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Preface

In both theory and practice, condensed matter physics is concerned with the phys-
ical properties of materials that are comprised of complex many-particle systems.
Modeling the systems’ behavior is essential to achieving a better understanding of
the properties of these systems and their practical use in technology and industry.

Maximal knowledge about a many-particle system is gained by solving the
Schrodinger equation. However, an exact solution of the Schrédinger equation is
not possible, so resort is made to approximation schemes based on perturbation
theory. It is generally true that, in order to properly describe the properties of
an interacting many-particle system, perturbation theory must be carried out to
infinite order. The best approach we have for doing so involves the use of Green’s
function and Feynman diagrams. Furthermore, much of our knowledge about a
given complex system is obtained by measuring its response to an external probe,
such as an electromagnetic field, a beam of electrons, or some other form of
perturbation; its response to this perturbation is best described in terms of Green’s
function.

Two years ago, I set out to put together a guide that would allow advanced
undergraduate and beginning graduate students in physics and electrical engineer-
ing to understand how Green’s functions and Feynman diagrams are used to more
accurately model complicated interactions in condensed matter physics. As time
went by and the book was taking form, it became clear that it had turned into a
reference manual that would be useful to professionals and educators as well as
students. It is a self-contained place to learn or review how Feynman diagrams are
used to solve problems in condensed matter physics. Great care has been taken to
show how to create them, use them, and solve problems with them, one step at a
time. It has been a labor of love. My reward is the thought that it will help others
to understand the subject.

The book begins with a brief review of quantum mechanics, followed by a short
chapter on single-particle states. Taken together with the accompanying exercises,

xiii



Xiv Preface

these two chapters provide a decent review of quantum mechanics and solid state
physics. The method of second quantization, being of crucial importance, is dis-
cussed at length in Chapter 3, and applied to the jellium model in Chapter 4. Since
Green’s functions at finite temperature are defined in terms of thermal averages,
a review of the basic elements of statistical mechanics is presented in Chapter 5,
which, I hope, will be accessible to readers without extensive knowledge of the
subject.

Real-time Green’s functions are discussed in Chapter 6, and some applications of
these functions are presented in Chapter 7. Imaginary-time functions and Feynman
diagram techniques are dealt with in Chapters 8 and 9. Every effort has been
made to provide a step-by-step derivation of all the formulas, in as much detail
as is necessary. Rules for the creation of the diagrams and their translation into
algebraic expressions are clearly delineated. Feynman diagram techniques are then
applied to the interacting electron gas in Chapter 10, to electron—phonon and
electron—photon interactions in Chapter 11, and to superconductivity in Chapter 12.
These techniques are then extended to systems that are not in equilibrium in
Chapter 13.

Many exercises are given at the end of each chapter. For the more difficult
problems, some guidance is given to allow the reader to arrive at the solution.
Solutions to many of the exercises, as well as additional material, will be provided
on my website (www.calstatela.edu/faculty/rjishi).

Over the course of the two years that it took me to finish this book, I received
help in various ways from many people. In particular, I would like to thank David
Guzman for extensive help in preparing this manuscript, and Hamad Alyahyaei for
reading the first five chapters. I am indebted to Linda Alviti, who read the whole
book and made valuable comments. I am grateful to Professor I. E. Dzyaloshinski
for reading Chapter 9 and for his encouraging words. I also want to thank Dr. John
Fowler, Dr. Simon Capelin, Antoaneta Ouzounova, Fiona Saunders, Kirsten Bot,
and Claire Poole from Cambridge University Press for their help, guidance, and
patience. I would also like to express my gratitude to my wife and children for
their encouragement and support. Permission to use the quote from Russell’s The
Scientific Outlook (2001) was provided by Taylor and Francis (Routledge). Copy-
right is owned by Taylor and Francis and The Bertrand Russell Foundation Ltd.
Permission to use Gould’s quote from Ever Since Darwin (1977) was provided by
W.W. Norton & Company.

This book is dedicated to the memory of my parents, who, despite adverse
conditions, did all they could to provide me with a decent education.

Los Angeles, California R A J
July, 2012



1

A brief review of quantum mechanics

Come forth into the light of things,
Let nature be your teacher.

—William Wordsworth,

The Tables Turned

The main focus of this book is many-particle systems such as electrons in a crystal.
Such systems are studied within the framework of quantum mechanics, with which
the reader is assumed to be familiar. Nevertheless, a brief review of this subject will
provide an opportunity to establish notation and collect results that will be used
later on.

1.1 The postulates

Quantum mechanics is based on five postulates, listed below with some explanatory
comments.

(I) The quantum state

The quantum state of a particle, at time ¢, is described by a continuous, single-
valued, square-integrable wave function W(r, ¢), where r is the position of the
particle. In Dirac notation, the state is represented by a state vector, or ket, | W (%)),
which is an element of a vector space V. We define a dual vector space V* whose
elements, called bras, are in one-to-one correspondence with the elements of V: ket
o) € V <> bra (@| € V*, as illustrated in Figure 1.1. The bra corresponding to ket
cla) is ¢*{a|, where c* is the complex conjugate of c. The inner product of kets
|a) and |B) is denoted by (B|a), and it is a complex number (c-number). Note that
the inner product is obtained by combining a bra and a ket. By definition, (8|«) =
(a|B)*. The state vectors |W(¢)) and c |W(¢)), where ¢ is any nonzero complex
number (¢ € C — {0}), describe the same physical state; because of that, the state
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Figure 1.1 Vector space V of kets and the corresponding dual space V* of bras.
A one-to-one correspondence exists between kets and bras.

Figure 1.2 The probability of finding the particle, at time 7, in the cube of volume
d’r, centered on r, is |W(r, t)]2d>r.

is usually taken to be normalized to unity: (W(¢)|W(¢)) = 1. The normalized wave
function has a probabilistic interpretation: W(r, ¢) is the probability amplitude
of finding the particle at position r at time ¢; this means that |¥(r, 1)|?d>r is the
probability of finding the particle, at time ¢, in the infinitesimal volume d°*r centered
on point r (see Figure 1.2).

Note that the description of a quantum state is completely different from the one
used in classical mechanics, where the state of a particle is specified by its position
r and momentum p at time ¢.

(IT) Observables

An observable is represented by a linear, Hermitian operator acting on the state
space. If A is an operator, being linear means that

A(cila) + 2| B)) = ciAla) + 2 AlB), ). IB) €V, c,e2€C,

and being hermitian means that AT = A, where AT is the adjoint of A, defined by
the relation

(BlAT|a) = (] AIB)*.
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In particular, the position of a particle is represented by the operator r, its momentum
p by —i/iV, and its energy by the Hamiltonian operator H,

hZ
H=——V>4+ V(). (1.1)
2m

V(r, t) is the operator that represents the potential energy of the particle, m is the
particle’s mass, and /i is Planck’s constant / divided by 2.

As with states, the representation of observables in quantum mechanics is com-
pletely different from that of their classical counterparts, which are simply repre-
sented by their numerical values.

(IIT) Time evolution

The state |W (7)) of a system evolves in time according to the Schrédinger equation
)
zhE (W) = H |V (@)). (1.2)

If the Hamiltonian H does not depend explicitly on time, then

(W) = e W(0)). (1.3)
The operator e~*#"/" is called the time evolution operator. Defining the station-
ary states |¢,) as the solutions of the eigenvalue equation, known as the time-

independent Schrodinger equation,

H|¢n) = Eulén), (1.4)

it is readily verified that |¢,)e £/ is a solution of Eq. (1.2); the general solution
of Eq. (1.2), when H is independent of ¢, is then given by

MOED AT S

In contrast, the evolution of the classical state of a particle is determined by Hamil-
ton’s function H via Hamilton’s equations of motion which, in one dimension,
are

X =0H/dp, p=—0H/dx. (1.5)

(IV) Measurements

Let an observable be represented by the linear, Hermitian operator A, and consider
the eigenvalue equation
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where ay, ay, . .. are the eigenvalues, and |@;), |¢,), ... the corresponding eigen-
vectors, or eigenkets. In general, there may be infinitely many eigenvalues and
eigenkets. If k eigenkets correspond to the same eigenvalue a;, then q; is said to be
k-fold degenerate. The following is postulated:

1. The outcome of any measurement of A is always one of its eigenvalues.

2. The eigenkets |¢1), |¢2), . . . form a complete set of states, i.e., they form a basis
set that spans the state vector space.

3. If the state of a system is described by the normalized state vector |\W(t)),
and if the states |¢,), |¢2), . .. are orthonormal, then the probability of finding
the system in state |¢,) (in which case a measurement of observable A yields
the eigenvalue a,,) at time ¢ is given by [{(¢, | (?)) |>. That is, (¢, |W()) is the
probability amplitude for a system, in state |W(¢)), to be found in state |¢,) at
time ¢.

