimizing the free energy
by P gives the solution Py(xy,) ~ Pstanh(z,/H), where H is the domain-wall
thickness. The following expression linking H, the domain width w, and the
crystal thickness d was derived by Zhirnov [616] for the equilibrium of the
periodical structure (Fig. 7.3)

w  —Ka

Hd ¢
where K = 1.5—2 and « is the coefficient of the first term in the LG-potential.
The corresponding estimates for various crystals gave H ~ 1nm. Unluckily,
the accuracy of the most precise methods like TEM or PFM does not permit
to estimate the thickness of an ‘ideal’ domain wall with a satisfying reliability.
A real domain wall thickness is, as a rule, far from these estimates. For
example, measurements by the PFM method give for LiNbO3 a domain wall
thickness in the range from 65 to 150nm [617-619]. Additionally, a polar-
ization reversal is accompanied by an onset of nonequilibrium slow relaxing
elastic strains adjacent to a domain wall. Another effect is a tilting of a domain
wall with respect to the polar axis, which is accompanied by the formation of
a space-charge field at the domain boundary. Both situations are characteris-
tic for LiNbO3 and LiTaOj3 as discussed in details in Sect. 7.2. These elastic
strains and space-charge fields adjacent to the domain boundary result in a
disturbed area, thus a domain wall in fact is as thick as hundred nanome-
ters and even micrometers. It should be emphasized that the problem of the

domain wall thickness is at present very far from a comprehensive solution.
Screening effects are most important for the mechanism of the polariza-
tion reversal and domain dynamics. First, the bound charge Py is screened by
free charges. Additionally, a screening of the depolarizing field accompanying
a change of P, (under external fields, temperature variations, etc.) may suf-
ficiently affect the polarization kinetics and the resulting domain structure.
An impact of a photoactive radiation on the domain dynamics, which usually
manifests itself as an acceleration of a domain evolution received the name
photodomain effect [606]. As will be shown later, this effect is characteristic
for LiNbO3 and LiTaOs. According to Tagantsev et al. [620], two particular
cases of screening exist, namely, the screening of charged domain walls and

= const (7.13)
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screening of bound charges on the polar interface between the crystal and the
electrodes. The former process obviously contributes to the domain sideways
movement, including the on-wall nucleation, whereas the latter is important
for the on-surface nucleation. Note, that the latter process is of a special im-
portance for ferroelectric films in view of the concept of so-called interfacial
passive or silent surface layers. An important parameter of screening effects
is the dielectric (Maxwell) relaxation time

=22 (7.14)

o

where ¢ is the dielectric constant, o = o4 + opn with o4 and op, are the
dark- and photoconductivity, respectively. Let us give some estimates. As
mentioned in Sect. 3.2.1, in as-grown undoped or slightly doped LiNbOg3 we
have o4 ~ 10716 — 107 Q=L em ™! (by indirect estimates), corresponding to
™™ ~ 5—500 days. This means that screening by dark carriers plays no role in
the polarization reversal, which occurs significantly faster (maximum length
are tens of seconds). On the other hand, the photoexcited carriers may es-
sentially affect the domain dynamics, especially at high intensities. As shown
by Fridkin [606], these effects are very pronounced in photosensitive ferro-
electrics like BaTiO3 and SbSJ. In the case of LiINbOj3, they may be expected,
e.g. in optical-damage-resistant crystals doped with Mg. In compositions like
LiNbO3:5%Mg oy, becomes at moderate light intensities 10711 Q" tem™? (see
Fig.4.8), thus 7y is of the order of tens of seconds or lower. In summary, a
contribution from screening effects to the polarization and domain kinetics is
determined by the balance between switching and screening velocities. The
role of screening effects on the domain dynamics in LiNbOg and LiTaOg crys-
tals is discussed in detail by Shur [609].

Polarization processes in ferroelectrics are strongly affected by features,
combined in the general term real crystal structure, which involves various
accidental imperfections, such as point defects and dislocations, growth inho-
mogeneities, etc. One of the manifestations of the real crystal structure impact
is the internal field in ferroelectrics. As this factor is of special importance for
LiNbO3, we shortly dwell on it. P—FE hysteresis loops are often shifted along
the E-axis or constricted in one direction (this asymmetry may appear with
time). A shift of the P—E loop is denoted as unipolarity and described in
terms of a so-called bias internal field

Einy = %, (7.15)
an averaged F. = E.1 — Ey, = Eq.o+ Ey,. The origin of Ej, is a basic problem of
ferroelectricity, first of all because it is closely related to the ageing process,
which particularly reveals oneself in a distortion of the P—E loop. As Ejy
means a preferred and stabilized orientation of Py, and thus making a reversal
difficult or even preventing it, the unipolarity is sometimes referred to as a
stabilization effect.
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Several qualitative microscopic mechanisms for Ey, may be proposed [621].

Bulk effects related to the alignment of dipole defects in the polar matrix.
The wall effect in a polydomain crystal caused by a defect diffusion toward
the domain walls and the subsequent pinning of the latter.

e Effects related to a volumetric nonuniformity of Py (e.g., in ceramics or
relaxor ferroelectrics), which results in a screening of the electric fields
originating from VP # ( either by charged defects or free charges.

e Stress effects associated with the macroscopic mechanical stress produced
by the domain structure itself.

Note that E}, may be due additionally to incidental reasons, for example
such as a nonequivalency of polar surfaces (electrodes, surface layers), a pre-
arranged impurity distribution over the crystal bulk, etc. According to the
concept of Lambeck and Jonker [621], in a single-domain uniformly polarized
ferroelectric the dominant origin of Ej}, is a volumetric alignment of polar de-
fects. From the thermodynamical viewpoint the internal field may be discussed
in the following simplified way [622]. A uniform alignment of dipole defects in
consistence with the P, direction results in a decrease of the free energy by a
value AF = NAW  where N is the concentration of noninteracting defects,
AW is the energy of the dipole field. Thus, the symmetric thermodynamic
potential Fig. 7.1 transforms to an asymmetric two-minimum function similar
to one in the presence of an external field

(1) B(T) v(T)
5 P? + 1 P+ G

where Ey, = NAW/P,. So, the internal field is a formal equivalent of the
energetic difference of the two poling directions.

The origin and properties of Ej, were investigated in perovskites, mainly in
BaTiOg, and in triglycinsulfate (TGS). According to these results, two alter-
natives may occur, namely the Ej, orientation (thus the direction of the defect
dipoles) can or cannot be reversed following the Py reversal. The first process
was observed and investigated in BaTiOg crystals and ceramics and its rela-
tives, for references see [623]. In this case Ey, appears in TM (Mn, Fe)-doped
crystals after a reduction (hydrogen-annealing), which produces oxygen vacan-
cies [621]. The dipole defects are formed by the coupling of Mn (or Fe) substi-
tuting for Ti to the nearest Vo, so Fy, is owing to aggregates like Mn** — V.
Applying a switching external field to a poled BaTiO3:Mn at elevated tem-
peratures of about 7'~ 100°C < T, = 120°C leads to a change of the sign of
E}, [621]. Simultaneously, EPR measurements [623] found a realignment of the
defect anJLVo in line with the reversed P direction. Note that the dipole
realignment which proceeds during seconds, is due to the Ps reversal rather
than to a field action itself, because applying the same field at T' > T.(Ps; = 0)
does not affect the dipole orientation [623]. The possibility of the realignment
of Mn?*-Vg dipoles is accounted for by thermally activated diffusive jumping
of Vo via equivalent O-sites in oxygen octahedra. A quantitative model for

G(P,T) = Go+ = PS — By P, (7.16)
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the corresponding rotation of these defect dipoles was proposed [622]. Inter-
estingly, that isolated defects (e.g. Ti*" or Pb*t in PLZT ceramics) also may
be realigned by applying fields in the ferroelectric phase, which is attributed
to a change of their off-center position in O-octahedra [623]. In contrast to
BaTiOgs, in TGS crystals Ej, cannot be realigned by applying a field in the
ferroelectric phase.

7.1.2 Model Description of the Domain Dynamics
and Ferroelectric Switching

In this section we do not discuss the dependence of the polarization reversal
on the crystal thickness, because these effects manifest themselves only for a
thickness of some tens of pm.

Similarities of the domain dynamics and the switching, mainly found in
BaTiOg3, and partially in TGS, Rochelle salt, GASH and other soft ferro-
electrics, formed the groundwork for the model description. Studies were per-
formed by correlating optical observations with switching currents.

Experimental studies of the switching current found in the low-field range
an exponential field dependence of the switching time ts. By convention tg is
the time corresponding to 90% drop off of the switching current (Fig.7.4), or,
what is the same, to 90% of the switched charge) and is described by

@

ts o< exp ( E),

where « is an activation field. This empirical activation law (7.17) is valid for
almost all ferroelectrics, although the corresponding low-field range varies in
different ferroelectric crystals. With increasing field ¢s(E) diverges from (7.17)

(7.17)

t

Fig. 7.4. Applied field E and switching current i vs. time in BaTiOs. Curve A
corresponds to switching pulses with E antiparallel to P, while curve B is obtained
for E parallel P when no switchings occurs, redrawn from [2]
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tending to a power law ty o E~™ with n depending on the crystal, e.g. n = 1.5
for BaTiOg3, 1 for TGS, and 5.2 for LiH3(SeO3)a, etc.

Figures 7.5 and 7.6 illustrate the field dependencies of ¢ for BaTiO3z and
TGS, respectively. An exponential behavior at low fields is observed in both
crystals. Naturally, in a unipolar crystal the empirical dependence (7.17) for
fields of opposite sign are described by different activation fields.

Optical studies detected four stages of the domain kinetics under external
fields:

the domain nucleation;
the forward (transit) growth of nucleated domains along the field direction;
the sideways domain growth via the domain wall lateral movement in the
direction normal to the polar axis;

e the coalescence of domains, tending to a single-domain state.
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Fig. 7.5. Reciprocal switching time t; and maximum current imq. vs. applied volt-
age in BaTiOgs, redrawn from [2]
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Fig. 7.6. Reciprocals of the switching time ts, the transit time ¢, and the nucleation
time ¢, vs. applied field for TGS, redrawn from [2]
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So, the main questions were, first, what is the mechanism in each stage and,
second, which process dictates the switching time ;.

Let us discuss the switching stages in the generally accepted qualitative
language. The mechanism of the domain nucleation is a subject of numerous
discussions and has not been clarified yet. Usually it is presented as a statis-
tical process with the probability depending on the external field E directed
oppositely to Py

p==poeXP(4é?) (7.18)

predicting qualitatively an exponential dependence of the nucleation rate ¢!
on E. A change of the energy accompanying the nucleation of an antiparallel
domain is

AW = Wi + Wi, — 2PEV (7.19)

where the third term is the electrostatic energy of a nucleus of volume V'
under an external field E. Obviously, among the formed nuclei only a rather
large one (exceeding certain critical dimension) can grow without collapse.
In the classical model of the domain nucleation [624] an estimate of energies
required for the formation of a critical nucleus (an isolated antiparallel nu-
cleus in a polarized body) gives enormous values, for example AW 10% kT for
BaTiO3, which eliminates the possibility of a nucleation via thermal fluctua-
tions. Evaluations of the activation field give 8 ~ 10° — 106 V.em ™!, which by
orders of magnitude exceeds the experimentally observed fields of the domain
nucleation. To remedy this problem it was reasonable to assume the existence
of certain centers triggering the nucleation by analogy with the crystalliza-
tion in under-cooled solutions. An example of the probable nucleation centers
might be unregulated micro- or nano-domains located on the polar surfaces.
Actually, the modern precise methods detect such microstructures in some fer-
roelectrics even in a nominally single-domain state. Particularly, those were
noticed in nominally single-domain LiNbOj3 [625]. A spontaneous appearance
of antiparallel domains on the polar face may be qualitatively accounted for
by a specific of the surface layers on the polar faces, which may be related par-
ticularly to screening effects. For example, Janovec [626] assumed that high
screening fields may lead to a partial polarization reversal within a surface
layer. This might be a possible reason of the surface microdomains initiating
the domain nucleation.

The sideways domain velocity v, obtained from optical observations in
BaTiOgs obeys an exponential law in the low-field range

Vs = Voo €Xp (—0/E) (7.20)

where § is the activation field for the sideways domain motion depending on
many factors, such as electrodes, crystal thickness, etc. At higher fields the
dependence transforms to a power law

Vg o< B4 (7.21)
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The calculations have found, that the real lateral domain wall movement
under moderate fields is energetically unfavorable. To overcome this argument,
a concept of an apparent sideways domain motion was suggested [627,628].
This process may be imagined as a generation of antiparallel domain nuclei
on an already existing domain wall, and their subsequent coalescence. It is
energy-facilitated when compared to the formation of an isolated nucleus in
a fully antiparallel body. Most energetically favorable is a triangle-shaped
nucleus. According to estimates of Miller and Weinreich [628] the energy of
formation of such a nucleus with several lattice parameters in thickness on a
180°-domain wall is of about d ~ 10 — 12kT at ambient conditions. Multiple
nuclei generated on the domain wall form a pattern of ledges, which tend to
merge making an impression of a sideways wall movement. This process of the
on-wall domain nucleation was recently directly observed in LiNbOg crystals
with the aid of a precise optical method [608]. This model accounts for an
activation field dependence (7.20) of the sideways wall velocity at relatively
low fields, because vy, (E) is proportional to the rate of the on-wall nucleation
obeying an exponential field dependence analogous to (7.18). As seen from the
comparison of ¢S 1(E) in BaTiO3 and TGS (Figs. 7.5 and 7.6), an exponential
law is fulfilled in the low-field ranges in both crystals and is assigned to the
dominant role of the nucleation process. However, at higher fields the devi-
ation of v, (E) from the exponential law (7.20) has found no unambiguous
explanations. In BaTiOg3 it was accounted for by either the dominant role of
the real sideways domain wall movement obeying a power law, or by the fact
that at high fields the domain nucleation itself follows a power law similar to
(7.21). A final conclusion for BaTiOs was that in a low-field range an acti-
vation nucleation process is dominant, whereas at higher fields the sideways
movement (both via the on-wall nucleation and a lateral movement) governs
the switching time. As seen in Fig. 7.6, in TGS there exists an intermediate
field range between the low-field (exponential) and high-field (linear) parts.
It was attributed to a participation of the domain transit (frontal growth),
which may be regarded as a viscous drag

il = kB = L2 (7.22)
d

where p is the domain wall mobility and d is the crystal thickness. The total
switching time is defined as a combination of ¢, and t;; and may be pre-
sented as

o 1 gy, 4]

to = (ty + b)) = |toexp (E) + LBl (7.23)
Expression (7.23) describes adequately the experimental dependence of t; ! (E)
in TGS, see Fig. 7.6, in a wide field range and means that the switching time
is controlled by a slower process, namely, by the nucleation (including the
on-wall nucleation) in a low-field range, and by a frontal domain movement
at higher fields.
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In summary, the outlined general model of the switching process based on
the research of three groups [624,628,629], so-called Miller—Weinreich model,
is commonly accepted up to the present. The main results of their studies
are the existence of several stages of the domain evolution and the separation
of their contributions to the overall switching velocity in the model crystals.
Note again that the exponential law (7.17) is general for low fields and may
owe either to the nucleation, or to the sideways wall movement via the on-wall
nucleation. The behavior at higher fields is more individual.

Ishibashi and Takagi [630] made an attempt to describe the switching
process in the framework of the general approach to the phase transformation
developed independently by Kolmogorov [631] and Avrami [632,633] for the
description of the nucleation and growth kinetics of the crystallization process.
In the concept referred to as the Kolmogorov—Avrami-Ishibashi (KAI) switch-
ing model, the switching kinetics is expressed in terms of the temporal de-
pendence of the switched fraction Q(t) of the crystal volume; the value Q(t)
depends on the domain-wall sideways motion after the nucleation. Following
Avrami [632,633], two fundamentally alternative cases are discussed resulting
in different Q(t) kinetics: (1) in the course of switching under an applied field
the domain nuclei arise progressively with the constant rate (the heteroge-
neous or a-case); (2) only latent initial nuclei are involved and no new nuclei
appear when switching (the homogeneous or -case). For these two cases the
KAT model leads to different expressions for the ratio imaxtmax/Ps , based on
which Ishibashi and Takagi [630] tried to interpret in those times available
data for BaTiO3, TGS, and NaNOsy. However, the comparison with experi-
ment seems to be not very successful, obviously because the KAI model was
developed for an infinite crystal and assumed a uniform distribution of nuclei
both in the oo and the 3 case.

Nowadays, the Miller—Weinreich model is a subject of further developments
when discussing the domain-wall motion in the language of pinning effects.
A pinning means that the domain wall motion under an external field is im-
peded because of the wall coupling with a defect, i.e., because of formation of
certain potential barrier. Overcoming this barrier, i.e., the wall depinning may
be achieved by increasing the applied field or/and heating. As shown below,
pinning effects pronouncedly manifest themselves in LiNbO3 and LiTaO3 and
are evidently responsible for extremely high F. and FEi,; in these crystals.

In addition to the regularities of switching discussed above, experimental
studies in pulsed switching found several specific effects of practical impor-
tance. In the first instance these are fatigue (or ageing) effects manifesting
themselves as decreasing values of the switched charge Qs (or, which is the
same, of the switched crystal volume) after multiple switching cycles (not ex-
ceeding 10% in BaTiO3z or TGS). Just fatigue effects set limits on the most
important applications of ferroelectrics.