4. The state of a system, immediately following a measurement of A that gave
the value a,, collapses to the state |¢,) (if a, is degenerate, the state col-
lapses to the subspace spanned by the degenerate states corresponding to the
eigenvalue a,,).

We note that the eigenvalues of a hermitian operator are real; hence, the out-
come of any measurement of an observable is a real number, as it should be.
Further, for a hermitian operator, the eigenkets corresponding to different eigen-
values are necessarily orthogonal. In the case of a k-fold degeneracy, where k
eigenkets correspond to the same eigenvalue, every ket in the k-dimensional sub-
space that the eigenkets span is an eigenket of A with the same eigenvalue. It
is always possible to choose within this subspace a set of k eigenkets that are
orthogonal to each other. By normalizing the eigenkets, it is always possible to
choose the eigenkets |¢;), |¢2), . .. so as to form a complete orthonormal basis that
spans the vector space of state vectors. Orthonormality means that (¢;|¢;) = §;;
where

§ij = i 1.7

is the Kronecker delta, occasionally written as §; ; with a comma inserted between
the indices if its absence could cause confusion. Completeness means that states
|$1), |2), ... form a basis set: any state vector |W(¢)) € V can be expanded as

W(@) =) caldln). (1.8)

n
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If the basis is chosen to be an orthonormal one, i.e., if |¢;), |¢s), ... form an
orthonormal set, then for an arbitrary state |V (¢)),

W) = chmm (b W (1)) = ch(t><¢m|¢n>=ch<t>anm

=cn(t) = WD) =Y (¢ WD) |$y) = Zm (hn 19 ())

n

= D g dnl = 1. (1.9)

Equation (1.9) expresses mathematically the property of completeness of the
orthonormal states |¢1), |¢2), . ... Note that |¢,)(¢,| is an operator: it acts on a
ket to yield another ket, and the 1 on the right hand side (RHS) of Eq. (1.9) is the
identity operator.

An important complete orthonormal set of states is formed by the eigenkets of
the position operator r,

rir) =rjr). (1.10)

On the left hand side (LHS), r is the position operator, sometimes written as £ or
r,, to emphasize that it is an operator, while r on the RHS is the eigenvalue of the
position operator. The ket |r) is the state of a particle with a well defined position
r. Since the operator r is hermitian, the states |r) form a complete orthonormal set.
Because r is continuous, the orthonormality and completeness of the states now
read

(r|r') = 8(r —r’) (orthonormality), / Ir)(r|d*r =1 (completeness). (1.11)

8(r — r’) is the Dirac-delta function, defined as follows:

5(r) = [O r#0 (1.12)
oo r=90
and
/8(r)d3r =1, (1.13)

the integration being over all space. In one dimension, §(x — x’) is represented
graphically as in Figure 1.3.
One important property of §(r — r’) is the sifting property,

/f(r)c?(r —1r)d’r = f(r). (1.14)
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§(x — ')

Figure 1.3 Dirac-delta function §(x — x’). It is zero for all values of x except for
x = x’ where it is infinite. However, its integral over any interval containing x’ is
unity.

We also note that §(r — r') = 8(r' — r) and §(ar) = 8§(r)/|a|?, where d is the dimen-
sion of space: d = 3 if r is a three-dimensional vector. A particularly useful repre-
sentation of the Dirac-delta function is the following:

3(r) = HEr g3, 1.15
0= 5o [ (1.15)
Another useful representation of the Dirac-delta function is
8(x) =dO(x)/dx (1.16)
where 6 (x) is the step function:
0 x<0O
O(x) = (1.17)
1 x>0.

Note that d0(x)/dx = 0 for x # 0, d6(x)/dx = oo for x = 0, and the integral of
df(x)/dx over any interval that includes x = 0 is equal to 1.

Introducing a resolution of identity (1 = f Ir) (r|d’r), the state vector |W(¢))
may be written as

() = / 0 (W () .

This is the continuous analog of the discrete case for which |W(z)) =
20 |On) (@ 19 (2)).

[(¢, |W(2))|? has been interpreted as the probability for a particle in state |W(z))
to be found at time  in state |¢,). By analogy, should |(r ¥ (¢))|* be interpreted as
the probability for a particle in state |W(¢)) to be found at time ¢ in state |r), i.e., to
be at position r at time ¢? Two problems beset this interpretation:

(a) |W(z)) and |¢,) are dimensionless ((W(z) |V (¢)) =1, (¢d.|¢,) = 1); hence,
|{(¢, |W(2))|? is dimensionless and can be interpreted as a probability. However,
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the orthonormality and completeness relations for states |r), as expressed in
Eq. (1.11), reveal that states |r) have dimension 1/Length®/2. Thus, |(r |¥(1))|?
has dimension 1/Volume, and it cannot be interpreted as a probability; rather,
it is more properly interpreted as a probability density.

(b) Suppose that a particle is in state |W(¢)) and a measurement is carried out to
determine its position. No detector could ever pinpoint the location of a particle
to exactly one point; the best a detector could do is to “click” whenever the
particle is in some small volume d*r surrounding the position r. Assuming that
(r [¥(t)) does not change appreciably within the volume d>r, the probability
that the detector clicks should be proportional to |(r |¥(¢))|?d>r. The constant
of proportionality is determined by requiring that the probability of finding the
particle somewhere in space be unity. Noting that

/ (r W) [*d’r = / drr W) (r W) = / dr (W (@)|r)(r [¥(1))
= (W) W) =1,

the proportionality constant is seen to be 1. (r |W()) |>d3r is thus interpreted
as the probability for a particle in state |\ (7)) to be found at time ¢ in the
infinitesimal volume d*r centered on r. Comparing this with the probabilistic
interpretation of W(r, ) given in postulate I, the following identification is
made:

(r|W(t)) = W(r,1). (1.18)
The state vector |W(#)) may now be written as
() = / o) (W () & = / w(r, Ondr.

In other words, the wave function W(r, ) is the component of state vector
|W(¢)) along |r).

In the r-representation, the orthonormality of states |¢1), |¢2), ... reads

5 = (Gild,) = / (i) el dr = /qs;‘(r) 6, dr.  (119)

and their completeness is expressed as

1= 1u)pul = ) / / I0) ([, ) (B I1) (X' | 3 dr
N // Z¢n(r) oF ey (x'|dPrd’r.
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For the above to be true, it must be that

D () 1) = 8(r — 1), (1.20)

This expresses the completeness property in the r-representation.

We note that if operators A and B, representing two observables, commute
(AB = BA), a complete set of states can be chosen so as to be simultaneous
eigenstates of A and B; A and B may then be measured simultaneously.

So far, the fact that particles have spin has been ignored. To specify the state of
a particle, its spin state must also be specified. For example, an electron has spin
s = 1/2, and the z-component S, of the spin operator has eigenvalues +7%/2 and
—h/2,

h h
SIt=zI1. Sl =-51) (1.21)

The spin-up state | 1) is also denoted by |1/2), or |+), or «, while the spin-down
state may also be written as | — 1/2), or |—), or 8. A general spin state, denoted by
|x), is a linear combination of the basis states | 1) and | | ),

Ix)=alt)+bl{)

where a = (1|x) and b = ({|x). If | x) is normalized ({x|x) = 1), the probability
of finding the spin up is |a|? and that of finding it down is |b|?.

The spin states | 1) and | | ) span a two-dimensional complex vector space, the
spin space Vipin: they form an orthonormal basis for Vyyin,

i =H=1 @) =0, IHI+IDHHTI=L (1.22)

The above equations express, respectively, normalization, orthogonality, and com-
pleteness of the spin states. In general, for a particular spin s, the spin projection
o =—s,—s+1,...,s; the spin space is a (25 + 1)-dimensional complex vector
space. The orthonormality and completeness relations are

(0l0") =850r, D _lo)ol =1 (1.23)

where 0,0’ = —s, —s +1,...,s.

On the other hand, the states |¢, ), which are eigenstates of a linear hermitian
operator that depends on spatial coordinates, span a spatial vector space Vypagial-
The states |¢,) = |¢,) R |o), 0 = —s,—s+1,...,s andn=1,2,... form an
orthonormal basis for the direct product space V= Vipaia @ Vipin, known as the
Hilbert space. The state of a particle is a vector |W(¢)) € V; hence, it can be
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expanded in the basis states,

W(0) = chn<r)|¢n ® o) = Zcu(r)m (1.24)

Here, v is a collective index that specifies the spatial and spin quantum numbers.
For example, four quantum numbers specify the eigenstates of a hydrogen atom:
the principal quantum number # that determines the energy of the state, [ which
determines the value of L? (the square of the orbital angular momentum), m which
determines the value of L, (the z-component of the orbital angular momentum),
and o which is either 1 or | . In this case v = [nlmo], while the index n in |¢,)
stands for the spatial quantum numbers [nlm]. The ket |¢,) = |¢,) ® |o), being a
direct product of an orbital (spatial) state and a spin state, is called a spin orbital.
The orthonormality and completeness of the states |¢,) mean that

(Boldv) = (Baldw) (0107) = Bunboor = Sy (1.25)
DIe) (@l =Y 1) (Bl ® Y 10) (o] = Igutiat ® lgpin = 1. (1.26)

Here, Igpaial (1spin) 18 the identity operator in Vgpaal (Vspin), and 1 on the RHS is the
identity operator in the Hilbert space (the direct product space).

So far, we have restricted the discussion to a one-particle system. We now
consider a system comprised of N identical particles. Identical particles, such as
electrons, are truly indistinguishable in quantum mechanics. The stationary states
(eigenfunctions of the Hamiltonian H) of a system of N identical particles will
be written as W(1,2,..., N), depending on the spatial and spin coordinates of
the particles. Because of the indistinguishability of the particles, the Hamiltonian
remains unchanged if any two particles are interchanged. This means that H
commutes with P;;, the permutation operator which interchanges particles i and
j. It follows that the eigenfunctions of H can be chosen to be simultaneously
eigenfunctions of P;;. Denoting the eigenvalues of P;; by A, we can write

P, . ...i,.. o, N) =2V, ... 0, ..., j, ..., N).
Applying P;; to both sides of the above equation, and noting that Pl%. = 1, we obtain
W, ..y o, N) =220, ... 0, ..., ..., N).

Thus, A2 = 1 = A = £1. For A = +1(—1), the wave function is symmetric (anti-
symmetric) under the exchange of coordinates (spatial and spin) of any two par-
ticles. In nature, particles with integral spin (0, 1, 2, ...), known as bosons, have
symmetric wave functions under the exchange of the coordinates of two particles,
and they obey Bose—Einstein statistics. On the other hand, particles with half inte-
gral spin (1/2,3/2,...), known as fermions, have antisymmetric wave functions
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under the exchange of the coordinates of two particles, and they obey Fermi—Dirac
statistics. The Pauli exclusion principle is a direct consequence of this antisym-
metry of the fermionic wave function. The last postulate of quantum mechanics
follows.

(V) Wave function of a system of identical particles

Under the interchange of all coordinates (spatial and spin) of one particle with
those of another, the wave function of a collection of identical particles must
be symmetric if the particles are bosons, and antisymmetric if the particles are
fermions:

v,...,i,..., j,...,N) Bosons
-wd,...,i,..., j,..., N) Fermions.
(1.27)
We close this section by remarking that some exotic quasiparticles, known as
anyons, which arise as excitations of a two-dimensional electron gas in a magnetic
field, are believed to obey some fractional statistics, which are neither Bose—
Einstein nor Fermi—Dirac statistics (Wilczek, 1982).

W, ..oy fyeesiy . N) =

1.2 The harmonic oscillator

We briefly review the solution of the harmonic oscillator problem in quantum
mechanics. For a particle of mass m confined to a harmonic potential, the Hamil-
tonian is given by

pr 1
H= o + 5mafxz, (1.28)

where w is the oscillator frequency. We introduce two new operators

maw\ 1/2 i maw\1/2 i
_ = ( ) _
a = X+ , a'= X . 1.29
( 2h ) ( mo p) 2h ( mo p) (1:29)
Since x and p are hermitian, a' is the adjoint of @, and vice versa. The operators x

and p = —ihd/dx do not commute: xp # px. We define the commutator of any
two operators A and B by

[A, B]= AB — BA. (1.30)

By letting the commutator [x, p] act on an arbitrary differentiable function f(x), it
is found that [x, p] = ih. It follows that [a, aT] = 1. In terms of the new operators,

H =ho(N +1/2), N =a'a. (1.31)
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The hermitian operator N is called the number operator. Let the eigenvalues of N
be denoted by n and the corresponding eigenkets by |n),

N|n) = n|n). (1.32)
The relation [AB, C] = A[B, C] + [A, C]B, easily verified, implies that
[N,al = —a, [N,a'l=a.
With the help of these commutation relations we can easily show that
Naln) = (n — Daln), Na'ln) = (n + Da'|n).
Hence, we can write
aln)=cln—1), dafln) =cn+1)

where ¢ and ¢’ are constants. The first relation implies that (nla’ = c*(n —1].
Therefore (n|afaln) = ¢*c(n — 1|n — 1). But (nlataln) = n(n|n); if we thus
require that the eigenkets be normalized ({(n|n) = (n — 1jn — 1) = 1), then c*c =
n, and we may choose ¢ = /n. Similar considerations yield ¢’ = +/n + 1. Thus,

aln) = /njn — 1), aT|n) =+vn+1n+1), Hln)=m+1/2)how|n).
(1.33)
From the above equation we find that a|0) = 0.

Let |8) = aln), then (B| = (nla’, and (B|B) = (n|a’a|n) = n(n|n) = n. But
(BIB) = 0; hence n > 0. Starting with a ket |n), we can apply the operator a
repeatedly, each time lowering »n by 1. If n is not an integer, we will end up with
kets |n) having negative values of n, which is not allowed since n > 0. If n is an
integer, then upon repeatedly applying the operator a we end up with the ket |0);
further application of a gives a|0) = 0. Therefore n must be an integer, and the
eigenvalues of the Hamiltonian are (n + 1/2)hw, wheren = 0, 1, 2, . . . ; the energy
is quantized in steps of iw. Since a' increases n by 1, it increases the energy by one
quantum; in other words, it creates a quantum of energy and it acquires the name
“creation operator.” In contrast, a annihilates (destroys) one quantum of energy,
and it is called the annihilation, or destruction, operator. The ground state wave
function is obtained from the equation

man 1/2 i
a|0):0:>(—> <x+—p> 10) =0,
2h mw
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V= %mwaQ

AVaNVaN .

\V -

Figure 1.4 Eigenfunctions corresponding to the three lowest energy levels of a
one-dimensional harmonic oscillator.

which, upon replacing p by —ifid /dx, translates to
h d
(e 2 ) o
mw dx
— g0(0) = ()" exp (-222) (1.34)
o) =(— exp o x“). .
The first excited state |1) is given by |1) = a’|0); we find
b \/2
o1 (x) = (ﬁ) (2bx) exp(—b*x?/2) (1.35)
where b = (mw/h)'/?. We can continue in this fashion; in general,
On(x) = A, H,(bx) exp(—b*x?/2). (1.36)
A, is a normalization factor and H, is the Hermite polynomial of order n,
d}’l
dsn

The eigenfunctions corresponding to a few of the lowest energy levels are shown in
Figure 1.4. Note that for n even (odd) the eigenfunctions are even (odd) functions
of x.

H,(&) = (—1)" exp(§?) — exp(—&?). (1.37)

In the traditional approach to the harmonic oscillator problem, one instead
employs a power series solution to the time-independent Schrédinger equation,
which is a second-differential equation. It is through the requirement that the wave
function vanish at infinity that a truncation of the series is brought about. This,
in turn, leads to the quantization of energy. One might ask where the bound-
ary conditions (the wave function vanishes at x = -00) were used in the above
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discussion. They were used indirectly when it was required that the stationary states
|n) be normalized to unity. This can only be true if the corresponding eigenfunctions
vanish at infinity.

Further reading

Griffiths, D.J. (2005). Introduction to Quantum Mechanics, 2nd edn. Upper Saddle River,
NIJ: Pearson Education, Inc.

Sakurai, J.J. (1994). Modern Quantum Mechanics, rev. edn. Reading, MA: Addison-Wesley
Publishing Company, Inc.

Problems

1.1 Operators.
(a) Evaluate the commutators [x, p], [x2, p], and [p, V (x)].
(b) Show that (AB)" = BTAT,
(c) Show that Tr(ABC) = Tr(CAB), where T'r is the trace.
(d) Show that by setting S = (f1/2)0, the Pauli spin matrices

ooy _Jo =il __ft o
*Tlroolr T o] T o -1

provide a valid representation for the spin operator S.
() Find S;[1), Sell), Syl1),and Sy[{).

1.2 Delta-function representation. Show that ffooo e*dk = 2w 8(x).

1.3 Another delta function representation. Show that

2
sin“(ax
lim —(2) = &(x).
a—>o0 mwax
1.4 Periodic boundary conditions. An electron is confined to a cube of side L.

Assume that the eigenfunctions obey periodic boundary conditions,

px,y,2)=¢p(x+L,y,z2)=¢x,y+L,2) =¢(x,y,z+ L).