An important factor controlling the polarization process is the shape of
the voltage trains applied to the crystal, namely the pulse duration and the
off-duty factor. An impact of these factors manifests particularly in the effect
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of the domain backswitching observed for the first time in BaTiOs [634]. The
backswitching means a partial (or, sometimes, a total) depoling of the crystal
right away after turn-off the switching field. A related effect is an influence
of the pulse duration ¢, on the switched charge ()5 which is characteristic for
relatively low field amplitudes (close to E.). If ¢, is shorter than certain critical
t*, then after applying a single pulse the value of the remnant polarization is
negligible or even zero. In the first case, ()5 may be accumulated by means
of applying a series of short pulses (up to 10%) of the same polarity and
duration. If ¢, > t*, then several pulses or even a single one is enough to
switch Py completely. For soft ferroelectrics like TGS, t* is in the range of few
milliseconds and decreases with E and 7T'. In rigid ferroelectrics like LiNbOs5,
t* is in the range of seconds, as shown later. The physical meaning of t* is
yet unclear. Sometimes it is regarded as a time required for the formation
of a critical nucleus, in other cases, as in LiNbQOj it is accounted for by the
backswitching process. At present, the backswitching is sometimes believed
to be related to pinning effects, namely to the existence of certain critical tx
required to depin the wall.

We now dwell shortly on surface layers on the polar faces of ferroelectrics,
because such a layer has an influence on the domain nucleation. First, specific
skins do exist on the surfaces of as-grown crystals, or mechanically treated
(e.g. polished) samples. The properties of these skins, such as the dielectric
constant, conductivity, pyroelectric coefficients, etc., differ from the bulk pa-
rameters, which manifests particularly in the thickness dependencies of these
values. Moreover, the structure of the surface layer may be distorted, which
is exemplified by LiNbOgs, where a surface layer after a mechanical treatment
contains micro-inclusions of another phase (LiNbsOg). These skins and their
impact in some cases can be avoided, for example, by etching in BaTiOg, cleav-
age in TGS, or by a special heat treatment in LiNbO3 [635]. More important
is a fundamental specific of the polar surface layer in ferroelectrics related to
the screening of Ps by charge carriers. The properties of a formed interface
depend on the screening conditions. Particularly, at the interface insulating
ferroelectric—conductive electrode several specific effects are expected, for ex-
ample, the depletion effects characteristic for wide-gap compensated semicon-
ductors. An estimate for a reasonable carrier density close to the surface of
about 10'°-102! ecm ™3, forming a Schottky barrier, gives a surface field in the
range of 10%-10° V em ™! [4]. Another estimate of the field developed in a layer
with a thickness of about 0.5um and a concentration of about 10!? cm=3 of
single-ionized donors gives about 2 x 10* V. em ™! [620] (in the recent bibliogra-
phy on the screening effects in ferroelectrics one may find e.g. in [620]). These
fields might be an substantial factor for the domain nucleation. A well-known
predominant domain nucleation by electrode edges is evidently related to the
edge anomalies of these fields.

Different screening conditions cause an influence of the electrode materials
on the switching process. For example, an essential dissimilarity is observed
in the switching characteristics under metal and liquid electrodes. It may be
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exemplified by the switching experiments in SBN and Bay;NaNbsO15 crystals
[636] where on using liquid electrodes (LiCl water solution) the values of E.
were twice as much lesser than for metal ones.

7.1.3 Experimental Methods for Domain Studies and Polarization
Kinetics

Observations of the Ferroelectric Switching

The integral P(FE) characteristics are obtained either by measuring the
switched charge Qs or the switching current iy = d@Qs/dt (Fig. 7.4) accompa-
nying the polarization reversal. The switched charge is often measured with
the aid of the Sawyer—Tower method (Fig.7.7); the switching current is ob-
served with the Merz method by measuring the voltage drop at the calibrated
resistor placed in series with the sample. In the original version the Merz
method used square (IT-) field pulses, so the whole model description and
terminology was developed for the pulsed switching. An appropriateness of
IT-pulsed fields is the affine shape of the current (i.e., its independence on the
II-parameters). Particularly, for IT-pulses the field dependencies t;1(FE) and
is,maz(E) are identical. Under II-pulses of alternating polarity the switching
current exhibits the well-known form presented in Fig. 7.4, provided that the
pulse rise-time is much shortened than ts. The switched charge Qs = fg 1gdt
at the limit tends to 2P;/A, where A is the area under the electrodes, at
E > E.. It should be emphasized that the term switching time may be used
provided that the Ps reversal occurs completely; otherwise, if Qg is lesser, or,
which is the same not the whole crystal volume is involved in the switching,
as it takes place e.g. in relaxor ferroelectrics even at E > E. [637]), then
this term loses its meaning. Applying abruptly rising high fields with alter-
nating polarity is poorly suitable for ferroelectrics with a strong piezoelectric
effect, LINbO3 among them, because such fields promote a crystal cracking.

Fig. 7.7. Schematic circuit of a Sawyer—Tower bridge for observing P—F relations
in ferroelectrics
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A method often used for LiNbOj3 and similar objects is the application of
ramping (saw-tooth) fields.

A special case of switching currents are Barkhausen jumps, which are
characteristic for switching under relatively low, slowly increasing (ramping)
or step-by-step rising fields, and look like a series of the noise-spikes superim-
posed onto the switching current. Their overall charge does not exceed 1% of
the total switched charge. Barkhausen currents are evidence of a discrete po-
larization process. As shown for BaTiOs, a positive Barkhausen pulse (that
is the spike of the same polarity as the switching current) accompanies ei-
ther the formation of a nucleus with a size exceeding the critical value, or a
step-like sideways domain jump. A negative Barkhausen pulse seems to cor-
respond to a backswitching act. At the same time, the microscopic origin of
the Barkhausen pulses on the whole has not been clarified yet.

Domain Observations

In a detailed bibliography on the methods of the domain structure observation
one may find particularly in the recent review by Soergel [638], so we mention
very briefly those methods, which found or may find application in LiNbOs.
These methods may be divided into those for the surface and the volume.
All the surface methods are based on descrying a distribution of the surface
charge (or of a surface mechanical relief following the charge distribution),
which replicates the near-surface domain distribution. These methods include
the chemical etching, powder deposition and colloidal decoration methods, the
scanning force microscopy (SFM) and scanning electron microscopy (SEM).
In addition to the SEM method, the transmission electron microscopy (TEM)
method can be used for these aims, but it requires very thin samples. The etch-
ing method is universal for all ferroelectrics and is based on a different etch-
ing rate for the positive and negative ends of the domains by an individual
etchant. In LiNbO3 the —c end of domains is etched much faster than the
+c end [639,640]. In contrast, in BaTiO3 the positive end is etched faster,
although at first sight these two crystals seem to be relatives.

The etching forms the basis for the so-called Miller—Savage method of the
domain dynamics observations under low fields [641]. The switching field is
applied step-by-step to the crystal, whereupon, subsequently to each step the
crystal is etched and a shift L of a domain wall is estimated to give the wall
velocity vs = L/T, where T is the duration of the field step. This widely used
method gives an average velocity for a given field step, because vy reaches its
maximum instantaneously by applying the pulse and further decreases to a
saturation value.

SEM and scanning probe microscopy (SPM) methods are very informative
and provide extremely high resolution up to nanometers and even better. The
SPM group includes several methods, from which the most convenient for
ferroelectric domain studies are scanning force microscopy (SFM) techniques.
The latter may be applied in various modes of operation, such as contact and
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noncontact modes using either insulating or conductive tips, etc. The most
often used mode for the studies in the domain structure is the contact mode
with a conducting tip being under an ac-voltage. This method of using the
converse piezoelectric effect u;i, = d;;iE;, see (7.2), is based on scanning the
distribution of oscillations of the sample surface induced by the tip ac-voltage.
According to this widespread (but not unique) explanation, the domains are
imaged via the phase contrast of the local piezoresponse, which is due to the
fact that the components d;;. are sensitive to the sign of Fy. This method as
a rule is referred to as the piezoresponse force microscopy (PFM).

The bibliography on domain observations in LiNbOg by SPM methods one
may find for example in [617] and in a recent review [642]. As an associated
surface method of the domain visualization one may regard the exoelectronic
emission arising from the polar cuts of a pyroelectric crystal when changing
the temperature. This emission which is obviously due to noncompensated
strong pyroelectric fields, is different for +P and —P cuts. Most of the sur-
face methods are appropriate mainly for observations of the static domain
structure. The main drawback of all these methods is that they characterize
the domain structure near the surface rather than in the bulk. At the same
time, in many ferroelectrics the surface and bulk domain densities are com-
pletely different. Additionally, some of the surface methods (SFM, SEM) are
not completely noninvasive, because both the electron beam and SFM-tips
may affect the domain structure. As shown later, these instruments may be
used for a creation of domain patterns. Recently, with LiNbOs as an exam-
ple it has been shown that even the chemical etching may affect the domain
pattern, too [643].

The bulk methods are first of all the structure studies. Domain observation
by X-ray diffraction methods are based on the anomalous dispersion of the
X-rays resulting from a difference of the reflexion intensities from positive and
negative domains. For LiNbOg this technique was applied for the first time by
Wallace [644]. Another possibility is based on the observations of the domain
walls rather than the domains themselves, owing to the existence of a lattice
distortion in the vicinity of a nonideal domain wall, which is due to various rea-
sons. Particularly, in LINbOg3 the measurements by means of a high-resolution
synchrotron X-ray diffraction method [645] and high-resolution X-ray topog-
raphy [646] detected extremely high mechanical strains up to 10™* in the
vicinity of the domain walls. Thick domain walls formed in a head-to-head
(tail-to-tail) grown PPLN were observed by means of X-ray topography [647].
Basics of the X-ray diffraction observation of periodically poled ferroelectric
structures, particularly PPLN, and the appropriate bibliography one may find
in the following references [648-651].

Optical methods belong to the volumetric ones and permit to probe the
switching process and the domain distribution over the crystal bulk. The
eldest is the polarizing-optical microscopy applied by Merz for pioneering
investigations of domains in BaTiOgs. This crystal is optimal for this method,
because it exhibits both antiparallel (180°)—c-domains and two equivalent
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(90°)-a~-domains, where the P vectors in the adjacent domains are orthogonal,
and a domain boundary is inclined at 45° to Ps. When a polarized light-
wave incidents normally to the polar c-axis, the 90°-domains are visualized.
This method, in principle is not appropriate for optically uniaxial crystals,
because the 180°-domains are optically indiscernible, i.e., the refractive indices
n;“ = n; . For these crystals the polarizing-optical method may be refined
utilizing the electro-optic effect. If applied to a crystal, an external electric

field E; < E., then the refractive indices in the adjacent domains are changed
L3
Ani = 7§ni TijEj (724)

giving an optical contrast AI o A®?, between light waves transmitting
through the opposite domains; with A® = (27/X)dAn;, and the crystal thick-
ness d.

An additional possibility of the domain observations is provided again
by nonideal (thick) domain walls. If strong mechanical strains occur in the
vicinity of domain walls, they affect the refractive indices via the elasto-optic
effect,

AB;j = pijritki (7.25)

where p;ji; and uy; are the elasto-optic coefficients and mechanical strains,
respectively. A combination of the conditions (7.24) and (7.25), namely, ap-
pearance of the optical contrast between the antiparallel domains under exter-
nal fields and additional contrast caused by mechanical strains at the domain
walls permitted Gopalan et al. [652] to elaborate the electro-optic imaging mi-
croscope for the observation of slow domain dynamics in LiTaOgz and LiNbOs.
If a domain wall is tilted with respect to the polar axis, it results in a formation
of a space-charge field directed normally to the wall. This field changes the
refractive indices via the linear EO-effect following (7.24). In both the cases,
the thick domain walls may be observed by the polarizing-optical method. As
seen later, these cases are realized in LiNbQOg, especially for a nonequilibrium
(freshly formed) domain structure.

The components 7;; of the linear electro-optic (EO) effect and those of
nonlinear optical coefficients are related in oxygen octahedra ferroelectrics in
the ferroelectric phase by

r13 = 2g13FP€33€0 (7.26)
r33 = 2g33Ps€33¢€0,

using the contracted notation [653]. The ¢g15 and g33 are quadratic electro-
optic coefficients in the centrosymmetric paraelectric phase.

Further, the electro-optic components r;; can be determined from the non-
linear susceptibility components d;; by interchanging rows and columns [654]
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These relations form the basis for several optical methods for observations of
the ferroelectric switching and of domains. The fast and nondestructive EO
method permits a real-time observation of the switching kinetics by means
of measuring the induced phase-shift AP(¢) under applied E. The r;;(E) are
governed by the P—FE hysteresis, so the EO method permits to probe the
distribution of the P—E loops over the crystal bulk [655]. A scanning electro-
optic microscopy method was developed, a mapping of the linear electro-
optic effect [656]. To visualize the 180°-domains the contrast is controlled by
the direction of the modulating external field applied to the crystal through
semi-transparent electrodes. Additionally, a spatial distribution of the EO-
coefficients may characterize qualitatively a spatial distribution of the domain
density, which is seen from the following simple consideration. Let an elemen-
tary volume of the crystal be v and the corresponding volumes of positive
and negative domains are v and v, respectively; then, we have v 4+v~ = v
provided that the domain wall thickness is much smaller than the domain size.
For example, a positive domain density in a negative matrix is DT = v™ /v,
thus a linear EO-coefficient is related to the degree of the total volume po-
larization as r/rg = (v~ —v™")/v, where ro corresponds to the single-domain
state. This leads to the following relation between the EO-coefficient and the
domain density.

L —1-9p* (7.28)

To
So, EO-coefficients linearly decrease with DT (on the contrary, the half-wave
voltage V) 2 increases) approaching zero in a polydomain crystal, where by
definition D = 0.5. Therefore, in a given crystal, a spatial nonuniformity of r;;
or Vy /2 may be interpreted in terms of the spatial distribution of the domain
density D.

The relations (7.26) provide a group of methods, specific for domain ob-
servations in photorefractive crystals, because in photorefractive holographic
gratings the diffraction efficiency 1 (3.11) and the two-beam coupling gain I"
(3.14) depend on r;;, thus being controlled by F..

In accordance with (7.26), in antiparallel domains the recorded gratings
are shifted by = with respect to each other, which is revealed on read-out [657].
A relatively new digital holography interferometry technique [658,659] of an
in situ observation of the domain dynamics is based on the same principle.
The dependence of I' on the sign of Ps; permitted to develop a method of
three-dimensional (3D) mapping of the antiparallel domains hidden within the
crystal bulk [660]. The ferroelectric switching may be investigated by means
of measuring I" on the applied field E [661] or of the hysteresis dependence of
the photoinduced light-scattering (fanning) [662].

The NL-O methods utilizing a fundamental relation of the nonlinear sus-
ceptibility to P, were developed already in early studies in ferroelectrics; an
example is the classical express search method for a ferroelectric phase tran-
sition via the generation of second harmonic light [663].
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The relation of the NL-O parameters to Ps underlie several modern NL-O
methods. These methods are especially appropriate for LiINbO3 and LiTaOg
crystals due to rather high nonlinear susceptibilities. Recall that the polariza-
tion term responsible for the SHG in the general form is presented as

PZ(QLU) = dijkEj(w)Ek(w), (729)

where E;(w) and Ej(w) are the field components of the fundamental harmonic
(FH). The SH-intensity is proportional to the square of P; and controlled by
the nonuniformity of d;;,. One of the methods based on these relations is the
nonlinear-optical microscopy (SHG microscope) [664,665] aimed to obtain a
2D-image of a sample with a nonuniform d;;;, distribution, particularly caused
by the ferroelectric domain structure. At first, SHG microscopy was success-
fully tested by an example of the 90°-domain structure in BaTiO3 [664], and
then was applied for visualization of the 180°-domains in LiNbO3 and LiTaOs3,
particularly of a PP-structure [665]. As the values of d;;, and refractive indices
in 180°-domains are equal, so no spatial variation of the SH-intensity may oc-
cur in this case. The possibility for a visualization is due to the fact that the
SH waves generated by opposite domains are out of phase according to (7.26),
therefore a domain visualization may be realized by means of detecting this
phase shift. An additional possibility of the domain imaging is provided by
thick domain walls, as was demonstrated by an example of PP-KTP [666]. The
SHG method combined with a scanning confocal microscope, [667] permitted
to observe domains at the microscopic level, e.g. in PPLN. A relatively new
volumetric method analyzing the spatial profile of the quadratic susceptibility
x? (a nonlinear tomography) has been developed by Kitaeva et al. [668,669].
It is based on a specific three-wave process of the spontaneous parametric
light scattering in media with spatially nonuniform x(®) and is dealt briefly in
Sect.7.1.4

Note that a certain drawback of the nonlinear optical methods is that they
cannot always be regarded as fully noninvasive, because the SH-light of the
green-blue spectral range can affect the domain characteristics, first of all due
to the screening effects.

Thick domain walls provide some new optical techniques of measuring the
domain dynamics, such as the light deflection on the domain walls in LiNbO3
and LiTaOg [670] and the Rayleigh-like light scattering of the transmitted
light at the domain walls [671].