Under these boundary conditions, opposite faces of the cube are identified;
for example, the faces x = 0 and x = L are the same. The ranges of values
ofx,y,andzare0 <x <L, 0<y < L, 0 <z < L. Find the normalized
eigenfunctions and show by explicit calculation that they form a complete
orthonormal set of states.
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1.5

1.6

1.7

1.8

1.9
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Singlet and triplet states. Consider a two-electron system (for exam-
ple, the two electrons in a helium atom). The total spin S =S; + S,,
where S; and S, are the spin operators of electrons 1 and 2. Con-
sider the singlet state %[a(l)ﬂ@) — B(Da(2)] and the three triplet states

a(De(2), Fla(DBR) + B(Da(2)], and B(DA(2). Show that these are

eigenstates of S and S.

A particle bound by a delta-function potential. A particle of mass m, moving

in one dimension, is bound by the delta-function potential V(x) = —A8(x)

where A is a positive constant.

(a) Determine the energy of the bound state (for a bound state, in this case,
E <0).

(b) The potential energy is suddenly changed from —Ad(x) to —bAd(x),
where b is a dimensionless positive constant. What is the probability that
the particle remains bound?

Harmonic oscillator. For a one-dimensional harmonic oscillator of mass m

and frequency o, in the ground state, show that (p*/2m) = (imaw?x?) =

hw/4.

Coherent states. For a one-dimensional harmonic oscillator, show that:

(a) The operator a' does not have any eigenstates.

(b) The state |z) = e~/ 2¢2a |0}, for any complex number z, is a normalized
eigenstate of the annihilation operator a with eigenvalue z.

Time-independent perturbation. Suppose that for a given system the Hamil-
tonian is H = Hy + V, where Hy and V have no explicit time dependence.
Assume that the solutions of the eigenvalue equation Hy|n) = E, |n) are
known, and that the energy levels are nondegenerate. If V is small, in the
sense that the shift in the energy of the states brought about by the presence
of V is small compared to the energy difference between neighboring states,
ie., |AE,| < |E,+1 — E,|, one can show that

2
AE, = (n|Vin)+ Y —'i’;'v'”)' +

m£n n_Em

Consider a one-dimensional harmonic oscillator subjected to a perturbation
V =Aix.

(a) Calculate the shift in the energy of the ground state to second order in V.
(b) Solve the problem exactly.
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1.10 Heisenberg picture of quantum mechanics. In the Schrodinger picture, the

usual picture of quantum mechanics, the state evolves in time, but the
operators representing observables are time-independent. Assuming that the
Hamiltonian does not depend explicitly on time, the state evolves in time
according to

[Ys(@)) = e U0 g (1)),

Setting f, = 0, for simplicity, |¥s(t)) = e "#!/"|y5(0)). The expectation
value of an operator A varies with time according to

(A)(t) = (Ys(DIAIYs(0) = (Ys(0)]e ' Ae™ 1 g (0)).

The above suggests a second approach to quantum mechanics, the Heisenberg
picture, in which the state is frozen at what it was at + = 0, but the operator
A evolves in time. In this picture,

[Yg) = |vs(0), Ap@) = el Hi/lh g p—iHI/h

(a) Derive the Heisenberg equation of motion

d i
EAH(f) = F_L[H’ Ag@)].

(b) Show that for the harmonic oscillator of frequency w,
a(t) = a(0)e ", a'(t) = a’(0)e'

where a(r) and af(¢) are the annihilation and creation operators in the
Heisenberg picture.

The interaction picture. Let the Hamiltonian for a system be given by
H=Hy+ V(@)

where H, is time-independent. The state in the Schrodinger picture is [rg(2)).
In the interaction picture, the state is defined by

[y (1)) = P |yrs (1)),

If, in the Schrodinger picture, an observable is represented by the operator
A, the corresponding operator in the interaction picture is

A](t) — el.H()t/hAe—l.Hol‘/h‘

(a) Show that £ A;(r) = £[Ho, A;(1)].
(b) Show that ifi; |v1(1)) = Vi(D)|¥1(1)).
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(c) The evolution operator in the interaction picture, U, (¢, ty), is defined by
[ (1)) = Uj(t, to)| ¥ (20)). What is the differential equation satisfied by
Ui(t,1)?

(d) Show that

Uit ) =1 — (l/h) dnVi(t) + (—i/h)zfdtldeQV](tl)V[(lz) + e

(e) If at time #( the system is in an eigenstate |i) of Hy, then at time ¢ the
state will be U(¢, tp)|i), where U (¢, ty) = e =%0)/% i5 the time evolution
operator in the Schrodinger picture. The probability of finding the system
in an eigenstate | /) of Hy at time ¢ is P, p = [(f|U(t, t0)|i)|>. Show
that P,y = |(f|U;(t, 10)]i)|*.

Fermi golden rule. The Hamiltonian for a system is given by H = Hy + V (¢)
where

0 r<0

Vi) =

V t>0.
V has no explicit dependence on time, but it may depend on position,
momentum, and spin. At ¢t = 0, the system is in an eigenstate |i) of Hj.
The probability of finding the system at time ¢ in an eigenstate | /) of Hy is
P s () = |{(fIU1(1)]i) |2, as shown in the previous problem. By expanding
U;(t) in V;, we can calculate P;_, ; to various orders of the perturbation. Let
wri = (Ef — E)/h.
(a) By expanding U/ (t) to first order in V, show that

A(fIVIDI sin*(wyit/2)

Pl—)f(t) = 2 2
h oy

(b) Now let r — oo (steady state). The transition rate, w;_, 7, is defined as
Wi f = % lim P;_, (t). Prove the Fermi golden rule,
—00

2w -
Wi f = 7|(f|VIl)| S(Ef — E;).

Harmonic perturbation. The Hamiltonian for a system is H = Hy + V (¢),
where V(¢) is a harmonic perturbation turned on at t = 0,

V(t) = Ae' + Afeiet t>0.

A is a time-independent operator. For ¢t < 0, the system is in state |i), where
Hyli) = E;|i). Expanding U, (¢) to first order in the perturbation:
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(a) Show that the probability of finding the system in state |f), also an
eigenstate of Hy with energy Ey = E; +hwy;, is

1— ei(a)fl-+a))t 1— ei(wf,-—w)t 2

————(fIAli) + ——————(f1AT]i)
Wi +w wfi —w

1
PHfZ}?

(b) Show that, as t — oo, the transition rate is given by

2
wieer = = [UFIANPSES — B +5i0) + |(FIADPSE, — E; —ho)].



2

Single-particle states

Good order is the foundation of all good things.
—Edmund Burkes, Reflections on the
Revolution in France

2.1 Introduction
Let us consider a system of N identical, interacting particles whose Hamiltonian is

N N
1
H(1,2,...,N):Zh(i)-i—EZv(i,j). 2.1)
i=1 i#j
h(i) is the sum of the kinetic energy and potential energy, due to some external
field, of particle i,

2
h(i) = —g—mvz + (). (2.2)

For example, if the interacting particles are the electrons in an atom, then v(i) is the
potential energy of electron i due to its interaction with the nucleus. For electrons
in a crystal, v(7) is the interaction of electron i with the ionic lattice. The last term in
Eq. (2.1) represents the interaction between the particles, taken as a sum over pairs
(i, j). The summation is carried over both indices i and j, but terms with i = j are
excluded. The factor 1/2 ensures that each pair is counted only once. In general,
H may depend on the spatial as well as the spin coordinates of the particles.
Recall, from the fourth postulate of quantum mechanics, that the wave function
of a particle can be expanded in terms of a complete set of states |¢, ). Similarly, the
N-particle wave function can be expanded in terms of a complete set of N-particle
states. These are constructed as properly symmetrized products of single-particle
states (SPSs), as we will show in Chapter 3. Although any complete set of SPSs is

18
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(a) (b)

Figure 2.1 (a) The free electron model: the interactions of the electrons with each
other and with the ions are ignored; each electron moves freely within the crystal
and its wave function obeys periodic boundary conditions. (b) The jellium model:
the electrons interact with each other and with a uniform positive background.

adequate for this purpose, a more convenient set is generated by the single-particle
Hamiltonian £ through the eigenvalue equation

hlg,) = €,19,). (2.3)

Each SPS |¢,,) is characterized by a set of quantum numbers that are collectively
denoted by v. In the following sections we describe convenient SPSs for free
electrons, electrons in a periodic potential, and electrons in a two-dimensional
system that is in the presence of a magnetic field.

2.2 Electron gas

Consider a system of N electrons confined to a cube of side L and volume V = L>.
In the description of a metal within the free electron model, the interactions of
the electrons with each other, and with the ions, are ignored. The Hamiltonian
is then simply the sum of the kinetic energies of the electrons. In the so-called
jellium model, the lattice ions are replaced by a uniform positive background,
i.e., the positive charges on the ions are smeared so as to fill the crystal in such
a way that the charge density is constant, and the electron—electron, electron—
background, and background-background interactions are taken into account. The
two models are illustrated in Figure 2.1. For either model, the convenient SPSs
are those of a free electron confined to a cube of side L, with periodic boundary
conditions,

dx,y,20)=¢d¢(x+L,y,2) =¢x,y+L,2)=¢(x,y,z+ L). (2.4)

The SPSs are found by solving the Schrodinger equation

2

o,
— —V?p =¢¢, 2.5)
2m
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subject to the periodic boundary conditions given above. We obtain

Pro (1) = kroy, e =h2KE/2m. (2.6)

1
—c
VvV
The periodic boundary conditions determine the allowed values of k,

ky, ky, k, =0, +2n/L, £4x/L,--- =2nn/L, n €. (2.7)

The spin ket |o) is either | 1) or || ). In Dirac notation, the SPSs are denoted by
|ko). An SPS is thus described by four quantum numbers: k,, ky, k;, and o. The
SPSs form an orthonormal set,

1 gt
Wo'lko) = - [ ¢d r(010) = B (2.8)
and the set is complete,
1 V ; J/
Y b O, (1) = — f F*TTI S o) o] =5 —1).  (29)
- V (2m) ~

In the above equation, we have made the replacement

14 3
Xk:F(k) = Gy /d k F(K).

This is justified as follows. Consider a volume d°k in k-space, which is large
compared to 2n)? /V, but sufficiently small on the scale of variation of F(k),
i.e., F(K) has almost the same value within the cube d’k centered on k. Since the
volume in k-space occupied by one k-point, as deduced from Eq. (2.7), is (27)*/ V,
the volume d>k contains Vd>k/(2m)? k-points. We have also used dosloYol=1
and the representation of the Dirac-delta function given in Eq. (1.15).

In the ground state at zero temperature, electrons fill the states of lowest
energy. Within the free electron model, where €y, = h’Kk? /2m, electrons fill states
inside a sphere in k-space, known as the Fermi sphere, which is depicted in
Figure 2.2. The volume of the sphere is 47 k?, /3, where kr, the Fermi wave vector
(or wave number), is the radius of the Fermi sphere. Since each k-point occupies
a volume (277)%/V in k-space, the number of k-points within the Fermi sphere is
477/613: /3/(2m)3/ V. Each k-point can accommodate two electrons, one with spin up
and one with spin down. It follows that

N = 2(number of k-points within the Fermi sphere) = kaV /372

In terms of the electron number density n = N/ V, the Fermi wave vector is thus
given by

kr = B3n’n)'/3. (2.10)
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k.

kg

Figure 2.2 Fermi sphere of radius kr. At zero temperature the states within the
sphere are all occupied, while the states outside the sphere are all empty.

The mean energy of an electron is € = E /N, where E is the total energy,
E =Y "RkK/2m =2 Ik /2m.
ko k

The factor 2 arises from summing over o (1 or|). The sum over k runs over all
vectors within the Fermi sphere; replacing the sum by an integral,

VR* [k Vh? 1%
/ d*k R k*/2m = / k*dk = ky = —k»Ep
0

E=2 _
21%m 10m2m F 7~ 572

(2n)?
where Ep = hzk%/2m is the Fermi energy. Since k3. = 37°N/V (see Eq. [2.10]),
é=FE/N =3Er/5. (2.11)

2.3 Bloch states

In the free electron model, lattice ions are ignored. In the jellium model, a uniform
positive background replaces the ions. These models cannot explain why some
crystals are metals while others are insulators. In reality, the ions vibrate about
their equilibrium positions, which form a periodic structure. If the ions were fixed
at their equilibrium positions, they would produce a fixed potential in which an
electron would move, and the resulting stationary states of the electron would be
the Bloch states. Ionic vibrations result in a time-dependent potential that causes
scattering among the stationary states.

A three-dimensional lattice, generated by three noncoplanar vectors a;, a,, as,
and one point in space, is the set of all points that can be obtained from this point
by all translations by vectors R, ,,,,, = n1a; 4+ naay 4 nsas, where ny, ny, n3 are
integers (ny, ny, n3 € Z). That is, if we start from any lattice point and undergo a
displacement R, ,,,,, for any integers n;, n,, and n3, we will encounter another
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Figure 2.3 Graphene, a two-dimensional crystal. The primitive lattice vectors are
a; and a,, and the basis consists of two carbon atoms, A and B. The parallelogram
formed by a; and a, is the unit cell.

lattice point. The vectors ap, a,, and a3 are called the primitive lattice vectors, and
the parallelepiped they form is the primitive, or unit, cell. A crystal is obtained
if one or more atoms, called the basis, are placed in each unit cell. We may thus
write

Crystal = Lattice + Basis.

For example, the two-dimensional crystal graphene (Figure 2.3) has a honeycomb
structure, with carbon atoms occupying the hexagonal corners. The primitive lattice
vectors are a; and a,, and the basis consists of two carbon atoms, A and B. The
unit cell is the parallelogram formed by a; and a,.

From the definition of a lattice, we infer that when the ions are at their equilibrium
positions, the environment surrounding any point P in the crystal is identical to
that surrounding any other point Q which is separated from P by a lattice vector
R, 1,0, (see Figure 2.4). It follows that, if the ions sit at their equilibrium sites,
the potential energy V(r) of an electron (due to its interaction with the ions) has
the same value at points P and Q. V(r) is thus a periodic function of position, its
periodicity being that of the lattice.

In a crystal, Bloch states form a convenient set of single-particle states (SPSs).
These are solutions to the Schrodinger equation

hey = [=0%/2m)V2 + V()]s = €1 ¢s. (2.12)
Here, V(r) is a periodic potential with periodicity R,
Vir+R)= V() (2.13)

where R = nja; + n,a, + n3as, ny, ny, n3 € Z.
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Figure 2.4 Two-dimensional crystal with primitive lattice vectors a; and a,. The
points P and Q are separated by a lattice vector equal to 2a; + a,. The potential
felt by an electron at point P, due to its interaction with the ions, is identical to that
felt by the electron at point Q.

An elegant way to solve the Schrodinger equation is by introducing the transla-
tion operator TR, defined by its action on an arbitrary function f(r),

Tr f(r) = f(r +R). (2.14)
Note that
TrTr f(r) = T f(r + R) = f(r + R+ R)) = Tryr f(r) = TrTr = Tr+v'-
Now consider
Trh(r) f(r) = Tr[h(r) f(D)] = h(r + R) f(r + R) = h(r) Tr f(r).  (2.15)

The periodicity of the Hamiltonian, namely that iA(r + R) = A(r), results from (i)
V2 4R = Vz and (ii) V(r + R) = V(r). Since f(r) is arbitrary, Eq. (2.15) implies
that h and Tgr commute. Furthermore,

TrTw f0) =Tr fr+R) = f@e + R+ R) = Tr f(r + R) = T T f(r).

Hence, Tg and Tgr commute. We conclude that {#, Tg, Tgr, . .. } is a set of commut-
ing operators. The eigenstates of & can thus be chosen so as to be simultaneously
eigenstates of the translation operator T for every lattice vector R. Let the eigen-
values of Tg be A(R): TR = A(R)¢. Since

T Trp = T A(R)¢p = AR) Tr ¢ = AR)AL(R) ¢,
and
Tr Tr¢ = Trir ¢ = MR+ R)¢,
it follows that A(R) satisfies the equation

ALR)A(R) = A(R+R).
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This holds if A(R) = ¢’*R for some vector k. For different values of k, we get dif-
ferent values of the eigenvalue A(R), and correspondingly different eigenfunctions
¢(r). Thus, Tr ¢y (r) = e*R ¢y (r). From the definition of the translation operator,
it follows that, for any lattice vector R,

ok(r + R) = ™R ¢y (1). (2.16)

We have not yet indicated what values k may assume. These are determined by the
periodic boundary conditions. If there are N; primitive cells along the direction of
lattice vector a;, N, primitive cells along a;, and N3 primitive cells along as, the
periodic boundary conditions take the form:

¢ok(r 4+ N;ja;)) = ¢x(r), i=1,2,3. 2.17)

These boundary conditions are adopted under the assumption that the bulk proper-
ties of a crystal do not depend on the choice of boundary conditions on its surface.
Periodic boundary conditions are more convenient for mathematical analysis than
fixed boundary conditions, for which the wave function vanishes on the surface of
the crystal. From Eq. (2.16), we can write

$e(r + Niap) = VY (), i =1,2,3.
Combined with the periodic boundary conditions, the above equation gives
e

iNka _ 1 j=1,2,3. (2.18)

In order to solve for k, we introduce the reciprocal lattice vectors by, by, and bs
defined by

b1:2nazxa3/§2, b2=2na3xa1/Q, b3=27‘[31X32/Q. (219)