The main drawback of almost all available optical methods is a rela-
tively low spatial resolution, which due to the diffraction limitations is of
the order of the wavelength, thus being strongly behind the resolution of
the surface methods. Some ways of improving the resolution are using the
scanning confocal microscopy [667] or the near-field scanning microscopy
(NSOM) [672,673].
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7.1.4 Background of the Optical Frequency Conversion
in the Quasi-phasematching (QPM) Regime

In this section, we present briefly the background of the optical frequency con-
version on the ferroelectric domain structure. Waves with frequency w travel-
ing through nonlinear optical media produce a polarization P(2w) according
to (7.29), which acts as a source term in the wave equation and consequently
produces radiation at the second harmonic frequency. E(2w,z) depends on
Ak = k(2w) — 2k(w) and gives, neglecting depletion of I(w), an intensity

1(2w)
D d%q L* I(w)? (sin (Ak L/2)
I(2w,z=1L) (@ (20) < AL ) . (7.30)

The general dependence I(2w) is presented in Fig. 7.8 by the lower (light-gray)
curve, which shows an interference quenching at positions which are multi-
ples of a unit length. The parameter defining this periodicity is the coherence
length L. = m/Ak. To provide an amplification, energy and momentum con-
servation should be fulfilled; 2w, = wo and 2k; = ko. This may be achieved
due to birefringence, i.e., the identity of the phase velocities of the fundamen-
tal and second harmonic. In this case the intensity is presented in Fig. 7.8 by
the dotted parabola.

A different approach is the compensation of the mismatch between the
w1 and we by an appropriate phase shift, a quasi-phase-matching (QPM).
This means that every time when the optical path increases by L., the
phaseshift between the two waves is changed by 7/2 thus eliminating the
mutual interference quenching. Taking into account the expression Ak =
(47 /A)(n(2w) — n(w)), the required period is given by

mA

Al gt —ae)

(7.31)

SHG Intensity [a.u.]

0 1 2 3 4 5
Crystal Position

Fig. 7.8. Comparison of the various types of phase-matching. Intensities for
phase-matched SHG (dotted parabola), quasi-phase-matched (black solid line) and
nonphase-matched SHG (light gray)
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with m =1,3,5,.... Because of r;; oc Ps (7.26), an appropriate candidate
for such a QPM is a ferroelectric domain structure, where P; can cause a sign
change. On the basis of this simplified consideration a concept of the optical
frequency conversion on a regular domain pattern, a periodically poled struc-
ture with alternated P; in each building unit was developed. An extensive
literature on the quasi-phase-matching, particularly with the use of the regu-
lar domain structure in various ferroelectric crystals one may find in several
reviews, the most recent is [674].

The required periods of such domain gratings are in the range of microns,
for example for A &~ 1wm the first-order QPM (m = 1) requires A &~ 7um in
LiNbOg. Figure 7.9 presents the PPLN periods needed for SHG in the QPM
regime in a wide commonly used spectral range.

Figure 7.8 may suggest that the phase-matched signal is always larger
than the QPM one. However, this assumed drawback is not true in general.
For example, in the QPM regime the maximum nonlinear coefficients can be
used which are not necessarily involved in the conventional phase-matching.
This is the main advantage of QPM!

This will be exemplified by LiNbOgs. Here, the nonlinear coefficients are
dss = 34.4pm V™!, dsy = dgo = 5.95pm V™ '; and doy = 2.4pm V™', The
relevant coefficient for the SHG in the phase-matching regime is ds;, resulting
in deg = 5.7pm V! for SHG generated by A =~ 1 um. On the other hand, for
QPM there is no limitation for the polarization of the fundamental wave and
because of deg = (2/mm)d;; one may use the large value of ds3 to obtain for
m=1adg = 22pm V™!, thus a 15 times larger intensity with the QPM
method.

One more advantage of QPM is a possibility to realize SHG under con-
ditions, when the conventional phase-matching does not occur, therefore it
offers the chance to involve new materials (e.g., highly nonlinear LiTaO3 or
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Fig. 7.9. Calculated double coherence length of LiNbOg, redrawn from [675]
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SBN) and to expand the spectral ranges to shorter wavelengths in LiNbO3 or
KTP. Note that a low birefringence, often a reason for missing conventional
phase-matching, is an advantage in the case of QPM, because according to
(7.31) larger periods for the domain pattern are required, offering an easier
production. In addition, in QPM the problem of the walk-off angle is elimi-
nated, because the fundamental and frequency-doubled waves are collinear.

Note, that in general the momentum conservation depends on the angle
between ki and ko, extending the SHG to noncollinear configurations. This
means that in the case of an arbitrary domain structure, whose geometrical
parameters (domain diameters and spacing) are in the range of microns, one
may observe noncollinear SHG with an angular intensity distribution dictated
by a given domain structure. This underlies, for example, the observations
caused by arbitrary needle-like domains in SBN crystals [676-678].

The aforementioned method of the nonlinear tomography is based on the
QPM conditions, too [668,669]. In this case, a three-wave mixing on a spatially
modulated quadratic susceptibility is considered, where the phase-mismatch
corresponds to a parametric process. The method uses the general relations
between the Fourier harmonics of x(?) and the lineshape of the parametric
signal.

A further development of the QPM frequency conversion is the concept
of nonlinear photonic crystals proposed in the seminal publication by Berger
[679]. Recall that the term photonic crystal implies a regular spatially mod-
ulated pattern of the linear susceptibility x(*). A nonlinear photonic crystal
means a regular spatial array of the nonlinear susceptibility x(?)) [679], the
linear x!) being spatially constant. From this viewpoint, a QPM structure,
i.e., a PP ferroelectric structure, presents a 1D photonic crystal. Therefore, a
regular 2D pattern of antiparallel domains, in other words a 2D QPM struc-
ture, is a 2D nonlinear photonic crystal. The optical frequency conversion
in the QPM regime on such a 2D structure promises interesting properties,
particularly, the possibility of multiple wavelength generation by SHG. Exper-
imentally, a 2D nonlinear photonic crystal in LiNbO3 was for the first time
realized by Broderick et al. [680].

At the end of this section, we note that the PP structures may be used also
as electro-optic modulators or deflectors. As r;; is sensitive to the conversion
of the Py direction (7.26), so under an external field the sign of the refractive
index change An in antiparallel domains is opposite, thus a PP structure
transforms to a grating. For a wavevector k parallel to domain walls, a Raman—
Nutt diffraction occurs, whose diffraction intensity of order m is

where I is the incident intensity, d the crystal thickness in the k direction,
and J,, is the Bessel function for the order m. Applying an external field
may overpump the light intensity to the diffraction maxima of higher orders,
whereas the zero-order intensity decreases. For example, placing such a de-
flecting element into a laser cavity provides a Q-switching with the frequency
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of the field E. An advantage of this device over the conventional electro-optic
modulators is that it may control the intensity of a nonpolarized light.

7.2 Ferroelectric Switching of LiNbOj;
and LiTaOj3 Crystals

In this section, one will see that the model scenario of the polarization rever-
sal is more or less appropriate for LiINbO3 and LiTaOg. At the same time,
the use of precise modern techniques permitted to detect those details of the
domain dynamics, which have never been observed in other ferroelectrics but
may be expected in principle in a wide group of ferroelectrics. This concerns,
in the first instance, the effect of domain wall pinning by point defects. The
outline of this section is as follows. After a short review of the initial steps,
we concentrate on the investigations giving an insight into the mechanism
of the polarization process in LiNbOj3 and LiTaOgz. Studies of the domain
structure itself and particularly of periodically poled (PP) structures will be
dealt with, only in relation to the switching mechanism, because the avail-
able enormous material is beyond our aims and possibilities. One may find a
detailed description about the domain dynamics in LiNbO3 and LiTaO3 and
the appropriate bibliography in the recent reviews [608-610].

Although in LiNbOg the ferroelectric phase transition and domains were
found long ago, it was regarded for a long time as a frozen ferroelectric
following Megaw [681]. The early results on the switching in LiNbOj are
rather scattered and incomplete. Camlibel [636] was the first who observed
the pulsed switching in LiNbOg3. The experiments were performed with the aid
of a modified Sawyer-Tower method in extremely thin samples (30 um) under
field pulses of 1,500V with a duration of 30 ms. The total switching of the
crystal was observed with P, = 0.71 Cm~2, which is in excellent agreement
with the later measurements. As the switching field observed in LiNbOj3 at
room temperature was too high and the dielectric breakdown occurred often,
the attempts were made to operate at elevated temperatures. For example,
Ballman and Brown [682] tried to pole LiNbOgs and its relative LiTaO3 at
elevated temperatures and managed to pole LiTaO3 by moderate fields of
1kVem™ ' at 350°C; however, their attempts failed in LiNbOs, which was as-
signed to a high ionic conductivity. Kovalevich et al. [515] with the use of the
Barkhausen current method also found in LiNbO3:Fe a significant decrease of
FE. with T', not less than an order of magnitude at 120°C. Subsequent stud-
ies in LiNbO3 and LiTaOj corroborated the conclusion of a lowering of FE.
with 7. When heating LiNbO3 samples by intense laser pulses up to temper-
atures of about 800-900°C, antiparallel domains appeared under fields as low
as 200 Vem ™! [683]. Later, in agreement with former results a decrease of E.
by a factor of four at 250°C was reported in LiTaOgz [684]; E. at 500°C fell
down to 60V em™? [685]. Haycock and Townsend proposed a method of poling
LiNbO3 and LiTaOj far below T, by means of a joint action of an electron
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beam and external field [686]. At 600°C an LiNbO3 sample was switched by a
field as low as 10 V em ™! under simultaneous irradiation by the electron beam
with an energy of 1.8 MeV. This mysterious result was explained as follows:
an electron-bombardment produces short-living oxygen vacancies providing a
pathway for Li ions, which in their turn are ordered by the external field to
give the poled (single-domain) state.

7.2.1 First Steps of Regular Domain Pattern Creation
in LiNbO3 and LiTaOj3 Crystals

The switching of LINbOg attracted attention after the pioneering work of Feng
et al. [687], who were the first to observe the SHG in QPM mode operation on
a regular domain structure in LiNbOj3 produced by the crystal growth. The
Y03-doped LiNbOj crystals were grown by the Czochralski-technique along
the a-axis (so-called 90° — crystals), the yttrium-concentration being sinu-
soidally varied along the a-axis by means of controlling the temperature field
and the pulling and rotating speeds. It resulted in a creation of a domain-
structure in form of inserted cylinders aligned parallel to the c-axis with a
period following the regular yttrium distribution. Nonpolar cuts from such a
PPLN-boule provide plates with a regular laminar domain pattern. A similar
structure using the identical growth method was obtained in LiNbO3:Cr [688].
The periods of the grown PPLN in these works were 7 and 8 wm, respectively,
which is close to 2L, for A = 1.06 um with L. as the coherence length. Results
of SHG generation from an Nd-YAG laser were encouraging and initiated the
PPLN era. For a long time the efforts were aimed to obtain PPLN by growth
methods, namely by using the techniques similar to those described earlier for
nonlinear-optical applications and by growing the oppositely oriented domain
layers (head-to-head, tail-to-tail domains) for acoustical applications. How-
ever, the periodicity and regularity of such PPLN were insufficient for SHG,
so a search started for external actions providing a satisfying optical quality of
PP-structures. An important contribution to the development of this subject
was given by the results of Miyazawa [689], who noticed a partial polarization
reversal in Ti-indiffused waveguides formed on LiNbOj3 polar z-cuts. This ef-
fect (very negative with respect to the waveguide operation) occurred only on
the +z-cut and appeared after a Ti indiffusion procedure performed at tem-
peratures between 950 and 1,020°C; the degree of the polarization reversal
depending on the annealing time and reached 100% (the total Py reversal).
Later observations have found a partial or total polarization reversal in the
surface layers on the z-cuts after various heat treatments at rather high tem-
peratures. A reverted layer appeared after heating plates of LiNbOg with no
electrodes to T' ~ 1,110°C in air or Ar-atmosphere (obviously accompanied
by an Li;O out-diffusion) [690], the depth of this layer reached one half of
the plates thickness at a prolonged heating. Interestingly, this effect was not
observed in plates cut normally to nonpolar x or y axes and arose in plates cut
even at small angles to P;. A polarization reversal was observed in a surface
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layer produced by cladding a polar face by a dielectric SiO4 layer [691]. In all
cases, the switching occurred on the +z-face only. A possibility of controlling
the polarization state of the surface layer by a heat treatment was used as
the basis for the first attempts of creating regular domain gratings in opti-
cal waveguides, particularly in Ti-indiffused [692-694] and Lis O-outdiffused
ones [695]. The domain patterns produced by these methods looked like shal-
low triangles, so demonstrated only very low parameters of the frequency con-
version. The reason of the surface polarization reversal has not been analyzed
in detail yet. Miyazawa [689] explained it with the existence of a AP, i.e., a
depolarization field at the interface bulk — waveguide, because of a change of
Ps in the Ti-indiffused layer; the change of P; was assigned to a hypothetical
decrease of the [Li]/[Nb] ratio during Ti-incorporation. The same explana-
tion can be expanded to the case of the LioO outdiffusion [690]. Actually, a
change of P, in a surface layer even by only 1% would give E ~ 10* Vem ™!,
which is sufficient for switching LiNbOg at high temperatures. At the same
time, as there is no experimental technique to measure P; with such an ac-
curacy, so this explanation cannot be verified. The main result obtained by
Miyazawa [689] and other works of this type was the conclusion of a dominant
nucleation of antiparallel domains on the +zface.

The next step in creating PP-structures was the recording by an elec-
tron beam. In [696] a PPLN was produced at elevated temperatures in a
waveguiding layer with the use of the technique proposed by Haycock and
Townsend [686]. The crystal was irradiated by an electron beam through a
periodic metal mask during 1h at 580°C under E = 10V em™'. The pene-
tration depth of about 1um of the electrons was greater than the waveguide
thickness, being approximately 0.7 um. Several groups succeeded in obtain-
ing regular domain patterns at room temperature by means of recording by
electron beams without electric fields [697-699]. Very similar results were ob-
tained in LiTaO3 [700]. In all these cases, the depth of the recorded domain
gratings along the polar axis, revealed with the aid of chemical etching, was
in the range of 0.5 mm, or even up to 1 mm [698], thus exceeding by orders of
magnitude, the electron penetration depth being of the order of micrometers.
The possibility of creating volumetric PP-structures by this method and first
results on SHG resulted in optimism.

The first successful preparation of PPLN by means of a direct polarization
reversal under an external field was reported somewhat later [701]. A high
negative field pulse of 24kV mm ™" with a duration of 100 us was applied to
the planar electrode deposited onto the —c-cut, whereas a regular Al-electrode
pattern deposited onto the +c-cut was grounded. The subsequent etching
of the nonpolar y-cuts revealed a laminar domain pattern with a period of
2.8 um and a thickness along the c-axis within several tens of micrometers. To
evaluate the quality of the PPLN, an H-indiffused waveguide was then formed
and tested with the aid of a Ti-sapphire laser. For a power of about 200 mW
for the fundamental (A = 851.7nm), the SHG power was about 20 mW.
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From this time on, the PPLN preparation methods were developed follow-
ing these two routes, namely, either by a direct polarization reversal under an
external field applied to a regular electrode pattern, or by surface methods,
the electron-beam among them, which imply recording of a precursory do-
main pattern on a polar face of the crystal. In what follows, we dwell first on
the domain patterns produced by applying external fields. The most attention
will be concentrated on the investigations, informative with respect to the po-
larization reversal mechanism. At the end of this chapter, we shortly review
the results on the domain patterns created with the aid of surface methods
(an electron-beam, scanning force microscopy, etc.).

In the beginning of 1990s, several research groups elaborated empirical
methods for producing PPLN by applying fields. These experiments were
aimed to improve the parameters of PPLNs by trial-and-error methods, e.g. by
varying electrodes, field regimes, temperatures, etc. It is appropriate to men-
tion here an important characteristic of a PP-structure, the commonly used
term duty cycle, which means the ratio of the domain width (or, what should
be the same, of the electrode width) to the domain period. The optimum duty
cycle for QPM is 0.5. Methods for a minimization of the PPLN period have
been elaborated in 1994/1995 [702-704]. The periodicity of the structure was
provided by using regular patterns of liquid electrodes separated by isolating
photoresist stripes. The experiments were performed in thin samples 0.2 mm
thick having a length of 6 mm by applying field pulses of 4.5-4.7kV with a du-
ration of several hundred milliseconds. The researchers experienced the effect
of a domain merging with respect to the electrode, that means that the do-
main width as a rule exceeds the electrode width. In the course of a laborious
activity aimed to suppress the domain merging by means of varying the duty
cycle of the electrode patterns, the groups made progress from a PPLN period
of 9um (third-order QPM for A = 832.5nm from a Ti-sapphire laser) [702]
to a period of 4.5 um (first-order QPM for A = 946 nm from a diode-pumped
Nd-YAG laser) [704]. Thus, deg was improved from 2 to 19 pm V! approach-
ing the theoretical limit deg = 22pm V' for dss. It resulted in rather good
features for the optical frequency conversion, for example, with a fundamen-
tal of 1.07 W a second harmonic as high as 49 mW was obtained [704], hence
giving a conversion efficiency of about 4.6% for an interaction length of 6 mm.
At the same time the authors faced the problem of photorefractive damage in
the PPLN obtained, but the data were somewhat ambiguous. For example,
Pruneri et al. ascribed an optical instability observed at a power of 1.07 W
(A = 946 nm) to the photorefractive damage [704] whereas Webjorn et al. [703]
detected no optical degradation for the same wavelength up to 160 MW cm ™2,
corresponding to a second harmonic intensity in the range of kilowatt.