Here, 2 = |a;.a; x a3| is the volume of the primitive cell. The vectors by, b, and
bs have the dimension of 1/Length. It is readily checked that

bi.aj = 27'[5,']'. (220)
If we write kK = B;b; + B,b, + B3bs, then k.a; = 278;, and Eq. (2.18) becomes
exp(2mipB;N;) = 1 = B; = m;/N;, where m; is an integer. Therefore

m mp ms
k=—b;+ —by,+ —b;, my,m,,m3eZ. 2.21
AL L 1, Mo, M3 (2.21)

Equation (2.16), with k given in Eq. (2.21), is the first form of Bloch’s theorem.
An alternative and useful form of Bloch’s theorem is obtained as follows. Let
ur(r) = e~'T ¢ (r). Using the first form of Bloch’s theorem, we find

ug(r) = e ¥ e MR (r + R) = e MRy (r + R) = uge(r + R).
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Hence, uk(r) is a periodic function with the same periodicity as the lattice. The
stationary states are given by

Pi(r) = e uy(x). (2.22)

The stationary states are thus plane waves modulated by a function that has the peri-
odicity of the lattice; this is the second form of Bloch’s theorem. The Schrodinger
equation is now written as

[—(%/2m)V? + V()] uy (r) = ee’™  u(r).
Noting that
V™ u(r)] = u(r) Ve 4 e Vi (r)
= ui(r) (k) ™" 4 ™ Vuy(r) = e’*"(V + iK) uk(r),

we obtain

2
[—g—m(V +ik)* + V(l‘)] u(r) = exuk(r). (2.23)

This is viewed as an eigenvalue equation for uk(r), to be solved within a primitive
cell, subject to the periodic boundary conditions

uk(r):uk(r+a,~), i = 1,2,3.

For each k there are infinitely many eigenvalues €, €, . . . with corresponding
eigenfunctions ux(r), ux(r), . ... The periodic functions should thus be written
as u,x(r), where n = 1,2, ... is called the band index. Because the separation
between nearby k-points is extremely small in comparison with the magnitude of
the reciprocal lattice vectors, the eigenvalues €, may be considered as continuous
functions of k. For example, in a cubic crystal, where a;, a;, and a3 have the
same magnitude a and are at right angles with each other, the reciprocal lattice
vectors by, by, and bs are also at right angles with each other, having the magnitude
b = 2m /a.In contrast, the separation between nearby k-points is 257 / L; for a crystal
with 10>* atoms, a/L is 1078, Thus, we see that the separation between adjacent
k-points is much smaller than the size of the reciprocal lattice vector.

According to Eq. (2.21), the set of allowed values for k is infinite. However,
there is redundancy in the resulting set of energies and eigenfunctions, and the
values of k can be restricted to a finite set. We prove this assertion as follows. The
reciprocal lattice vectors by, by, and bs, treated as primitive vectors, generate a
lattice in reciprocal space where a general lattice vector is

G =mby + myby + msbsy, my,my, m3; € Z.
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We remark that for any reciprocal lattice vector G and any real lattice vector R, the
relation ¢/GR = 1 is satisfied. Equation (2.23) implies that

2
[_;-l_m(v + ik + lG)2 —+ V(l’)] Mk+G(r) = €k+G uk+G(r)- (224)

Let fig = €' up (). Following some algebraic manipulations, Eq. (2.24)
reduces to

2

[—f—m(v +ik)® + V(r>] fe = €kt fig-
Since ¢'6R =1, the boundary condition uy,g(r + R) = ux,g(r) implies that
Jxc(r + R) = fxg(r). Noting that fyxg satisfies the same eigenvalue equation as
ux(r), and that it obeys the same boundary conditions, the theorem regarding
existence and uniqueness of the solutions of differential equations asserts that
Jxc(r) = ux(r) and €, g = €x. Moreover,

Prrc(®) = e ETOTY 6(r) = ™ fia(r) = ™ ug(r) = Pi(r).

Inserting the band index, we can write

Guk+G(r) = Puk(r),  €nkiG = Enk. (2.25)

This is the redundancy we mentioned earlier. The above relations allow us to restrict
the values of k to one primitive cell in reciprocal space, since any k-point outside
the primitive cell can be reached from a k-point inside the primitive cell by adding
some reciprocal lattice vector G. It is conventional to choose a Wigner—Seitz cell,
known as the first Brillouin zone (FBZ), as the primitive cell in reciprocal space. It
is constructed by drawing all reciprocal lattice vectors that emanate from a chosen
point in the reciprocal lattice, and then drawing the perpendicular bisector planes
of these vectors. The volume bounded by these planes, and centered on the chosen
point, is the FBZ. This procedure is illustrated in Figure 2.5 for a two-dimensional
square lattice.

Taking into account the spin state of the electron, the single-particle states,
expressed as Bloch functions, are given by

ko (1) = €T,k (1) |0). (2.26)
Five quantum numbers characterize the single-particle states: the band index n =
1,2, ..., the three components k., ky, k., of the wave vector k € FBZ, and the spin

index o =1 or |.

From the above discussion, we see how bands arise once the static potential
produced by the ions at their equilibrium positions is taken into account. It takes
2NN, N; electrons, i.e., twice the number of primitive cells in the crystal, to fill
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Figure 2.5 A square lattice, in real space, of side a (left figure), and the reciprocal
lattice, also a square lattice, of side 277 /a (right figure). The shaded area is the first
Brillouin zone.

one band, as deduced from the following argument. From Eq. (2.21), neighboring
k-points along the b; direction (i = 1, 2, 3) are separated by b;/N;. The volume
in reciprocal space occupied by one k-point is thus b;.b, x b3 /NN, N3, i.e., the
volume of a primitive cell in reciprocal space divided by N;N,Ns. Hence, the
FBZ, whose volume is equal to that of a primitive cell in reciprocal space, contains
N1 N, N3 k-points. Since each state with quantum numbers # and k can accommo-
date two electrons, with opposite spin projections, each band can accommodate up
to 2N N N3 electrons. In the ground state, at zero temperature, electrons fill the
lowest energy states. If we end up with a situation where some bands are completely
filled while the rest are empty, the crystal will be an insulator. If we do not, the
crystal will be a metal.

Finally, we note that, in a metal with a partially filled band, it is generally the
case that to a good approximation, we may set uy(r) = 1/4/V, and take €, =
h%k?/2m*, where m* is an effective electron mass. This is known as the effective
mass approximation. In many metals, m* & m, the free electron mass. A similar
situation occurs in semiconductors with partially occupied bands, due to either
thermal excitations or doping. In this case, however, m* may be very different from
m; in GaAs, for example, the effective electron mass is m* = 0.067m.

2.4 Example: one-dimensional lattice

Consider a chain of N identical atoms. The equilibrium separation between the
atoms is a. If a is large, the chain will be a collection of isolated atoms. Each atom
has its own orbitals: 1s, 2s, 2p, . . . with the lowest energy orbitals being occupied by
electrons. As the atoms are brought closer together so that atomic wave functions
begin to overlap, electrons tunnel from one atom to another, becoming delocalized,
and the overlapping orbitals form bands. For example, whereas the 3s orbitals have
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V(x)

/aYa\aYa

Figure 2.6 A line of identical atoms where the separation between adjacent atoms
is a. The periodic potential seen by an electron is V(x), and it is produced by the
ions sitting at their equilibrium sites.

a well-defined energy in isolated atoms, they broaden into a band when atoms
are brought closer together. The one-electron Hamiltonian is H = p?/2m + V(x),
where V(x) = V(x 4+ a) is the periodic potential seen by the electron. This is
sketched in Figure 2.6.

Now consider the band formed by the broadening of one type of atomic orbital,
e.g., the 3s orbitals. Let |¢,,) be the atomic orbital centered on atom number m,
located at x = ma, m =1, ..., N. We assume that {(¢,,| H|¢,,) = €, and that for
n#m, (¢y|H|py) = —t8y m+1, 1.€., we assume that the overlap of atomic wave
functions is appreciable only between nearest-neighbor atoms. We take 7 to be real.
Our goal is to find the energy dispersion E} for this band.

We want to solve the eigenvalue equation H|W;) = E;|W;). We take the N
atomic orbitals centered on the N atoms as the basis states in which |W;) is
expanded,

N
W) =D Cuildm) = We(x) = ) cop(x — ma).

m=1

The coefficients c,,; are not arbitrary; they are chosen so that Wy(x) is a Bloch
function, being a stationary state of an electron in a periodic potential. We thus
require that W;(x + a) = e** W (x); this, in turn, implies that

> emp(x +a—ma) =" cup(x — ma). (2.27)

The LHS of the above equation is
LHS =) cnidlx — (m — Dal = )" coprad(x —na) = ) curixdp(x — ma).
(2.28)
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Note that, strictly speaking, in the summation over n, n ranges from 0 to N — 1,
and the series is

Y Cnriad(x —na) = ciup(x) + cup(x —a) + - - + enegplx — (N — Dal.