The investigations of Myers et al. ([705] and references therein) aimed
to the construction of optical parametric oscillators (OPO’s) on the base of
PPLN, discovered important features of the polarization reversal in LiNbOs.
First of all, a domain backswitching was detected, when the pulse duration
was too short. For a field of 25 kV mm™" the critical time ¢* was not less than
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Fig. 7.10. Electrode configurations for electric-field poling. The upper figure shows
a variant with insulator over conductor; the lower figure shows conductor over insu-
lator. In both cases, the covering electrolyte connects the sample to the circuit and
forms an isopotential surface that helps to control fringing fields around the pattern,
redrawn from [705]

50ms. To suppress the backswitching, the following method was proposed:
after turning-off a switching pulse, the sample was held for a while under a
lower field of about E./2 of the same sign. Additionally, it was shown that
using ramping (saw-tooth shaped) fields prevents from the backswitching. An
additional important result was the discovery of a high thermal stability of
PPLN structures, which were not destroyed even after heating up to 800°C.
Myers et al. [705] introduced an appropriate system of combined periodical
electrodes, see Fig.7.10, used later by other research groups, too. The elec-
trodes were a system of Al stripes 200 nm thick either covered by an insulating
photoresist (insulator over conductor), the upper part of Fig.7.10 or spaced
by photoresist stripes, in turn covered with a conductor (conductor over insu-
lator), the lower part of the same figure. In both cases, the regular electrodes
were deposited onto +z-cut and connected to the circuit via a liquid elec-
trode (LiCl water solution); the plane electrode on the —z-cut was also an
electrolyte. In 0.5 mm thick samples, the developed regimes permitted to ob-
tain rather regular PPLNs with various periods and to realize several OPO
schemes. Unluckily, a photorefractive damage was detected which manifested
itself as a beam fanning. To avoid this undesirable effect, first steps were
made in obtaining PP-structures in the optical-damage-resistant LiNbO3:Mg
crystals [706]. Therefore, since those times the researchers faced two crucial
problems when creating PP structures: the domain merging with respect to
the electrodes and the backswitching. Coexistence of these two obstacles re-
quires searching for sophisticated field regimes, since from one hand the field
applying should be long enough to avoid the backswitching and provide a
stable reversed structure, and from the other hand not too long to prevent
domain merging.
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7.2.2 Fundamental Role of the Composition in Ferroelectric
Switching

Essential progress of the insight into the polarization process in LiNbO3 and
LiTaO3 was achieved by several research group [24, 476, 610, 625, 652, 684,
707-711]. These authors developed a specific terminology for the descrip-
tion of polarization features. The polarization reversal from the virgin single-
domain state is referred to as a forward poling, and the switching from this
polarization-reversed state to the initial state as reverse poling; the corre-
sponding subscripts in notations are ‘f” and ‘r’, respectively. However, below
we try, whenever possible, to use the traditional terms.

In these studies the switching process was registered by measuring the
switching current under either pulsed or ramping (15 — 20 Vs™') fields. The
occurring of a polarization reversal was supplemented by emerging antiparallel
domains observed optically. Additional to the aforementioned Miller-Savage
method requiring a chemical etching, LiINbO3 and LiTaOj3 crystals provide a
new specific possibility of domain visualization [708]. The fresh domains aris-
ing on applying a switching field are visualized due to a contrast appearing
both in the polarized and unpolarized light when observing along the polar
axis. The contrast is owing to a birefringence close to domain walls, which in
congruent crystals is as high as An = 107°—107% [712,713] and is significantly
lower in stoichiometric crystals, for example, approximately 107° in near stoi-
chiometric LiTaO3. This specific of the domain walls was investigated with the
use of precise optical methods having a resolution in the range of microns, such
as electro-optic imaging microscopy (EOIM) [652,711] and near-field scanning
optical microscopy (NSOM) [712,713]. The birefringence was shown to be due
to nonequilibrium mechanical strains according to (7.25) [645,646,712] or/and
a space-charge field normal to the domain wall [712]. This specific of the do-
main properties in congruent LiNbO3 and LiTaOg3 and using the transparent
liquid electrodes made it possible to observe the domain dynamics in situ.

Unipolarity of LiNbO3 and LiTaO3 Crystals

The first fundamental result of this group was the discovery of a strong
unipolarity manifesting as an asymmetry of the P—FE loop in both crys-
tals, for an example see Fig.7.11. The values obtained in LiNbOgj were
Eme = 335kVem ™, P, = 71 x 100°Cem 2 and in LiTaOs By =
50kVem™, P, = 50 x 107%Ccm 2. The switching fields from the virgin
state (Fy in the terminology of the authors) were of about 210-220kV cm ™!
in agreement with old data. Later the data for Ej,; were refined, namely re-
ported as 22.2 and 41.2kV em ™! for LiNbO3 and LiTaOs, respectively [710].
The value of Fj, does not depend on the crystal thickness (checked for 0.5
and 0.25mm), therefore it was assigned to the volume rather than to an
influence of the surface. With increasing temperature both E. and FEi,; de-
crease in agreement with the old data, e.g., in LiTaO3. Ej,; was close to zero
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Fig. 7.11. Example for an asymmetric P—FE loop for z-cut LiNbOs at room tem-
perature, redrawn from [709]

at T" > 200°C. Under field cycling at room temperature, the shape of P-F
loops, i.e., the sign and value of Fj,, are constant. This stable unipolarity is
the reason, why the field required for the reverse switching (that is from the
polarization-reversed state to the state with the initial Py direction) is lower
than for the forward switching in the course of multiple switching cycles at
room temperature. However, E;,; may be realigned at elevated temperatures
in consistence with the Py direction. If after a polarization reversal the crystal
is quickly heated up to T" > 100-150°C, then the sign of Fi, is reversed. In
other words, if a P—F loop in a virgin crystal is initially shifted, say, to the
right, then after applying a reversing field and a subsequent heating to certain
temperatures it will be shifted to the left. In LiTaOg3 this reversed loop is
a full mirroring of the initial one, whereas in LiNbOjs it is slightly different.
The thermal reversal of Ej,; reveals a temperature threshold of about 100°C
for LiNbOg3 and 150°C for LiTaOs. This is illustrated in Fig. 7.12. As seen, at
room temperature the amount and sign of Ejy; is practically unchanged even
during 10h of exposure to a switching field, whereas it is fully reversed after
heating to T' > 150°C during minutes. This behavior qualitatively resembles
the characteristics of Ej,¢ in the model crystal BaTiOs:Mn [622,623] described
in Sect.7.1.2.

Gopalan and Gupta [707,708] predicted a fundamental impact of the crys-
tal stoichiometry on the polarization characteristics, which was experimentally
proved for LiNbOg3 [476] and LiTaOg3 [24].

Figure 7.13 presents the P—F hysteresis loops for the congruent and near-
stoichiometric LiTaOg3. In both cases, the Li content was determined from the
phase transition temperature T following [714]. According to these pioneering
results, E. in stoichiometric LINbO3 (SLN) is decreased by a factor of four to
five as compared to the congruent crystals (CLN) and in SLT more than by an
order of magnitude compared to CLT. Simultaneously, Ei, tends both in SLN
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Fig. 7.12. Internal field in a domain reversed z-cut LiTaOg3 at room temperature as
a function of annealing time at fixed annealing temperatures, data taken from [707]
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Fig. 7.13. Comparison of hysteresis loops in stoichiometric and congruent LiNbOsg,
redrawn from [24]

and SLT to zero. A great number of subsequent studies confirmed and refined
these conclusions. Bermudez et al. [715] estimated E,. vs. smoothly increasing
Li content, which was achieved in LiNbOg crystals by means of increasing
step-by-step the KO concentration in the melt, see Fig.7.14. In a recent
work, the measurements were performed in VTE treated crystals; however, in
this case E. was not a linear function of the smoothly growing Li content and
pronouncedly dropped down when approaching the near-stoichiometric com-
position [716]. Kim et al. [717] confirmed their former results on E. and Ej,
in SLT with measurements of the domain kinetics. Here in near-stoichiometric
LiTaOg3 grown by the double-crucible Czochralsky method, the switching fields
for forward and reverse switching were 17 and 15kV cm ™!, respectively, and
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Fig. 7.14. Coercive field vs. Li-concentration in LiNbOs, redrawn from [715]
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Fig. 7.15. Domain wall velocity as a function of electric field. The squares are the

experimental results for MgLN and LN. The solid lines are the fitting curves. Note
that the curves have different abscissae, data taken from [719]

FEi = 1kV em ™t A decrease of the switching field in the near-stoichiometric
LiNbO3 by a factor of three was found as compared to CLN [22]. In this work,
the Li content was determined from the widths of characteristic Raman lines.

Doping with the optical-damage-resistant impurities gives results analo-
gous to an increasing Li content. Kuroda et al. [718] studied the pulse switch-
ing in 0.5 mm thick wafers of congruent LiNbO3:5%MgO and observed typical
switching currents under fields of 44.5kVem ™!, which is five times lower
than in undoped crystals. Mizuuchi et al. [706] succeeded in obtaining a PP-
structure in a 0.3 mm thick sample of LiNbO3:4.8%MgO under pulse fields
as low as 25kV ecm™!. Later studies confirmed a decrease of E, and Eji in
highly doped LiNbO3:Mg [719-721].

In Fig.7.15 a comparison of the field dependencies of the domain wall ve-
locities in undoped and Mg-doped LiNbOg crystals measured by the Miller—
Savage method is shown. Additionally, it was found that a realignment of Fi
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under a thermal annealing occurs in polarization-reversed LiNbO3s:Mg faster
than in undoped LiNbO3 [720]. Chen et al. [721] used the method proposed by
Bermudez et al. [715] and demonstrated a smooth decrease of E, with increas-
ing Mg concentration up to 6.5%. Later a similar strong effect was observed
for another optical-damage-resistant impurity, i.e., Zn [722]. The switching
field, denoted here as the threshold field Fi, sharply falls down at Zn con-
centrations exceeding 5mol.%, thus when approaching the Zn concentration
threshold, simultaneously FEji,; is lowered to about 5kV cmfl, see Fig.7.16.
However, at a further increase of the Zn concentration, Fj, in contrast to the
switching field starts to grow, which is interpreted as a result of mechanical
stresses in highly doped LiNbOj3:Zn.

The highest effect on E. and Ej,; in LiINbOj is provided by a combination
of increasing Li content and a low Mg doping. In near-stoichiometric LiINbO3-
doped with 2% Mg (the Li content was increased by the VTE method) the
switching field was as low as (18 4+ 2)kVem™' [723]. Averages of available
literature data for F. and Ei,; are shown in Table 7.1. Here E. denotes the field
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Fig. 7.16. Doping effects on the threshold FEi, and internal Fin field in the polar-

ization switching of LiNbOs:Zn, data taken from [722]. The dashed lines are guides
for the eye

Table 7.1. Coercive and bias fields in LiNbOg3 and LiTaOgs vs. crystal composition

Crystal E. (kV cmfl) Eint (kKV cmfl)
CLN 210 2-33

SLN 60-65 — 0
CLN:5%MgO 60-68 5
CLN:8%Zn0O 25-35 5
SLN:1%MgO 25 0

CLT 200-210 40-50

SLT 50 17




186 7 Polarization Reversal and Ferroelectric Domains in LiNbO3s Crystals

corresponding to the polarization reversal from the virgin single-domain state.
Interestingly, that this concentration dependence qualitatively correlates with
that of the photorefraction (Sect.4), because both E. and Fiy values, from
the one hand, and the photorefraction, from another hand, decrease regularly
following the sequence congruent — near stoichiometric — Mg-doped near
stoichiometric crystals.

Pulsed Switching in LiNbO3z and LiTaO3 Crystals

In congruent [625,652,710] and near stoichiometric LiTaOg5 [717] as well as
in congruent LiNbOgs [710] the studies of the ferroelectric switching were
performed using a combination of the Merz method with the EOIM and
NSOM methods. The ferroelectric switching in congruent and stoichiometric
LiTaOg [724] and congruent and stoichiometric LiNbOg [725] was also stud-
ied by means of a combination of the Merz method and polarizing-optical in
situ observations of the domain dynamics. The results of both research groups
are similar. As the optical measurements could not clearly separate the stage
of the domain nucleation itself, so Gopalan et al. [625, 710] suggested that
on the polar face precursory surface microdomains with a density of 103—
10° em™? exist serving as nucleation centers. This assumption was based on
indirect evidences of Nozawa and Miyazawa [726]. On applying a sufficient
field amplitude, multiple microdomains appear on the surface with a rather
high density, for example up to 10> mm~=2 in congruent LiTaO3 [724]. In con-
gruent LiTaOg these are equilateral triangles with domain walls parallel to the
crystallographic xz planes. In congruent LiNbOg3 these are almost equilateral
hexagons with domain walls parallel to the yz (glide) planes. The detailed
description of the domain shape in LiNbO3 and LiTaOs, the models of their
formation and the appropriate bibliography one may find in [610,613,727]. The
rate of emerging microdomains identified as the nucleation rate [652], increases
with the field amplitude. According to the first publications [625,652,710,711]
the switching times ¢4 (Fig. 7.17) obtained in the usual way from the switching
currents obey an activation law. The plot logt, vs E~! in Fig. 7.17 consists of
two linear parts (‘low’- and ‘high’-field ranges), and thus is characterized by
two activation fields 0 which are higher than for model ferroelectrics, for exam-
ple, about 16 and 30kV ecm ™ for the low- and high-field ranges, respectively,
in congruent LiTaOg [652]. The forward switching from the virgin state occurs
under fields sufficiently higher than the reverse one, because Fi,; impedes the
former process. To reduce t5(1/F) to a general form, Gopalan et al. [625] pro-
posed a presentation, which takes into account Ej,;, thus providing a unique
activation field ¢ for the forward and reverse switching. It has the form

ty X exp <E’i6E‘t>7 (732)

where either F = E+ F;,; or E = F— E,; are substituted to the denominator
in (7.32) for the reverse or forward process, respectively.
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Fig. 7.17. The switching time, ts (left) and maximum transient current, is max
(right) as a function of the inverse electric field, F , during forward poling of wafers
A and B of z-cut LiTaOs crystal, redrawn with data taken from [625]

Kuroda [718] studied the pulse switching and domain dynamics in LiNbO3
doped with 5% MgO. The switching times ¢, under E. ~ 44.5kV cm™" were
of about 102 s and decreased with E following a typical exponential law. Long
ts permitted the authors to trace the domain kinetics. The observations of
the etched +z- and +y surfaces revealed an almost classical picture, namely
a nucleation of needle-like domains close to the +c surface, their dominant
sideway broadening with a weakly pronounced frontal growth and a final
coalescence occurring after more than an hour of exposure to a field.

The velocity of the sideways domain wall movement in LiNbO3 and LiTaOg3
observed optically [625,652,710,711], as well as the switching velocities obeyed
an activation law, however, with a single activation field. The difference in
the plots log(ts) vs. (E~!) and vy (E) was initially explained with traditional
terms [625], attributing the switching times in the low-field range to the domi-
nant role of the nucleation, and in the high-field range to the sideways domain
wall movement.

Subsequent studies of the domain dynamics refined the kinetics of the
sideways domain wall motion in LiTaOg3 [652,711,717,724] and LiNbO3 [609,
725]. In both crystals under relatively low fields (of the order of E.) the domain
motion occurs in two stages, namely a relatively slow initial motion of isolated
domains and their consequent merging resulting in an accelerated movement
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of a common domain front. So, according to Shur et al. [724] the switching
current may be modeled as a superposition of these two parts and is described
by the equation

. . . - dg

J(t) =51 (t) + j2(t) = ALY =2 B -
Here the first term corresponds to the arising and merging of initial isolated
domains. The second input characterizes the area involved into the switch-
ing (q is a dimensionless parameter) and consists of two fractions formed by
isolated and merged domains; to fit it to the KAI model [630], Shur and
coworkers [724] present this term as a transformation from the « to the g
process, see Sect. 7.1.2.

The growth kinetics of an individual domain was investigated in LiNbOs
[609, 725]. Under an applied external field a domain starts to move via the
propagation along the wall of microdomain steps (bunches of the elementary
nanoscale steps), so that the domain wall motion looks as a layer-by-layer
growth. This process obviously corresponds to the on-wall domain nucleation
in the Miller—Weinreich model. The consequent stage of the domain merging
was investigated in details in congruent and stoichiometric LiTaOg3 [652, 711,
717,724].

According to Shur et al. [724] in congruent LiTaOjz the merged domain
front moves preferentially along the +Y-direction. The velocity of this front
significantly exceeds the velocity of widening of individual microdomains, be-
ing for example, 2,300 and 200 ums~*, respectively [652]. Gopalan et al. [711]
propose a simple model, where they try to explain a speeding-up of the formed
domain front in the framework of the Miller—Weinreich mechanism of the on-
wall domain nucleation. Shur et al. [609] (and references therein) propose an

(7.33)

Fig. 7.18. Transient traces left behind a moving domain wall in congruent LiTaOgs
are indicated by arrow heads. These traces disappear in a second or less [711].
Reused with permission from Gopalan and Mitchell [711], Copyright 1999, American
Institute of Physics
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explanation of merging in terms of screening effects. The domain nucleation
itself may be competitive with the initial slow stage and is negligible as com-
pared to the fast one. The domain merging is conceptually identical to the
domain coalescence in the Miller—Weinreich model.

The next step in understanding the polarization specific in LiNbO3 and
LiTaO3 was done as a result of finding the so-called ‘pinning’ of the domain
walls during sideways movement. The optical observations in LiNbOgs [710]
and LiTaOgs [724] found that the sideways domain wall movement is ‘jerky’.
The peak of is(t) accompanying this movement contains resolved spikes which
by origin are the Barkhausen currents. This jerky motion was attributed to a
‘pinning’ of the domain walls by defects and subsequent ‘depinning’ [625,710,
724].

It should be emphasized that the domain-wall pinning effects which are
obviously common for ferroelectrics (as well for magnetics) on the whole, for
the first time were directly observed and studied in details just in LiNbOg
and LiTaOs; the found regularities perhaps form a basis to a refined scenario
of the ferroelectric switching.

According to the observations of Gopalan et al. [625, 710], the domain
motion starts under external fields significantly lower than E., however, owing
to a capture of a domain wall by a ‘pinning’ center, the motion is stopped.
To provide the depinning at a given field F, the length of the field pulse
should exceed certain tx, otherwise a domain would come back to its initial
boundaries. This pinning effect could account for the existence of a threshold
switching field in LiNbO3 and LiTaOj, which means that whenever a field
E < E. is applied (where E. is just the threshold), no switching occurs.
Recall that in model ferroelectrics like BaTiO3 or TGS the switching already
starts at F¥ < E. although via slow kinetics of the relaxation type.

Additional details of the pinning process were extracted from a comparison
of the domain dynamics in LiTaOs under pulsed and steady-state fields of the
same amplitude [652, 711]. The domain motion was observed under a pulse
duration t, < ts measured from the switching currents. As a priori expected,
the pinning effect is characteristic for the pulsed rather than for steady-state
fields. On applying a single pulse, a domain wall stays fixed during almost
90% of t,, whereupon is rapidly shifted (‘depinned’). Therefore, certain time
is required to release a domain wall from a pinning center. No pinning occurs
under steady-state fields, since a shift of the domain wall linearly grows with
time. As a result, an average domain wall velocity under pulsed fields is sub-
stantially lower than under the steady-state ones. For example, in congruent
LiTaOs, at 212kV em ™! the motion velocities of an individual small domain
are 34 and 200 ums~! under pulsed and steady-state fields, respectively. In
the same way, the merged domain front moves with the velocities of 340 and
2,300 ums~! under pulsed and steady-state fields, respectively [652].

In this relation the domain backswitching is again worthy of mentioning,
because as found in early studies [705], this effect is one of the decisive factors
in formation of PPLN and PPLT structures [609]. The domain backswitching
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was reported repeatedly and studied in details in CLN [625,728], CLT [710],
SLT [717], and LiNbO3:5%MgO [719]. In summary, the backswitching char-
acteristics are as follows. Critical times ¢*, denoted by Gopalan and Mitchell
[625] as stabilization times in CLT are noticeably larger than in CLN; for
example, for the forward switching under E ~ E, ~ 210kV cm™! they are
1.5-2s and 10-30 ms, respectively, and decrease in stoichiometric crystals to
300ms in SLT at F ~ 20kVcm ™! ~ E.. This regularity correlates with the
relationship between FEj,¢ in these crystals, see Table 7.1. As expected, in any
crystal ¢t for forward (hampered) switching is longer than for the reverse one;
for example, 1.5-2s and 0.1-0.3 s, respectively, in CLT. An effect related to
the backswitching and characteristic for all ferroelectrics, is a dependence of
the switching parameters on the time interval between applying fields of oppo-
site polarities, which was reported for CLT [729], SLT [717], and CLN [730]. If
a time interval ¢, between applying fields, denoted in [717] as a time gap and
in [729] as a recovery time, is shorter than a certain value, or, in other words,
if the field alternation is too fast, then with decreasing ¢, the values of P, E.,
and ts are lowered. In SLT [717] and CLN [730], this impact of the duty-off
factor appears at ¢ in the range of tens of seconds. Some authors [717,729]
mistakenly concluded that a decrease of E. under a rapid switching promises
a facilitated Py reversal; however, they ignored a simultaneous decrease of the
switched charge Ps [717], which evidenced that a part of the crystal is not
involved in switching and remains clamped.

As clear from the preceding, the backswitching process may find an expla-
nation in the framework of the pinning—depinning mechanism. Actually, the
observed domain motion under a field pulse [652,711] evidences that certain
critical time is required to release a pinned domain wall; this time is involved
in the parameter t* of the backswitching. Another qualitative explanation of
the backswitching is given by Shur [609]. As the domain motion is accompa-
nied by a local nonequilibrium depolarizing field, so accordingly to Shur [609]
the backswitching is caused by a noncomplete compensation of this field by
external screening charges, which leads to a formation of a residual local field
FE.q preventing from the domain motion. The faster is the domain motion, the
lesser is the degree of screening and higher is F,.q4, thus the backswitching is
more pronounced. These two explanations of the backswitching process are
complementary rather than conflicting.

A large amount of experiments was aimed to analyze the pinning—
depinning mechanism. Observation by means of the NSOM method [712,713]
found that a birefringence region adjacent to a domain wall, becomes dis-
torted under an external field as low as 20kV em ™', corresponding to 0.1 E,.
This distortion was regarded as a proof of a pinning effect and interpreted as
a bending and bowing of a domain wall around the pinning centers. Actually,
the classic concept of the domain dynamics is based on the assumption of flat
domain walls, so their distortion is a necessary condition of pinning.

A scheme depicted in Fig. 7.19, was proposed to describe this process. On
the basis of the domain wall curvature, which was calculated with a rough
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Fig. 7.19. Schematic of bowing of a pinned domain wall (defects are dots) under
an applied electric field, redrawn from [713]

approximation from the distorted birefringence region, an estimation of the
energy of the unit domain wall area o = 0.2-0.4J m~2 was calculated [713].
This value is at least by an order of magnitude higher than that evaluated
for 180°-domain walls in BaTiO3, namely o = 0.002-0.02 erg cm ™2 ([614] and
references therein).

The data of the X-ray topography in LiNbOg3 seem to support the pinning
mechanism [646]. In these experiments performed by means of measuring the
rocking curves and topographs, the first step was the investigation of static
domains created by a preliminary applying of an external field. The observed
X-ray contrast is due to the existence of mechanical strains around the domain
walls. Then an evolution of domains was observed in situ under F < E
applied in the course of structure studies. On applying external fields in the
range from +30 to £90kV cm™!, i.e., substantially lower than the forward
and reverse switching fields, a domain evolution was registered looking as an
affine widening or shrinking of domains with no movement.

An indirect evidence of a domain wall pinning was concluded from a bend-
ing of PPLN pattern after a weak temperature annealing, found by an PFM
method [731]. Additionally, indirect evidences of a pinning mechanism were
concluded from recording the domains in CLN and SLN by means of applying
high fields to the AFM tip [731]. In SLN, the diameter of the recorded domain
linearly grows with the duration of the field exposure up to about 20s and
then starts to rise much more strongly, whereas in CLN this dependence is
weak, for details see Fig.7.20. The latter may be assigned to a wall pinning
preventing the domain growing.

Microscopic Models of the Polarization Process in LiNbOj
and LiTaOj3 Crystals

The main specific features of the polarization process in these crystals are
enormous coercive and internal fields drastically depending on the crystal
stoichiometry and the existence of the threshold switching field. Serious efforts
were mounted to analyze the microscopic origin of this specific and to squeeze
all observed effects into the framework of a unified microscopic model.
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Fig. 7.20. Single domain diameter as a function of the AFM high voltage pulse
length for congruent and stoichiometric single LN crystals. The error bars represent
the standard deviation of results obtained over four domains tailored at different
places on the sample, data were taken from [731]

As found in the pioneering works [476, 625, 707-709] the sign of Ein
is changed, if the polarization-reversed crystal is quickly heated to certain
threshold temperatures. In terms of the Arlt-Neumann model of the bias
field [622] this means that the dipole moments of defects controlling Ein, are
reoriented at elevated temperatures in compliance with the reversed direction
of P;. Asin LiNbOjs at T' > 100-120°C a thermal activation of hydrogen takes
place, see Sect. 5.2 so, it was reasonable to associate the defects governing Ej,¢
in LiNbOg3 and LiTaOgs with H-ions. To prove this, the effect of external fields
and thermal annealing on the IR absorption band characteristic for the OH
stretch mode was analyzed [707-709], see left part of Fig.7.21. Actually, af-
ter the polarization reversal the structure of the IR band in a virgin LiTaOs3
or LiNbO3 was modified, namely, the intensities of three main lines compos-
ing the IR band were redistributed, see right part of Fig.7.21. These results
were recently validated [732], where the peak position of the IR band in the
LiNbOj3 crystal was shifted by 11cm™! after the polarization reversal; this
shift has a maximum after the first (forward) switching, and at further field
cycling the peak oscillates back and forth within 4cm™!. Annealing of the
polarization-reversed crystals led to a slow relaxation of the IR band to its
initial shape [707-709], which was assigned to a realignment of Fj,. As the
OH-bond is almost normal to the Py direction [100] (see Fig. 2.10), OH-dipoles
themselves cannot be responsible for the Ei,:. Gopalan et al. [7T07-709] sug-
gested that the observed relaxation of the OH-bond is in some way caused
by an evolution of Li vacancies which in its turn depends on the [Li]/[Nb] ra-
tio. Similar slow relaxation processes in polarization-reversed LiNbOg crystals
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Fig. 7.21. Absorbance of the OH stretch mode in z-cut LiTaO3 at rom temperature
with decompositions into three components and the experimental data points for a
virgin sample (left) and a domain-reversed crystal (right); redrawn from [708]

were observed by means of Raman spectroscopy [733]. After the polarization
reversal the peak positions of six representative Raman lines were somewhat
shifted, whereupon they were slowly recovering to the initial state with char-
acteristic times in the range of several hours. This was attributed to the
relaxation of the internal field.

However, the initial attractive conclusion that Fjy; is controlled by protons,
was later ruled out, because its value in LiNbOj3 was shown not to depend
on the H-content in the crystal [476], Fig. 7.22. At the same time, subsequent
studies reaffirmed an impact of switching on the shape of OH-stretch band.

The response of the OH-band to the ferroelectric switching was found
as well in the stoichiometric LiNbO3 obtained by the VTE technique [734].
The intensities of three lines composing the IR band were redistributed after
the polarization reversal and almost completely restored after a temperature
annealing.

The most drastic effect is observed in Mg-doped LiNbO3 with [Mg] above
the threshold [732]. As known, in these crystals the OH-band is shifted to
a shorter wavelength [100]. After the polarization reversal of a virgin crys-
tal the band is decreased by more than 80%. After turning-off the field,
it relaxes very slowly, not returning to the initial optical absorption value
during tens of hours. This extremely slow relaxation of the IR band in the
polarization-reversal LiNbO3:Mg resembles qualitatively the slow relaxation
of the Raman-lines in the polarization-reversed undoped LiNbOj3 [733] and is
most probably related to a slow spontaneous depoling of the reversed state.
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Fig. 7.22. The switching fields, Er for forward poling and E, for reverse poling, and
internal field Ein as a function of the measured Curie temperatures, 7. , of LiNbOg
crystals with low hydrogen content (samples CLND, SLND, and HLND). Data are
taken from [476]

At room temperature the initial shape of the band in LiNbO3:Mg is com-
pletely restored by the reverse poling [732]. It may be restored as well by
annealing a polarization-reversed crystal at 7' = 250°C during 2 h.

The scope of the listed results permits to conclude unambiguously that
the polarization reversal somehow affects the OH-stretching bond in LiNbOg3
evidently because of a variation of the ion environment. At the same time, the
reverse effect, that is a direct contribution from protons or hydroxyls into the
switching process suggested in the early investigations, is open to question.

It is worthy to mention here that the ferroelectric switching affects not only
the OH-band, but spectroscopic characteristics of other impurity ions, too.
Measurements by the site-selective excitation-emission spectroscopy found a
drastic reconstruction of the Er3*-emission spectra after the polarization re-
versal in the congruent and near-stoichiometric LiNbOj crystals [735]. The
scanning of the crystal finds this spectrum reconstruction within approxi-
mately 22 pum around the domain wall. In LiNbO3:RuQO; the polarization re-
versal produces a strong photochromic effect [736]. Both effects provide new
methods for the domain observation in LiNbOg [610, 735-737].

After the discovery the stoichiometry as a guiding theme, the next step for
an insight into the microscopic origin of the unipolarity and the high coercive
fields LiNbOg3 and LiTaOs, was invoking the intrinsic defect model. Actually,
the [Li]/[Nb] ratio as an impact on various properties of LiNbOg, is interpreted
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in terms of Nby;, Vi, etc., so it was suggestive to extend this language to the
polarization process as well. According to Kim et al. [717] the polarization
reversal in LiNbOj3 containing structure defects cannot be presented simply
as a symmetry inversion of the single-domain matrix. This reasoning is sup-
ported by the results of the X-ray topography in congruent LiNbOg crystals
containing antiparallel domains [646]. These experiments revealed a difference
in the intensities of the (0012) and (0012) Bragg reflections (8.5keV) which
is assigned to different structure factors between antiparallel domains.

A qualitative microscopic model of Ej,; on the basis of the intrinsic de-
fect structure was proposed for LiTaO3 [717] in the framework of the Arlt—
Neumann model [622]. Subsequently, this model was expanded to LiNbOg
[610]. The internal field was attributed to the dipole moments of defect clus-
ters [Nbr; — 4Vy;]. The polarization reversal requires particularly moving the
regular Li ions along the polar axis through the plane of the oxygen-triangles.
The model proposed Kim et al. [717] postulates that at room temperature
the point defects Nby; are fixed by Li vacancies, thus the cluster dipoles can-
not be reoriented in consistence with P, and conserve the initial direction of
Eint. These dipoles may be realigned only at 7" > 100 — 150°C. So, accord-
ing to this model the reason of the observed reorientation of Fj,; at elevated
temperatures is a reorientation of the cluster [Nbr; — 4Vy;] dipoles, which in
its turn is attributed to a thermo-activated mobility of the Li vacancies and
their hopping over equivalent Li sites. Using this reasoning, the authors follow
the interpretation of the [Mn?* — Vg]-dipole reorientation in BaTiOs [623].
The validity of this model, particularly concerning the role of the Li vacancy
hopping is very difficult to verify. As discussed in Sect. 3.2.1, the conductivity
in this temperature range is actually dominantly ionic and attributed to the
hydrogen transport. The activation energies of the diffusion of HT and Li™ are
close to about 1eV and rather scattered [738]. So far no spectroscopic proofs
exists for a realignment of a [Nbr; — 4Vy;] dipole at elevated temperatures, as
it was established in BaTiOz:Mn [623].

As repeatedly mentioned, a specific of the ferroelectric switching in
LiNbOg3 and LiTaOsg is in the freshly switched domains the appearance of
a large birefringence in the vicinity of the domain wall. In congruent crys-
tals it achieves An ~ 10~* and may be reduced by an order of magnitude
by a thermal annealing; in near-stoichiometric crystals An is significantly
lesser [610]. This birefringence provides a possibility to observe the domains
(strictly speaking, the domain walls) in polarizing microscopes and gives such
a beautiful effect as emerging star-like images (Fig.7.23) when a laser beam
propagates along the polar axis through a poly-domain LiNbOj3 [739]. The
switching-induced birefringence is An = 107° — 10~* and caused by mechan-
ical strains and space-charge fields normal to the domain wall. According
to optical measurements [712] the strains are |6, — €,| ~ 1074, ¢,, ~ 1074,
and €, ~ 107% according to structure data e, ~ |6 £ 3| x 1075 [646].
The tangential field is E, ~ 10kV em~! [712]. The birefringence region is
within 2um [712,713], whereas the approximate shear strain width observed



196 7 Polarization Reversal and Ferroelectric Domains in LiNbO3s Crystals

Fig. 7.23. Far-field light patterns observed on the screen for illumination with light
wavelength 351.1 nm for various fields applied to the crystal. The applied fields in
[kV/mm] are: (a) 19.08, (b) 19.30, (c) 19.53, (d) 19.67, (e) 19.69, (f) 19.72. In all
these pictures the main beam is blocked, taken from [739]

by X-ray topography is up to 10um [645,646]. At the same time, the do-
main wall thickness itself, is estimated (PFM method) to be in the range
65-150nm [617-619] and even not exceeding 0.28 nm in LiTaO3z according
TEM measurements [740]. A long discussion on the origin of a large disturbed
area around the domain wall is still in progress. Jach et al. [646] attribute
the large region of shear strains adjacent to the domain walls in congruent
crystals to interaction of the domain walls with the defect clusters, in other
words, to pinning the walls by the intrinsic defects. This relation is supported
by the shape of the spatial distribution of the piezoresponse when scanning
the PFM-tip across single domain walls [617]. The piezoresponse having a
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maximum in the center of gravity of the domain wall is smoothly falling down
on each side within a distance of 100-120 nm. In a stoichiometric crystal, the
distribution of the piezoresponse with respect to the wall is symmetric, thus
is identical in the regions with the initial and reversed Ps. In contrast, in
a congruent crystal this distribution is noticeably asymmetric tailing to the
reversed area, which may be indirectly related to the existence of Fj.

However, on the whole the mechanism associating the strong extensive
shear strains to the intrinsic defects is qualitative, although very attractive.
From the measurements of the X-ray and diffuse neutron scattering in con-
gruent LiNbOj crystals Zotov et al. [741] estimated the size of the disor-
der/defect clusters formed by the structure defects (pairs of Vi; or Vi; and
Nbry,; randomly distributed on the lattice sites with resulting displacements
of the neighboring Li ions). These estimates give cluster sizes of 114-760 pm.
At the same time, a simplified estimate [645] taking into account the known
concentration of the intrinsic defects leads to the value of possible cluster sizes
by several orders exceeding those found in [741].