Periodic boundary conditions, however, mean that ¢(x) = ¢(x — Na). Identifying
CN+1.k With ¢y, the index 7 in the summation over n may be taken to range from 1
to N. From Eqs (2.27) and (2.28), we can write

N N
ik ik
D cmirk dx —ma) =" cop plx —ma) = cpirx = € e

m=1 m=1

Therefore, ¢, = ¢/"**. Summarizing, the Bloch state is given by
1 .
(W) = —= Y "™ |$y).
N m

The factor \/]—ﬁ is a normalization factor. The eigenvalue equation now reads
' imk
D eMH () = e E ).
m m

Multiplying by (¢, | on both sides, we obtain
> e pu | H ) =D €™ Ey ($ulm)- (2.29)

On the LHS, the matrix element vanishes unlessm = n,n — 1,orn + 1,
LHS = ¢ einka —t ei(n—l)ka —t ei(n—i—l)ka

On the RHS of Eq. (2.29), (¢,|¢.) is the overlap of the atomic orbitals centered
on sites n and m. Although it is nonzero, we will neglect it if n # m and take
(b Pm) = 8,m. The RHS thus reduces to Eze’*®. Therefore,

Er=e—te % 1k = ¢ — 2t cos(ka). (2.30)

2.5 Wannier states

For electrons subjected to the periodic potential produced by a lattice of ions, we
have considered in Section 2.3 the basis set of Bloch states |[nko) characterized by
a band index n, wave vector k € FBZ, and spin projection o. These are modulated
plane waves that extend throughout the crystal. Another basis set of states, consist-
ing of localized orbitals centered on lattice sites, may be constructed. For a given
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band index n, lattice site R;, and spin projection o, consider the states

1 .
nic) = — Y e7*Rjnko). (2.31)
ﬁkeFBZ

These are called Wannier states; they have the following properties:

o The Wannier function ¢,;,(r) = (r|nio) is centered on R;; hence it is written as
¢na (I‘ - Rl)

o The Wannier states form a complete, orthonormal set.

o The Wannier function ¢,,(r — R;) is localized on the lattice site i.

The first property follows directly from the second form of Bloch’s theorem. From
the definition of the Wannier state, we can write

1 —ik.R; Jikr
— > e R ))o).
ﬁkeFBZ

Since u,x has the periodicity of the lattice, we can rewrite the above as

1 .
— Y Ry - Ry)o).
\/N keFBZ

This shows that the Wannier function is a function of r — R;, and we can write it
as ¢, (r — R;); it is centered on R;.
Since the Bloch states are orthonormal: (n'K'c’|nko) = 8, ki b00o,

¢nid (l') =

¢nin(r) =

(n'jo'|nioc) = v Ze’k/ ie kR ('K o' Inko)
Kk’

1 ik.(R;—R;)
= 8nn’60-o-fﬁ ; e J = 8’!”/80.0./61-]-, (232)

In the last step, we used the results of Problem 2.1. Wannier states are thus orthonor-
mal. Furthermore, since the number of lattice sites is NV, which is the same as the
number of k-points in the FBZ, the set of states |nio) is complete: it forms a basis
for the expansion of any state.

To see that ¢,,,(r — R;) is localized on the lattice site R;, we consider a one-
dimensional lattice and assume that u,x(x) = 1/ /L, so that the Bloch states are
plane waves. For any lattice vector R of magnitude R = ma, where m is an integer,

—imka lkx

Gno(x —ma) = \/— Z |o) J_ Z

ik(x— ma)|o,
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\/(m— 1a ma (m + 1)M

Figure 2.7 Wannier function centered on site m in a one-dimensional crystal.

Replacing the sum over k by an integral, the spatial part becomes

= ;i /N/adk pik(r—ma) _ \/Z sin[w(x —ma)/al
VNL27 Jz/a 7N X —ma ’

A plot of ¢,(x — ma) shows that most of the weight of the function is at x = ma
(see Figure 2.7). The localization of the Wannier function is not as strong as that
of an atomic orbital. The damped oscillations are necessary for Wannier functions
centered on different sites to be orthogonal.

¢n(x —ma)

2.6 Two-dimensional electron gas in a magnetic field

A two-dimensional electron gas (2-DEG) is produced at semiconductor interfaces
and in metal-oxide—semiconductor (MOS) structures. Electrons move freely in the
x-y plane but are localized in the z-direction. Absent a magnetic field, the most
convenient single-particle states are plane waves |Ko ), which are characterized by
three quantum numbers: k., k,, and 0. In the presence of a magnetic field, however,
these states are not very convenient.

Consider an electron gas, confined to a rectangular sheet of length L, and width
Ly, i.e., in the presence of a static, uniform magnetic field B in the z-direction.
What is the Hamiltonian for a charged particle in a magnetic field B? To answer
this question we go back to classical mechanics. The force on a particle of charge ¢
and velocity v is, in cgs units, F = (¢/c)v x B; in ST units, g/c — ¢. Defining the
vector potential A by B =V x A, it is not difficult to check that the Lagrangian
L, given by

1

L=-m?+2vA, (2.33)
2 c

does indeed produce the correct equation for the force. The proof consists in using
the Euler—Lagrange equation of motion

d oL dL

dt 9x  dx
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with similar equations for y and z, along with the following two equations:

vxB=vx(VxA)=V(¥A) —(v.V)A
dA  0A  0Adx 0Ady 0Adz

Ty — —— = (v.V)A.
dt 8t+8xdt+8ydt dz dt v-¥)

The first equation is checked easily. In the second, dA/dt = 0 because A does not
depend explicitly on time, since B is a static field.
From the Lagrangian, we construct the canonical momentum,

px =0L/0x =mx + (q/c)Ax,

along with similar equations for p, and p.. It follows that mv = p — (¢ /c)A, and
the kinetic energy is given by

T = 1mv2: L(p—gA)z.

2 c
Thus, for a charged particle in a magnetic field, the kinetic energy portion of the
Hamiltonian is obtained by p—p — gA/c.

For a given B, there are infinitely many choices for A, because for any A, the
vector potential A’ = A + V f, for an arbitrary function f, is an equally valid
choice (since V x V f = (). Making a particular choice for A is called “fixing
the gauge.” For a uniform magnetic field B in the z-direction, we may choose
A = (—By, 0, 0); this is the Landau gauge.

The Hamiltonian for the 2-DEG is H = ), h(i) + % > ; V(, j). The second
term describes the electron—electron interaction. The single-particle Hamiltonian
is given by

1

" om

2
h (p + ZA) + (g1 /M)SB, (2.34)
where —e is the charge of the electron, g is the gyromagnetic factor for the electron
spin (g ~ 2), up = eh/2mc is the Bohr magneton, and S is the electron spin
operator. The second term in 42 may be written as —u.B, and it is the potential energy
of a magnetic moment g in a magnetic field B; for an electron, u = —(gu g /h)S.
In actual systems realized at interfaces, m should be replaced by m*, the effective
mass of the electron.
A convenient set of single-particle states is formed by the eigenstates of 4.
Ignoring the spin part for the time being, we have, in the Landau gauge,

1 eB \* 1 ,
h=_ p)C_Ty +_py’ (2'35)

2m 2m
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Inserting ¢(x, y) = f(e'* / /L, into the Schrodinger equation h¢ = e¢, we

obtain
1 eB \? 1
L (hk - —y) +3-02 | ) =€
m C

This may be rewritten, in terms of w = e B/mc, the cyclotron frequency, and with
yo =hck/eB, as

1 2 1 2 2
[—2 py + smw(y — yo) ] F) =€fy. (2.36)
m 2

This is the eigenvalue equation for a harmonic oscillator of frequency w, cen-
tered at yy. The eigenvalues are ¢, = (n + 1/2)iw, n=0,,1, 2, ..., and the
corresponding eigenfunctions are A, H,(a(y — yo))exp(—a’(y — yo)?/2), where
H, is the Hermite polynomial of degree n, A, is a normalization constant, and
a = (mw/h)"/?. The eigenfunctions of & are given by

bu(x, y) = —— A, ™ Hy(a(y — yo))e 0072, (2.37)

1
VL«
The periodic boundary conditions determine the allowed values of k: k =
0, +2n/L,, £4w/L,, .... The energy levels ¢,, known as the Landau levels,
do not depend on k; hence, they are degenerate. The orbital degeneracy of a Lan-
dau level, N, is the number of allowed values of k. This is determined by the
requirement that yy, the harmonic oscillator center, lies between 0 and L, which
means that k lies between 0 and eBL,/hc. With a separation of 27 /L, between
consecutive values of k, the number of allowed values of k is (e BL, /hc)/(2m /Ly);
hence, N, = eBA/hc, where A = L, L, is the sample area, and £ is Planck’s con-
stant. An equivalent expression is N; = ®/®(, where ® = BA is the magnetic
flux through the sample, and &y = hc/e is the flux quantum.