The concept which relates directly the high coercive and internal fields
in LiINbO3 and LiTaO3 to pinning by the intrinsic defects, does not answer
several fundamental questions. For example, in this concept the intrinsic defect
structure in LiNbOg3 and LiTaOg is assumed to be identical, so one may expect
an identity in the polarization characteristics of both crystals. At the same
time, Ei,¢ in LiTaOg is more than twice as much higher than in LiNbOsg,
see Table 7.1. This concept may scarcely explain a sharp decrease of E. and
Eint in highly Mg- or Zn-doped congruent LiNbOj3 and Li-enriched LiNbOj3
weakly doped with Mg. Indeed, in the framework of the intrinsic defect model
these crystals do not contain the hypothetical pinning centers Nbyr; and Li
vacancies. At the same time, these crystals are spatially much less uniform
than undoped ones and, as seen from the concentration dependencies of the
lattice parameters, see Fig. 2.21, the lattice in highly doped crystals is stressed.
At [Mg] or [Zn] above the thresholds, new intrinsic defects Mgny, or Znyp
are formed, which themselves could serve as pinning centers. So, in spite of
missing Nby,;, one would more likely expect a hampered switching process at
high Mg or Zn concentrations. We cited these arguments to illustrate that the
qualitative explanation of the switching parameters of LiNbO3 and LiTaOj3
in terms of the intrinsic defect structure is very far from a comprehension.

7.2.3 Photoinduced Effects in Ferroelectric Switching of LiNbO3
and LiTaO3 (Photodomain Effects)

Besides the crystal stoichiometry, another factor affecting the value of E.
and switching is the illumination by a photoactive light, either near UV
[729,742-746], or blue-green [747,748]. The most sensitive to the irradiation
are Mg-doped LiNbOg crystals with [Mg] close to the threshold. The first ob-
servation [742] found a lowering of E. in a congruent LiNbO3:5%Mg to about
60kVcm™!, i.e., by about 10% under illumination by a nonfiltered UV light
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Fig. 7.24. Relative coercive field reduction E.(I)/EP vs. light intensity I at a
wavelength A = 305 nm, redrawn from [745]. PolMg25, PolMg35, and PolMg45 mean
congruent LiNbO3 crystals doped with 2.5, 3.5, and 4.5 mol.% MgO (in the melt),
respectively; the crystal doped with 5.5%MgO behaves identically to the one doped
with 4.5%

with an intensity of 0.2 W cm~2. Wengler et al. investigated the spectral char-
acteristics and the compositional dependence of this effect [744,745]. Most effi-
cient was a radiation of A = 305 nm, resulting in a lowering of E. in congruent
LiNbO3:5% Mg by more than 30% at intensities as low as 10-12mW cm™2;
a comparable effect was observed in near-stoichiometric LiNbO3:1%Mg. At
higher intensities of about 40 W cm ™2 the value of E. at 5%Mg doping fell
down by 50%; a noticeable decrease of E. was observed as well at lower Mg
concentrations, see Fig.7.24. A longer wavelength radiation A = 334nm up
to intensities of 100 W cm ™2 affected E. only in LiNbO3:Mg with [Mg] above
the threshold.

It is qualitatively clear, that the photoinduced effects are due to the screen-
ing by the free charges of noncompensated depolarizing fields accompanying
a domain motion [606,609]. These effects are most pronounced in the above-
threshold LiNbO3:Mg crystals due to a relatively high photoconductivity oy
discussed earlier in Sect. 4.2.1.

Moreover, a UV irradiation of these crystals is accompanied by increasing
the optical absorption in the range of 330-350 nm [325], which additionally
enhances oph in the near UV. Increasing Li content leads as well to an en-
hancement of op. As a general result, the dielectric relaxation times 7y in
highly doped LiNbO3:Mg and perhaps in near-stoichiometric LiNbOs:Mg at
moderate light intensities are in the range of seconds or even shorter, which is
comparable to the switching times. Screening effects may contribute to both
involved processes, either to facilitate the domain nucleation or to accelerate
the domain wall sideways movement. According to recent observations [745],
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the more probable is a decrease of the nucleation field. This assumption is cor-
roborated by the intriguing fact that under the illumination with A = 330 nm
the nucleation of antiparallel domains occurs always at the —z-surface in-
dependently of the illuminated z-face [742,745], whereas in the usual case
(without illumination) the antiparallel domains, as mentioned earlier, always
appear nearby the +z-surface. Therefore, the screening controls the nucleation
conditions at the surface. At the same time, one may expect a bulk screening
effects. For example, a photoactive illumination may affect the space-charge
field Es. which exists in the vicinity of a domain wall [712]. In terms of the
pinning mechanism, it would mean a change of the potential barrier formed
by a pinning center.

The above consideration concerned a weakly absorbed UV light, so the
photoinduced effects may be related both to the surface and bulk reasons.
The interpretation of the events proceeding under illumination by a strongly
absorbed light A = 305nm (a > 10ecm™!) is more complicated. The spe-
cific of this case is a strong nonuniformity of the applied field in the crystals
bulk owing to a nonuniform distribution of o}, along the light beam propaga-
tion. According to calculations [745], an incident energy is efficiently absorbed
within the depths of 0.2-0.3 mm, so in the samples 0.5 mm in thickness, the
field increases from the illuminated crystal surface to the opposite one by
more than an order of magnitude. In accordance with these calculations, the
domain nucleation under strongly absorbed illumination starts from the sur-
face opposite to the illuminated face (independently of its polarity), that is in
the region of a field maximum.

The irradiation by a visible blue-green light also leads to a decrease of
E. [747,748], or, to be more precise, of the field corresponding to the ap-
pearance of antiparallel domains registered optically, denoted by the authors
as the nucleation field E,. The value of F, noticeably decreases in the crys-
tal spot exposed to a focused Ar-ion laser beam. This effect is again mostly
pronounced in highly doped LiNbOg3:Mg crystals, where E,, falls down by an
order of magnitude [748]. In spite of an apparent analogy to the results of a UV
impact, the mechanism seems to be different. The used blue—green intensities
are very high, for example of about 100 MW em =2 (A = 488 nm) [747] and of
about 3kW cm =2 (\ = 457,488, 514 nm) [748], thus incomparably higher than
the UV intensities mentioned earlier. As known, a visible radiation excites a
photorefractive field which under these intensities may achieve very large val-
ues even in undoped LiNbOj3 crystals [35]. Additionally, a focused intensive
irradiation produces strong local pyroelectric fields. Therefore, under these
conditions several processes are involved and there is no way to separate a con-
tribution from either field and their interaction with the applied external field.
These results permit only to conclude qualitatively that very high intensities
of a visible light decrease the nucleation field. Such an illumination-assisted
domain switching could be very attractive for practice, because in principle
it permits to record very fine domain patterns (in the range of microns) con-
trolled by the diameter of a focused light beam [747,748]. However, physical
mechanisms of the observed effects are very far from a comprehension.
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As a separate photoinduced effect one may regard the rise of surface mi-
crodomains in congruent LiNbOj3 crystals under intensive UV irradiation with-
out external fields [746,749-754]. These microdomain structures result from
pulsed irradiation with a wavelength below (A = 248 nm) and of those from
the UV bandedge (A = 298 — 329nm). The used pulse energies and pulse
lengths are in the range 50 — 150 mJ cm ™2 and 7 — 20 ns, respectively, thus,
the power densities are as high as MW cm™2, which is just below the abla-
tion threshold of 500 mJ cm~2 under these conditions [749]. The depth of the
domain relief visualized either by chemical etching or by piezoelectric force mi-
croscopy depends on the optical absorption coefficient of the applied UV light
and is the shallowest for A = 248 nm. Using phase masks and a recording wave-
length A = 248 nm, regular domain patterns with a grating period of 726 nm
were obtained [752]. With increasing light exposure (number of UV pulses),
the microdomain structure transformed from rows of individually separated
dots (individual microdomains) to continuous nonresolved lines. Even under a
nonpatterned light-beam the emerging microdomains tend to a self-organizing
forming regular patterns corresponding to the crystal point symmetry [751].
These effects are observed on either an irradiated z-surface independently
of its polarity. An interpretation of these self-organization processes leading
to coalescence of UV-induced nano- and micro-domains into regular beams
is given by Shur [754] in terms of the screening effects in a nonequilibrium
state. The intensities required to produce these surface micro-structures are
too high to relate the observed effects to the photoinduced charge transport or
pyroelectric effect, they have obviously another origin, perhaps a slight Li out-
diffusion. Interestingly, that the visualized domain micro-structures observed
in these works qualitatively remind of the patterns observed on the polar cuts
of LiNbOs:Fe crystals when irradiation by photoactive light (Ar-ion laser,
0.1-1 Wem™2) and in situ chemical etching, see [755] and references therein.
This effect caused by a suppression of the etching velocity in the illuminated
part of the —z-surface, was attributed to an impact of the photovoltaic field on
the etching process. At the same time, the surface patterns visualized in this
case by means of the PFM and SEM methods resemble the domain patterns
induced by UV light in the above listed experiments, so, it is not inconceivable
that in [755] a near-surface polarization reversal occurred as well.

7.2.4 Recording of Ferroelectric Domains by Electron Beams
and AFM Voltages: Microstructured Domain Patterns

From the aforesaid, one sees that the regularities of the switching process in
LiNbOg3 and LiTaOg are studied sufficiently to apply them in practice. In spite
of this, a practical elaboration of PPLN and PPLT devices meets serious dif-
ficulties. The first obstacle is the effect of domain merging which makes hard
to control their final width, thus the duty cycle. This problem was repeatedly
discussed in publications, starting with the basic review [756]. Another ob-
stacle is the backswitching, which under a given strip electrode is especially
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pronounced at the electrode edges [728]. Therefore, the field regime requires
a field exposure to be relatively long to avoid the backswitching, and at the
same time relatively short to suppress the domain merging and coalescence.
Certain technological difficulties are caused by the necessity of a preparation
of regular fine electrode patterns by the lithographic techniques. Beyond, cer-
tain future applications such as photonic crystal structures require submicron
domain periods, whereas the minimal achieved domain sizes under field pol-
ing are within 2 um. All these reasons initiate the development of alternative
methods, the eldest of which is the recording of the domain pattern by an elec-
tron beam promising in principle a resolution up to 5 nm. As mentioned in the
beginning of this section, the first results on PPLN and PPLT recording by
an electron beam were obtained in 1990-1992 [696, 697,699, 700]. PPLN and
PPLT structures were created in samples placed into a scanning electron mi-
croscope (SEM) modified for these aims [697,699,700], or recorded by electron
beam lithography method [698]. Two modes of scanning, either continuous
line scanning with a constant speed, or a dotted-line scanning (hopping) were
used [757]. For LiNbO3:Mg the electron-beam recording of a domain pattern
was reported in [758]. The experimental conditions used in these and subse-
quent works are on the whole very similar: the beam voltage is within 30kV,
as at higher voltages the samples are cracked, the +z-cut is covered by a thin
metal electrode and grounded; the —z-cut is scanned by an recording electron
beam 0.5-1um in diameter with a velocity of 0.01-1mms~!; a designated
spatial period is program-controlled. A necessary condition is a high purity of
the —z-surface (scanned). To produce the domain reversal, the fluence should
exceed 8 x 10* ecm ™2 [759]. The characteristics of the arising domain pattern
are controlled by a compromise between the scanning velocity and fluence (i.e.,
the current). Even in early works, the required periods of PPLN in the range
of 6-8um were reported, for example, in [697] the recorded PPLN structure
with a period of 7.9 um demonstrated a normalized conversion efficiency of
40 W cm =2 for SHG from a Ti-sapphire laser (861.6nm).

A further development of the domain recording by an electron beam
bombardment permitted to obtain extremely fine domain patterns. One-
dimensional (1D) and two-dimensional (2D) domain arrays were created with
domain diameters of few hundreds of nanometers [759], which are considered
as prototype of photonic-like structures. Glickman et al. [760] proposed an ad-
vanced indirect polarization reversal by an electron beam, in which the —z-cut
is covered by a thin dielectric layer with a high trap density. This provides
a high localization of the electron beam, because of a high local capturing
of the electrons. As a result, the formed domain dots 18 um in diameter and
a penetration depth into the crystal of about 350 um gave a fine structure
consisting of numerous nano-domains. The produced pattern is also regarded
as a prototype of a 2D photonic-like structure. A similar method of coating
the —z-surface with a resistive layer before recording domain arrays with an
electron beam was recently used [761,762].
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Fig. 7.25. Scheme of the domain inversion process according to [700]

The attempts were made to record PPLN and PPLT with the aid of ion
beams, for example, by an Si?* ion beam [763]. The thickness of the recorded
PPLT and PPLN pattern was of 0.3 mm with a duty cycle close to 0.5. Re-
cently a micro- and nano-domain engineering in 800 nm thick LiNbOg crystals
with the use of a Ga?*-ion beam was reported [764].

The reason of the polarization reversal under charged particles is not clar-
ified yet. Figure 7.25 shows a qualitative illustration of electric fields aris-
ing under electron irradiation either of polar faces. Ito et al. [697] following
Haycock and Townsend [686] suggested that a local oxygen outdiffusion un-
der the electron beam produces a pathway for a directed Li ion transport over
the bulk with a consequent formation of an antiparallel domain. Fujimura
et al. [757] assume that a local action of the electron beam produces a seed of
an antiparallel domain. Attempts were made to calculate the electron-beam
induced local fields. Nutt et al. [699] estimated the local field developed un-
der an electron beam with a diameter of 0.5um. Scanning with a velocity of
300 ums—! gives £ = 106V em™!, which satisfies the required condition for
a domain nucleation and further frontal growth. An estimate of the surface
charge induced by an electron beam when recording a line with a width of
1um gives 100 uC cm~=2 which is comparable to P, [757]. According to the
consideration of Nutt et al. [699], the field is decreasing over the crystal thick-
ness. Actually, in consistence with this conclusion a tilt of domain walls with
respect to the polar axis was repeatedly reported in electron-beam produced
PPLN [698,699,765]. Particularly, the structure recorded by means of a con-
tinuous line scanning of an electron beam and visualized by the chemical
etching, looked as parallel hill rows on the —z-surface (scanned), and as a
regular matrix of isolated pits on the opposite, +z-face [765].

A domain wall tilting, thus a decrease of the domain cross-section along the
polar axis, is obviously a fundamental drawback of the volumetric electron-
beam recorded PPLNs and PPLTs, which makes this method seemingly more
suitable for PP structures in waveguides or very thin crystals. For example, a
PP structure on a nanoscale level was formed in a congruent LiTaO3 single-
crystal as thin as 100 nm by means of the electron-beam lithography technique.
The recorded domain linewidth was 100 nm with a period of 200 nm [766].
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As a method being a relative of the action of charged beams, one may
regard producing PP structures with the use of a corona discharge, which
was employed in LiNbO3:Mg [767]. In this case regular metal electrodes were
deposited on the +z-cut and grounded, whereas the —z-cut was exposed to
the corona discharge. Under exposure with the voltage of 5.5kV at 100°C a
regular domain pattern was formed spreading through the crystal thickness of
0.4mm. This technique was used as well for a creation of OPOs on the base of
congruent and near stoichiometric LiNbO3:Mg [768]. The drawback of these
structures is again an insufficient regularity because of a domain wall tilting
with respect to the polar plane.

We now shortly dwell on the domain pattern recording using the atomic
force microscopy in which the polarization reversal occurs under a dc-voltage
applied to the AFM tip itself. The appearing domains are subsequently
scanned with the use of a standard SPM method, either in the piezoresponse
mode probing for a surface charge distribution, or, after a chemical etching, in
the topograph mode. Domain recording using the AFM tip promises patterns
at a nanoscale level. At the same time, the linear sizes of these nano-domain
patterns are extremely small, in the range of pm, thus being far behind ones
recorded by electron or ion beams, which are in the range of millimeters, e.g.
6 x 6mm? [766].

We should mention that as a qualitative prototype of the polarization
reversal of LiNbO3 under an AFM tip, one may regard a formation of mi-
crodomains under voltages applied to a spike with a thickness of about 1pum
of a needle-like electrode contacted to a LiNbOj3 surface ([769] and references
therein). Under voltages in the range from 500 to 2,500V, the antiparallel
domains appeared when contacting the electrode either to polar (z) or non-
polar (y)-faces. In the first case the penetrating depth of the domains into
the crystal thickness is about 50 um, in the second case they appear within a
surface layer of 0.15 um thickness on the (010) face, the domain length being
in the range of 15 um. The calligraphic poling method proposed by Mohageg
et al. [770] is as a matter of fact a development of Fregatov and Sherman [769].
In this method, a thin pen-electrode of 1um radius is moving along a polar
face of a LiNbOg crystal; which results in recording stable regular domain pat-
terns in 100 um thick LiNbOj3 specimens under voltages of 2-3kV for some
seconds.

The polarization reversal under a dc-voltage applied between a conductive
AFM tip and the bottom-electroded crystal surface was formerly observed in
several ferroelectric crystals having usual E, values of about several kVem ™,
e.g. [771-773] and ferroelectric films, e.g. [774] and references therein. In these
cases, a tip-voltage of a standard AF microscope (of the order of dozens of
volts) is sufficient to switch the ferroelectric films and thin crystal samples.
However, in LiNbOg or LiTaOgs crystals, even near-stoichiometric ones, the
standard AFM voltages are not comparable to E., therefore, to realize the
ferroelectric switching in these materials one should use two alternatives, ei-
ther to deal with extremely thin samples, or to increase the tip voltages.
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The first possibility was realized by Terabe et al. [775], who were the first to
switch LiNbOj3 crystals under an AFM tip. It was done in near-stoichiometric
LiNbOj3 and Li-enriched LiNbO3:1%Mg in samples as thin as 5um with the
use of a maximum tip voltage of 60 V. The authors observed very regular
hexagonal domains whose diameter smoothly increased from 0.5 to 3 um with
increasing the time exposure from 1s to 80 min or by increasing the voltage
at a constant pulse duration. The authors succeeded in obtaining regular do-
main dot arrays and even in recording ring-shaped domain patterns following
scanning trajectories of the recording tip. To provide a temporal stability of
the recorded domains, the time exposure required not less than 1s. Similar
experiments were performed in extremely thin LiTaO3 samples, for both con-
gruent and stoichiometric compositions of about 50-150 nm thick under short
pulses with lengths varying from 4ns to 150 us and amplitudes in the range
from 7 to 15V [776-781].

Even under field pulses as short as several ns the antiparallel domains
did appear; note that such an ultrafast switching has never been reported
before in volumetric ferroelectric crystals. The lowest diameter of recorded
domain dots achieved in these experiments was less than 10 nm, which could
be estimated with the aid of a precise method of scanning nonlinear dielec-
tric microscopy (SNDM) developed by this research group [776]. The achieved
ultra-fine domain patterns permitted the authors to claim a realization of a
high density (up to 10 Thit inch~2) storage system, see Fig. 7.26. The precision
of the SNDM method permitted Daimon and Cho [782] estimated the domain
wall thickness H of AFM-recorded domains in CLT and NSLT ultrathin crys-
tals. An intriguing result is a decrease of H with decreasing crystal thickness
and domain radius. As expected, H is sufficiently lower in NSLT than in CLT
for the same domain radii; for illustration, H = 2.9 and 10.7 nm, respectively,
for the same domain radius of 500 nm.
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Fig. 7.26. SNDM images of close-packed array of domain dots (normalized ampli-
tude) at a data density of (a) 0.62Tbitin.”2 (11V, 10us) and (b) 1.50 Thbit in.™>
(12V, 80ns) using 70-nm-thick single-crystal CLT according to [776]. Reused with
permission from Cho et al. [776], Copyright 2002, American Institute of Physics
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Interestingly, that in these experiments a dependence of the ferroelectric
properties on the sample thickness was detected [777]. The P-E hysteresis
loop in a congruent LiTaOg 6.5 um thick sample was very similar to one ob-
served in volumetric crystals with approximately the same E. and FEjy, see
Sect. 7.2.2. In contrast, in the 0.5 um thick sample the parameters of the P-E
loop noticeably depended on the field frequency. We should note that the
observation of ferroelectricity in single-crystals as thin as 50 nm, is to our
knowledge reported for the first time. As follows from the results of this re-
search group, the temporal domain stability is provided by a large enough
duration of the voltage pulse. Another crucial parameter appeared to be the
domain radius rq [783]. For AFM-domain recording in NSLN crystals with
a thickness from 25 to 150 wm, Kan et al. [783] found that the decay time
of domains is controlled by certain critical radius r. inherent to each crystal
thickness, namely, the domains having rq < r. decay very fast after turning-off
the voltage, whereas for rq > r. the domain lifetime dramatically increased.
As the value of r. rows with the crystal thickness, so . was interpreted as the
domain radius corresponding to the domain penetration through the whole
crystal thickness.

Some authors elaborated a modified high-voltage AF microscope [HVAFM]
permitting to enhance a tip dc-voltage up to 5kV and deal with thicker sam-
ples [731,784-787]. Using this original equipment, this group succeeded in
tailoring submicron domain structures in LiNbOj3 plates of 150-250 um thick-
ness. Under a single rectangular voltage pulse of 40 ms duration and 3.2kV
amplitude they recorded 2D domain arrays consisting of triangular domains
with linear sizes less than 1.5 um. When moving the HVAFM tip along the
+z-surface the domain strips were recorded with lateral sizes in between
0.5-1.5 um and periods up to about 1um. In both cases the induced domains
were stable and penetrated through the whole crystal volume. The possibil-
ity of varying the amplitudes and pulse duration in wide limits, permitted to
deduce the characteristics of the polarization reversal under these conditions,
particularly to compare the switching behavior in relatively thick and very
thin crystals. These dependencies are fundamentally different and on a whole
may be formulated as follows. In thick crystals (0.5-1 mm) the domain radius
rq for a given pulse duration ¢, grows with the tip voltage U; by a power
law, e.g. oc U?/3 [786], whereupon tending to a saturation [731,786]. In very
thin LiNbOj3 crystals (0.85 wm thick) as well as in ultrathin LiTaOg3 crystals
in the reports sited above, rq for a given t, grows linearly with U; without
any saturation [619,787], see Fig.7.27.

The dependencies of 4 on t, are different as well, since in ultrathin samples
rq grows linearly with ¢, [619,787] in a wide pulse duration range, whereas in
thick samples this dependence is seemingly logarithmic [786,787]. The curves
for rq on the pulse duration ¢, were compared in thick congruent and stoi-
chiometric LiNbO3 plates [731]. As mentioned earlier (see Fig.7.20), in the
former this dependence is rather weak, whereas in the latter rq pronouncedly
grows with ¢, by a power law in a wide ¢, range from ms to 10*s without
saturation.
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Fig. 7.27. PFM (a) amplitude and (b) phase images of ferroelectric domains fab-
ricated by 10 ms voltage pulses of various amplitudes [619]. Reused with permission
from Rodriguez [619], Copyright 2004, American Institute of Physics

HVAFM tip

Fig. 7.28. Schematic diagram to illustrate the calculation of the electric field gen-
erated by a HVAFM tip, redrawn from [784]

A specific of the switching process and domain dynamics under a dc-
voltage of an AFM tip is due to a dramatic nonuniformity of the developed
field inside the crystal bulk. The tip-induced field distribution is calculated
as described below, for details see [617,642,784] and Fig. 7.28. The tip is as-
sumed to be a charged sphere with a radius R located at a distance ¢ from the
sample surface. The capacitance C; between the tip and a dielectric surface
is calculated following [788,789]; in the case of a ferroelectric the anisotropy
of the dielectric permittivity should be taken into account. Then the electric
field of the charge ¢ = C} Uy is calculated following [790], a radial distribution
of the field E, according to (7.34) is obtained

Ct Ut Ga R+6
.34
E(r) = 2750,/ecel+1\/ [(R—i—(i) L2 3/27 (7.34)
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where r is the radial coordinate normal to the z-axis, €, and €. are the dielec-
tric permittivity along the polar and nonpolar axes, respectively; the meaning
of other notations was mentioned earlier. Even for standard AFM voltages in
the range of several volts and R =~ 40-50 nm, the fields developed immediately
under the tip are rather high; for example, for Uy = 5V and § = 1nm the
field E, is about 10° Vem™!, but falls down very rapidly, approximately by
orders of magnitude at a distance of r &~ 20 nm [617]. Under a HVAFM tip the
fields are enormous, for example, at R = 50nm, § = 1 nm and with account
to €, and €. in LiNbOs3, the calculations [784,785] give E, = 5 x 107 Vem ™!
for Uy = 3.2kV and r = 0, that is directly under the tip. This field exceeds by
more than two orders of magnitude E.. At the same time, F, very steeply falls
down with z and becomes about 100 Vem ™! and several Vem™! at distances,
of 10 and 100 um below the surface [784, 785], respectively. Nevertheless, the
domain reversal occurs over the whole crystals thickness of about 150-250 pm,
thus extending to the zero-field region [784,785]. Moreover, the tailored do-
main arrays are sufficiently uniform along the polar axis [784, 785], so do
not respond to a drastic nonuniformity of the field. Certain parallel may be
drawn with the domain recording by an electron beam, because in this case
an achieved length of a grown domain along the polar axis is of about 0.5 mm,
thus by orders of magnitude exceeding the electron penetration depth being
of the order of microns.

So, both the experimental switching characteristics and the specific of
the field distribution require a refinement of the model as applied to the
polarization reversal under AFM voltages. In the literature this model is
widely discussed, e.g., [642,774,785,787,791-794]. Particularly, the group of
Molotskii [785, 787,792, 794] developed a switching model for LiNbO3 and
LiTaOj3 crystals under super-high voltages of HVAFM. The main distinctions
in switching scenarios under uniform and AFM fields may be formulated as
follows. As mentioned in Sect. 7.1.2, in the classical model the activation en-
ergy required for the domain nucleation is by an order of magnitude higher
than that provided by relatively low coercive fields, so a nucleation occurs
due to triggering by an interface, point defects, seed microdomains on the
surface, etc. Among three competitive processes (nucleation, sideways and
frontal domain-wall motion), the nucleation is the slowest, thus limiting the
switching velocity. By contrast, the calculations performed for HVAFM con-
ditions have shown that applying such high fields lowers the activation energy
of the nucleation down to 1073 eV, which leads to nucleation times as short as
10713 s. Therefore, the domain nucleation being the fastest stage, in no way
limits the switching velocity. Unlike the activation law (7.20) controlling the
sideways domain-wall motion under uniform fields, the process directly un-
der a HVAFM-tip is nonactivated, because E; > E.. For example, Molotskii
et al. [787,791,794] suggest a viscous friction model of the domain velocity
(7.22), thus vpw ~ E,. At the same time, according to (7.34) E, attenuates
with r very steeply and the sideways wall kinetics changes as a wall is moving
apart from a tip, so the mechanism of vpw (E,) may change. Actually, a plot
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of vgy vs. the domain radius rq in thin LiNbOj3 crystals [619], sharply falls
down at distinct 4, which is for example about 0.5um for a tip voltage of
100 V. According to the used model [791] this is due to the transformation of
the viscous drag (7.22) to the usual activation law (7.20). However, Rodriguez
et al. [619] interpret this curve as a result of the dependence of the activation
field § in (7.20) on E.

The most debatable is the mechanism of the domain frontal growth under
the AFM tip. As mentioned earlier, in spite of a practical vanishing of E, at the
depth of about 100 um below the surface, the domains grow through the whole
crystals thickness 150-250 um. Note that in the classical scenario the driving
force of the polarization reversal is determined by a compromise between the
depolarizing energy Wy and the domain wall energy Wi, see (7.7)—(7.11),
so at £ = 0 no domain motion occurs. To account for the frontal domain
growth within the zero-field region observed under a HVAFM-tip, Molotskii
and coauthors ([794] and references therein) advanced a concept named by
them the ferroelectric domain breakdown by a visual analogy with the elec-
tric breakdown, since the formed string-shaped domains remind the electric
breakdown tunnels. The main idea of the model is that the driving force of the
domain motion in this case is not the tip voltage itself. The attained domain
length is controlled now by the equilibrium domain configuration correspond-
ing to the given conditions, which in its turn is dictated by an extremely
high potential of the tip serving as an almost point charge. In other words,
the domain elongation towards a zero-field region means its tendency to an
equilibrium shape. The highly charged AFM-tip in this model is not simply a
passive electrode, but plays the role of an active nucleation center similarly to
a charged nucleation center in a crystallization process. The domain energy
now additionally to the depolarizing energy Wx and the domain wall energy
Wy (7.7)—(7.11) contains the energy of the interaction between the domain
and the field of the AFM tip, which in general is expressed as

W, = —2 / P.E.d%r. (7.35)

Minimizing the whole domain energy and using very rough approximations,
the author deduce the domain equilibrium dimensions assuming the energeti-
cally favorable domain shape as a strongly elongated semi-ellipsoid, following
the classic Landauer model [624]. The obtained equilibrium domain lengths
and radii are 170-200 pm and 0.5-0.8 wm, respectively. So, the calculated equi-
librium domain length actually extends to the zero-field region which argues
in favor of this exotic model.

As mentioned in Sect.7.2.2 the measurements of switching under AFM
tip are very informative with regard to the domain pinning effects. Rosenman
et al. [784] estimated in terms of the pinning model a characteristic size of
the domain captured by a pinning center (so to say, a seed size); this estimate
gave 0.3um. With account to the domain wall mobility in LiNbO3 pgw =
1.6 x 1075 cm? V~!s7!, a time required for a domain wall passing this distance
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is t, ~ 107°s. This time is incomparably lower than the experimentally
observed time of about 40 ms needed to provide a stable microdomain, not
disappearing after turning-off the voltage. Therefore, it was concluded that in
the case of a domain evolution under an AFM tip in an LiNbOg crystal, the
decisive kinetic factor is a certain time required to stabilize a domain wall, in
other words, a pinning time. In the opinion of the authors their results on the
HVAFM tip domain recording in LiNbOg support the pinning mechanism of
the domain wall motion [731,784,786]. As already mentioned, a more steep
dependence of rq and t, in stoichiometric LiNbO3 compared to congruent
LiNbOj3 [731], was attributed to pinning effects in the latter. As mentioned
above, the data of the AFM-domain recording in ultrathin samples NSLN
and NSLN:1%Mg [775] also evidence of pinning effects, because the temporal
stability of the domain was provided by field pulses not shorter than a critical
time of one second.

7.2.5 Conclusion

Concluding this section, we should note that the problems of polarization
reversal and domain dynamics in ferroelectrics are still far from a comprehen-
sion, particularly with regard to the nucleation process. This is true for LN
and LT as well, although the body of experimental investigations is enormous,
perhaps comparable to that accumulated during the preceding three decades
for the model ferroelectrics as a whole. An unresolved problem in LN and LT
are in our opinion the properties of E. and FEj,, particularly their dependence
on the crystal composition and temperature. Usually E. decreases when ap-
proaching the phase transition, whereas in LiNbOg and LiTaO3 E. and Fiy
start to decrease far below T,. This is seemingly related to the pinning effects,
which so far have been studied only at room temperature. Another unclear
property is an extremely high stability of PP structures against external ac-
tions, especially heating. No information is available of the thermal stability
of switched single or random (nonregular) antiparallel domains formed after
applying a high field. So, the question stands, whether PP structures are sta-
ble due to an inherent stability of switched domains (owing, say, to pinning
effects), or it is caused by some kind of a coupling. Anyhow, the PPLN ther-
mal stability seems to be in certain contradiction with the disappearance or
reorientation of Ei,s at relatively low temperatures in the range of 150-250°C.

In spite of vagueness in physical mechanisms, a significant progress in
elaboration of some practical devices seems to be achieved. As already men-
tioned, we do not intend to review these researches and simply illustrate
the domain engineering by several recent examples. The bibliography on
the PPLN, PPLT and their formation one may find, for instance, in the re-
views [477,674,756,795]. The special review of researches in the third-harmonic
generation (THG) in quasi-periodical domain structure (for example, of a
Fibonacci type) is given in [796]. Useful references on the PPLN and PPLT
modulators and deflectors are presented in [797,798].
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g v v——

(c) ¥ (expansion)

(d) -z

Fig. 7.29. Photographs of etched surfaces of periodically poled 3 mm thick MgO-
doped LiNbOs crystal: (a) y face from +z to —z surface, (b) 4z surface, (c) y
face (expansion), and (d) —z surface [799]. Reused with permission from Ishizuki
et al. [799], Copyright 2003, American Institute of Physics

A progress in PPLN and PPLT sizes is worthy of mentioning. As seen
from Sect. 7.2.1, former samples of PPLN and PPLT did not exceed 0.5 mm
in thickness, because the use of thicker crystal plates required too high fields
leading to an electric breakdown. Finding a decrease of E, in Mg- or Zn-doped
and stoichiometric crystals facilitated the elaboration of PP structures with
a thickness of a few mm, see for instance the references [715,799]. Figure 7.29
demonstrates a rather regular PP structure in a 3mm thick LiNbO3:5%Mg
crystal created at about 250°C; E. was as low as 12kVem™!. S. Kurimura
[800] has reported on a large-aperture OPO formed in an SLT:1%Mg plate
of 2mm thickness; E. = 17kVcm~'. When pumping this element with
A = 1,064nm, a conversion to the near-infrared range 2,500-3,500 nm was
obtained, tuning the wavelength by a variation of the domain period and the
temperature.

As the technology of producing the controlled domain arrays was devel-
oped, their practical potentials were enhancing. For example, one of the excit-
ing tasks of the laser technique is the simultaneous generation of three primary
colors — red, green, blue (RGD) from a single laser source. This was achieved
with the aid of a QPM on appropriately organized domain arrays, particu-
larly on aperiodic or quasi-periodic structures, for references see [477,796].
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A multiwave conversion of the fundamental radiation in this case is based on
an optical parametric process followed by a subsequent sum-frequency dou-
bling or mixing. An example of an aperiodic structure created in a congru-
ent LiTaOgs is shown in Fig.7.30. An efficient RGB light was obtained with
this structure using the fundamental wavelengths 1,342 and 1,063 nm from a
diode-pumped Q-switched Nd-GdVOy laser.

Recently, the concept of the nonlinear photonic crystals [679] generated
great interest. As mentioned in Sect. 7.1.4, a 2D nonlinear photonic crystal in
LiNbO3 was for the first time realized by Broderick et al. [680]. Following the
idea of Berger [679], an LiNbOjs crystal was coated by a honeycomb metallic
mask with hexagonal holes, whereupon a switching voltage was applied. The
area under the whole electrode was reversed, whereas the nonswitched spots
under uncoated holes formed a 2D regular pattern of hexagonal domains called
by the authors a HeXLN crystal. Its optical properties were consistent with the
predictions of Berger [679], particularly a multiwave noncollinear frequency
conversion was observed. These results stimulated searching for other routes
of creation of 2D domain arrays, particularly by means of the electron beam

Fig. 7.30. Micrograph of an LiTaO3 sample revealed by etching (the side of +c). The
direction of the beam inside the sample was parallel to the xz-axis and the polarization
of the beam was parallel to the z-axis. This sample was used to generate three colors,
according to [801]. Reused with permission from Ren et al. [801], Copyright 2004,
IOP Publishing Limited

pol. rev. section

= =

waveguide

EO modulator  wavelength converter

Fig. 7.31. Concept of an integrated polarization reversed optical device (PRO)
according to Kurimura [800]
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or AFM recording, as was exemplified in Sect. 7.2.4. Further theoretical and
experimental developments of the concept of nonlinear photonic crystals was
performed, for example, in the following references [802-806].

Concluding this section, we may following Kurimuras dream of possible
future applications of periodic domain arrays in integrated devices (Fig. 7.31),
which would use their potentials for both a spatial modulation and a frequency
conversion of an optical wave [800].
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201
domain, 166, 179, 189
explanation, 190
process, 166, 190
suppress, 180
Ballman, 1
bandedge, 30, 112, 142
blueshift, 41
definition, 142
dependence on composition, 143
fundamental, 28

position, 143
UV, 36, 200
Barkhausen
current, 168, 176, 189
jumps, 168
pulse, 168
bipolaron, 17, 18, 20, 23, 27, 38, 60, 73,
108, 110
diamagnetic, 17
dissociation, 17, 73
dissociation energy, 17
photodissociation, 20
thermal dissociation, 17, 18
birefringence, 77, 143, 173, 175, 181,
195
field-induced, 150
switching-induced, 195
bondlength Me—-O, 28
Bragg
angle, 136
beam, 57, 103, 133
condition, 136
phase matching, 104
readout, 119, 121
reflection, 195
reflector, 108, 136
BT, barium niobate, 1

calligraphic poling method, 203
charge transport
photoinduced, V
CLN, 10, 17, 30, 34, 46, 77-81, 182, 184,
185, 190, 191
codoping, 83, 87
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coercive field, 155, 156
coherence length, 53, 173, 177
composition
congruent, 3, 5, 83, 142, 150
stoichiometric, V, 4, 6, 21, 81, 113,
140
Coulomb interaction, 14
Cr doping, 31, 83
crystal
photorefractive, 57, 58, 64
reduced, 14-17, 19, 20, 22, 38, 60
crystal field, 29
Curie temperature, 7, 140
Curie-Weiss law, 155
Czochralski, 1, 5, 7, 20, 177, 183

damage

laser, V

optical, 34, 35

photorefractive, 147, 179, 180
DCCZ, double crucible Czochralski, 7
defect

extrinsic, V, 9, 24, 52

intrinsic, V, 9, 14, 24, 29, 31, 34, 37,

47, 52, 72, 78, 194-197

density, 5, 7, 11, 17, 37, 42, 65, 171, 186

carrier, 166

domain, 171

electron, 67

microdomain, 186

of scratches, 142

trap, 71, 72, 81, 201
diatomic molecule, 24
dielectric, 178

breakdown, 176

constant, 156, 157, 159, 166

layer, 201

measurements, 140

microscopy, 204

permittivity, 52, 57, 132, 206, 207

properties, 5

relaxation, 125, 126

relaxation frequency, 122

relaxation rate, 67

relaxation time, 57, 159, 198

surface, 206

susceptibility, 155
diffraction phase grating, 175
diffusion, 6, 54, 105, 160

coefficient, 54, 61, 65, 122

current, 65, 122

field, 54, 58, 66, 79

length, 67

mechanism, 54, 56, 63, 66, 79, 133
dispersion, 143

anomalous, 169

coefficient, 58, 150

effect, 52

modulation, 150
dissociation

optical, 17, 18

thermal, 17, 18
divalent

dopant, 148

ion, 27, 50
domain

grating, 174, 178
doping

concentration, 146

element, 150

level, 61, 115

range, 43
double-doping, 146
duty cycle, 179, 200, 202

elasto-optic
coefficient, 170
effect, 136, 170
electro-optic
coefficient, 170
component, 170
effect, 136, 170
imaging microscope, 170
modulator, 51, 175
quadratic effect, 132
scanning microscopy, 171
empty octahedron, 13
ENDOR, 27, 29-32, 46
EOIM, electro-optic imaging mi-
croscopy, 181
EPR, electron paramagnetic resonance,
7, 14, 15, 17, 19, 20, 27, 29-33,
45-47, 160
Er doping, 33
etching, 166, 168, 178
chemical, 168, 169, 178, 181, 200, 202,
203
method, 168
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process, 200 recording, 20, 59, 69, 79, 105-107,
rate, 168 109, 116
velocity, 200 shift, 55, 63
EXAFS, 27, 29, 31, 33, 34, 37, 47 spatial frequency, 67
exoelectronic emission, 169 thermally fixed, 130
exponential vector, 58
dependence, 61, 163
field dependence, 161, 164 head-to-head layer, 169, 177
fit function, 142 holograms, multiplexed, 119, 135, 136
function, 115 hysteresis loop, 155, 159
law, 163-165, 187
stretched, 23, 60, 61, 73 In doping, 86
interstitials, 10
fanning, 79, 171, 180 intervalence transition, 28
Fe doping, 61, 83, 87, 109 ionic conductivity, 59, 176
ferroelectricity, 1 ionic radius, 9, 27, 32
field IR absorption spectroscopy, 24
coercive, V, 5 IR band, 22, 24, 36, 48, 50, 96, 109, 113,
external, 19 192, 193
grating, 54 IR hologram recording, 20
internal, 52 IR irradiation, 94
photorefractive, 199 IR lines, 25
photovoltaic, 53, 54, 59, 64, 67, 200 IR photorefractive recording, 110
pyroelectric, 53 IR pulse, 94
space-charge, 52, 54, 66 IR readout, 110
threshold, 185 IR recording, 21
frozen ferroelectric, 176 IR spectra, 85
FWHM, full width at half-maximum, IR, near, 22, 79
24 isostructural, 32
Ga doping, 35 Kohlrausch law, 23
gating, 20 Kroeger—Vink notation, 12
Gibbs function, 154
Glass constant, 53, 59, 70, 78 Landauer model, 208
grating, 20, 55 lattice
amplitude, 57 defect, 5, 78
compensating, 109 distortion, 169
electronic, 126 energy, 12
erasure, 57, 86, 107 instability, 43
fixed, 105, 126 parameter, 41, 197
formation, 121 position, 81
holographic, 171 site, 30-32, 34, 45-47, 50, 81, 91, 197
ionic, 126 Li deficiency, 3
non-volatile, 110 Li outdiffusion, 200
pattern, 123 Li position, 13
period, 58, 79, 126, 200 Li site vacancy model, 13, 39
phase, V, 55, 126 Li vacancy, 40, 41

photorefractive, 20, 56, 103, 104, 132 Li2 O outdiffusion, 12
readout, 105 Li-deficient, 10-13, 16, 19, 38, 45, 77
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Li-enriched, 17, 21, 37, 40, 41, 43, 50,
59, 77, 78, 197, 204
LiNbO3
near-stoichiometric, 29
stoichiometric, 10, 13, 25, 29, 30, 33,
34, 46, 59, 73, 74, 76-78, 81, 156,
182, 183, 186, 193, 203, 205, 209
LiNbO3:0.06%Fe:0.5%In, 100
LiNbO3:2%Zn, 98, 99
LiNbO3:4%Mg, 98
LiNbO3:5%In, 101
LiNbO3:9%Mg, 101
LiNbO3:9%Zn, 101
LiNbO3:Ce, 117
LiNbO3:Ce:Cu:Sc, 83
LiNbOs3:Cr, 31, 46, 106, 107, 177
near-stoichiometric, 31
LiNbOs3:Cr:Mg, 46, 48, 83
LiNbO3:Cr:Mg(Zn), 47
LiNbO3:Cr:Sc, 47
LiNbOs3:Cr:Zn, 83
LiNbOs3:Cu, 22, 30, 59, 61-64, 78, 107
LiNbOs3:Cu:Ce, 116
LiNbOs:Er, 47
LiNbOs3:Fe, 21-23, 28, 29, 46, 52, 53,
57-65, 68, 69, 71-73, 75, 77, 78,
83, 89, 90, 92-94, 99, 103, 106,
107, 109, 113, 116, 176, 200
near-stoichiometric, 30
LiNbO3:Fe:1.8%]In, 99
LiNbOs3:Fe:Hf, 83
LiNbOgs:Fe:ME, 99
LiNbOs3:Fe:Mg, 83, 90, 91, 110
LiNbOgs:Fe:Mg(Zn), 46
LiNbOs:Fe:Mn, 114-117
LiNbOs3:Fe:Th, 110, 116
LiNbOs3:Fe:Ti, 22
LiNbOs3:Hf, 37, 83, 87
LiNbOs:In, 35, 38, 40, 113
LiNbOs3:Ln, 27, 45, 83
LiNbOs:ME, 99, 101
LiNbO3:Mg, 19, 21, 34-39, 41, 43, 45,
49-52, 64, 82, 83, 85, 87, 88, 90,
91, 93-95, 109, 110, 112, 113, 146,
147, 180, 184, 185, 193, 194, 198,
199, 201, 203
near-stoichiometric, 43
LiNbO3:Mg(Zn), 95, 96
LiNbO3:Mg(Zn):Ln, 45

LiNbOg3:Mg(Zn):TM, 45
LiNbO3:Mg:Fe, 45, 90-93
LiNbOs3:Mn, 30, 61, 63
LiNbO3:Mn:Ce, 116, 117
LiNbOs:Mn:Fe:Mg, 83
LiNbOs3:Nd, 32, 34, 47, 148
LiNbOs:Nd:In, 83
LiNbOs3:Nd:Mg, 47, 83
LiNbOs3:Pr, 107
LiNbOs3:Ru, 194
LiNbOs:Sc, 35, 37, 39, 146
LiNbOs3:Thb, 110, 112
LiNbOs3:Th:Fe, 112
LiNbOs3:Ti, 47
LiNbOs3:Ti:Mg, 47
LiNbO3:TM, 46
LiNbO3:Tm, 112
LiNbOs3:Yb, 47
LiNbOs3:Zn, 35-38, 40, 41, 48, 49, 64,
82, 87, 89, 90, 93-95, 98, 110, 112,
151, 185
LiNbOs:Zn:Fe, 45, 83, 90, 91, 93
LiNbOs:Zr, 35, 36, 83
LiTa03
Li-enriched, 112, 113
near-stoichiometric, 24
stoichiometric, 30, 32, 181, 186, 188
LiTaOs3:Cr, 32, 106
LiTaOg:Fe, 29, 30, 32, 107
LiTaO3:Mg, 35
LN, lithium niobate, 1
losses
acoustic, 3
LT, lithium tantalate, 1

material
photorefractive, 2
melt
congruent, 34, 35, 82, 144
Hf-doped, 83
Li content, 7
Li-rich, 7, 84
near-stoichiometric, 6
off-congruent, 5
potassium-doped, 6
stoichiometric, 7
melting point, 140
Merz method, 167
metastable band, 17



methaniobate, 10

Mg doping, 34, 35, 44, 46, 47, 85, 88,
91, 146, 147, 185, 198

Miller—Weinreich, 188

Miller—Weinreich model, 165

Mok factor, 57, 100

Mo bauer, 90

Nb antisite, 11-13, 19, 20, 34, 39, 41, 43

Nb site vacancy model, 12

Nb surplus, 11

near IR, 22

near-stoichiometric, 7, 31, 40, 43, 45,
47, 50, 52, 76-80, 182-185, 194,
198, 203, 204

neutron diffraction, 12, 13, 40

neutron, diffuse scattering, 197

NMR, nuclear magnetic resonance, 7,
12, 39, 143

nonphotovoltaic center, 69

nonpolar, 10

NSLN, 5, 20, 76-79, 81

NSLT, 5, 20, 76

NSOM, near-field scanning microscopy,
172, 181, 186, 190

nucleation

on-surface, 159
on-wall, 159, 164, 165

octahedron
empty, 27
OH stretch mode, 24-26, 48, 49, 192,
193
order-parameter, 154
ordinary refractive index, 144
outdiffusion, 202, 243
oxygen
octahedra, 10
vacancy, 10, 12, 13, 16, 17, 19, 20, 59,
72, 160, 177

PFM, piezoresponse force microscopy,
169
phase centrosymmetric, 10
phase transition
first-order, 154
second-order, 154
phonon coupling, 5, 14
photodomain effect, 158
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photoexcitation, 14
photorefraction, 9, 14, 23, 27
photorefraction, interband, 52
photorefractive effect, 52
photorefractive process, 27, 30, 79
photorefractive sensitivity, 69, 105, 113
photovoltaic

center, 30

coefficient, 61

constant, 81

current, 23, 53, 63, 90, 122

effect, 2, 14, 27, 53, 75

impurity, 59

ion, 78

mechanism, 54, 57

tensor, 53
piezoelectric effect, 167
piezoelectric force microscopy, 200
piezoelectric tensor, 53
pinning—depinning mechanism, 190
PIXE, 27
point defect, 12
polarization reversal, 153, 154, 158, 159,

161, 163, 167

polarizing-optical microscopy, 169, 170
polaron, 14, 17

bound hole, 23

model, 14, 19, 21, 73, 96

small, 14, 15, 17, 18, 20-23,

39, 73

small bound, 14, 18

small hole, 14

stabilization energy, 18, 22
poling

direction, 160

electric-field, 180

field, 201

forward, 181, 187, 194

method, 176

reverse, 181, 194
post-fixing, 119, 121, 135
Pr doping, 107
pre-threshold, 46, 48
proton mobility, 61
proton transport, 60, 62
protonic conductivity, 27
pseudo-ilmenite, 10, 12, 25
Pt crucible, 6
pump—probe technique, 22
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pyroelectric
coefficient, 166
current, 52
effect, 200
field, 169

QPM, quasi-phase-matching, V,
173-175, 177, 179, 210

R-lines, 31

Raman scattering, 24

Raman—Nutt, 175

RBS, 27

readout, 117, 127, 132

refractive index, 51, 52, 58, 143, 146,
148, 170, 172, 175

relaxor ferroelectric, 160, 167

SAW, 5
SAW, surface acoustic wave, 3
Sawyer—Tower, 167, 176
segregation coefficient, 6
self-stabilization, 17
SEM, scanning electron microscopy,
168, 169, 200, 201
SFM, scanning force microscopy, 168,
169
SHG, 172-175, 177, 178, 201
microscope, 172
noncollinear, 175
noncritical, 149
power, 178
SLN, 10, 30, 34, 44, 46, 182, 185, 191
SLT, 182
SPM, scanning probe microscopy, 168
SSS, 27
stoichiometry, 31, 33, 34, 40, 49, 73, 76,
78, 81, 110, 112, 113, 143
storage time, 120-122, 126, 128
surface
charge, 168, 202
charge distribution, 203
domain configuration, 156
layer, 159, 163, 166, 177, 203
method, 172
micro-structure, 200
microdomain, 163, 186, 200
molecule, 17
pattern, 200

polarization reversal, 178
structure, 61

switching
ferroelectric, V

tail-to-tail layer, 169, 177
TEM, transmission electron microscopy,
168
TGS, triglycinsulfate, 160
thermal fixation of holograms, 27
thermal fixing, 117-121, 124, 126, 129,
132-134, 136, 137
thermal fluctuations, 163
thermal ionization, 16, 65, 71
thermal lens, 95
thermal stability, 209
thermal stability of PPLN structures,
180
thermo-optic
effect, 136
threshold, 35, 38, 39, 91, 93, 95, 109,
113, 197
behavior, 36
concentration, 19, 35—40, 43, 44, 50,
82, 83, 93, 96, 139, 145
Hf concentration, 83
intensity, 77
Mg concentration, 38, 40, 41, 43, 83,
85, 96
optical breakdown, 51
optical damage, 34
phenomena, 48
photorefraction, 36
temperature, 192
value, 140, 148
values for Mg, Zn and In, 146
Zn concentration, 41, 43
Ti indiffusion, 177, 178
transition metal, 27-30, 32, 34, 44, 45,
48, 50, 59, 63
transition metal (TM), 27
trivalent dopant, 148
trivalent impurity, 46
trivalent ion, 27, 35, 43, 83
TSSG, 49
TSSG, top-seeded solution growth, 6
two-beam coupling gain, 77
two-beam scheme, 119
two-photon excitation, 14, 15



unipolarity, 159
unit
cell, 12
cell parameter, 158
charge, 54
domain wall area, 157, 191
length, 173
vector, 53
UV absorption, 142
UV gating, 112
UV impact, 199
UV irradiation, 92, 110, 112, 114, 115,
198
UV laser pulses, 107
UV light, 52, 106, 110, 113, 114, 197
UV plasmon, 145
UV radiation, 75
UV range, 63
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UV shift, 37
UV-induced band, 107, 110
UV-induced coloration, 110, 112

vacancy
Li, 12, 90, 93, 192, 195, 197
Nb, 12

Vegards rule, 41

VTE, 6, 77, 81, 183, 185, 193

waveguide, 35, 53, 69, 75, 177
H-indiffused, 178
thickness, 178
Ti-induced, 47

X-ray diffraction, 12, 13, 27, 169
X-ray topography, 169, 191, 195, 196

Zn doping, 41, 44, 46, 146
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