Taking into account the spin part of the single-particle Hamiltonian, the single-
particle states are @1, = ¢ni|o), where ¢, (x, y)is givenin Eq. (2.37), and the cor-
responding energies are €,;, = (n + 1/2)iw + gugBo, where 0 = —1/2, +1/2.
Here, single-particle states are described by three quantum numbers: n, k, and o.

Further reading

Ashcroft, N.-W. and Mermin, N.D. (1976). Solid State Physics. Philadelphia: Saunders
College.

Kittel, C. (2005). Introduction to Solid State Physics, 8th edn. New York: Wiley.

Omar, M.A. (1993) Elementary Solid State Physics: Principles and Applications, revised
printing. Boston: Addison-Wesley.
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Problems

Important sums.
(a) Yk € FBZ, show that " e’*R = N§ ¢, where N is the number of prim-

itive cells and the sum ';uns over all lattice sites.

(b) For every lattice vector R, show that Y~ ¢*R = Nég .
keFBZ

Free electron model at zero temperature. Consider a system of N free elec-
trons confined to a cube of volume V, at T = 0 (ground state). Define the
dimensionless parameter r, through the relation (477 /3)(rya0)® = V /N, where
ay is the Bohr radius.
(a) Express the mean energy per electron in terms of 7.
(b) Show thatd, (er), the density of states per unit volume, per spin orientation,

at the Fermi energy, is given by mky /27w h>.

Free electron model in lower dimensions. Consider the free electron model in
one and two dimensions at 7 = 0.
(a) Show that the Fermi wave vector is given by

V2rn 2D

kr =
" lznp2 1D

where n is the electron number density (in 2D, n is the number of electrons
per unit area, while in 1D, it is the number of electrons per unit length).

(b) Show that the mean energy per electron is given by € = €pd/(d + 2),
where d is the dimension of space and €y is the Fermi energy.

Graphene bands. Graphene (see Figure 2.3) has two atoms per unit cell,
denoted by A and B. The x- and y-axes are chosen such that a; =
a(\/§/2, —1/2), ap = a(0, 1), where a = 0.246 nm is the lattice constant.
An isolated carbon atom has the electronic configuration 1s%2s22p?. To form
graphene, one electron is excited from 2s to 2p, and the new configuration
is 152s'2p 2p|2pl. The 25, 2p,, and 2p, orbitals get hybridized (mixed)
and form three sp? orbitals that are oriented in the x—y plane at 120° with
each other. The sp? orbitals on nearby atoms form strong bonds in the plane,
giving rise to a honeycomb structure, and they broaden into the o-bands that
lie very low in energy. The p, orbital on each atom is perpendicular to the
graphene plane and is occupied by one electron. The p, orbitals broaden into
two mr-bands (there are two atoms, hence two p, orbitals, per unit cell).

Let us take atom A to sit at the origin of coordinates. The p, orbital on this
atom is ¢(r), and that on any atom of type A, that can be reached from A by a
lattice vector R,,, is ¢(r — R,,). The p, orbital on B is ¢(r — §), where § is the
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vector from A to B, and that on any atom of type B, separated from B by R,
is ¢(r — § — R;,). We have

f¢*(r —R)H®( — R,)d>r =f¢>*(r —8§—R)H¢(r—8 —R)d’r = .

We may shift the zero of energy and set € = 0. The equality of the matrix
elements in the above equation is due to the symmetry of graphene under
reflection in a plane that is a perpendicular bisector of the bond connecting
atoms A and B. For simplicity, we make two assumptions:
¢ Only nearest-neighbor atoms interact; the matrix element of the Hamiltonian
between orbitals on neighboring atoms is —¢ (t >~ 3eV):
[ ¢*(x — HPx)d’r = —t.
« The ovelap between p, orbitals on different sites is ignored, i.e., we assume
that [ ¢*(r — 8)¢(r)d’*r = 0.
From the p, orbitals on atoms of type A and B, the Bloch functions

1 ‘ 1 |
Yi(r) = Vi Y e R —R,), Y = N Y R —§ —R,)

are constructed. To solve the Schrodinger equation H Wy (r) = ExWi(r), we

try a solution of the form W(r) = mﬂlf (r) + bwlf (r).

(a) Find the primitive reciprocal lattice vectors b and b, and draw the first
Brillouin zone.

(b) Show that Ex = =+¢|gk|, where

gk = I+exp [i (—\/§an [2+kya /2)] Fexp [—i (\/§an /2 + kya /2)] .

(c¢) Reduce Ey to the form:
12
Eyx =+t [3 + 4cos (x/gkxa/Z) cos (kya/2) + 2cos (kya)] .

(d) In the vicinity of the points K(27/+/3a, 27 /3a) and K'(0, 47 /+/3a) in
the first Brillouin zone, show that Ex = Hhivrk where vy = +/3ta /2h is
the Fermi velocity, k = |k — (27r/~/3a, 277/3a)| (near point K), or k =
Ik — (0, 477 //3a)| (near point K). The energy dispersion is thus linear in
the vicinity of K and K'.

(e) Assuming linear dispersion, show that the density of states per unit area is
d(E) = 8|E|/(3ma’t?).

2.5 More on graphene. Assume that the p, orbital on each site in graphene is
described by the wave function ¢(r) = Arcosbexp(—Zr/2ay), where A is a
normalization constant, ag is the Bohr radius, 0 is the angle r makes with the
c-axis (the axis perpendicular to the graphene plane), and Z is the effective
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charge on the nucleus (the nuclear charge is screened by the two core electrons
in the 1s orbital, and to a lesser extent by the valence electrons; Z & 3). Show
that

/ $ (O SO r = [1+ (qan/ 27] .

Matrix elements in graphene.

(a) Using the results of Problems 4 and 5, evaluate (V|X|yl,),
WEIXIWE . (WX, o) and (Y| X Iy, ,). where X = ¢~/9%, and
v(c) stands for the valence (conduction) band.

. , 2
(b) Let Fyy(k, q) = (1//li|e"q'r|t//1‘§+q)) . Show that

1 k+ gcos¢
Fok,q==|1 f—
55 (K, q) 2( + 55 K+ q )

where cos¢ =Kk.q/kg, and 5,5’ = —1(+1) if s,s" = v(c). For more
details, see (Shung, 1986).

Density of states D(€). The total number of states within a shell in k-space
bounded by the two constant energy surfaces Ex = ¢ and Ex = € + de is
D(e)de. The number of states within this shell is twice the number of k-points
within the shell because of spin degeneracy. Therefore,

1% 1%
D(e)de =2—— &’k = 22— / dS.dk,
27)° Jshen 2m)

where d S¢ is an area element on the inner surface and dk is the perpendicular
distance between the two surfaces of the shell. Show that

%4 dsS.
D(e) = 2—— / .
(27) |VkEx| g, —c
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Second quantization

Nothing can be made out of nothing.
—William Shakespeare, King Lear

Historically, quantization of the motion of particles was developed first. The state
was described by a wave function and observables by operators. When dealing with
interactions between particles and fields, such as the electromagnetic field, the fields
were treated classically. Classical field equations look like the quantum mechanical
equations for the wave function of the field quanta. For example, the Klein—Gordon
classical field equation is similar to the quantum mechanical wave equation for a
relativistic spinless particle. Quantizing the fields, leading to quantum field theory,
appears to be quantizing a theory that has already been quantized; hence the name
“second quantization.” In reality, there is only one quantization and one quantum
theory.

The method of second quantization is important in the study of many-particle
systems. It enables us to express many-body operators in terms of creation and
annihilation operators, thus rendering calculations less cumbersome. Moreover,
the method makes it possible to treat systems with a variable number of particles;
that is why the method initially emerged in the context of quantum field theory.

In Chapter 1 we indicated that any one-particle wave function may be expanded
in a complete set of states. In this chapter, we show that products of single-particle
states, when properly symmetrized, form an orthonormal basis for the expansion
of the wave function of an N-particle system. We then introduce creation and
annihilation operators and show how to express one-body and two-body operators
in those terms.

3.1 N-particle wave function

Suppose that we have a complete, orthonormal set of single-particle states |¢,),
where v is an index that represents all the quantum numbers that characterize the

37
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state. Orthonormality and completeness mean that

(¢pv]dy) = b, (orthonormality) Z |¢,){(¢y] = 1 (completeness). (3.1)

We will show that the N-particle wave function W(1, 2, ..., N) can be expanded
in terms of products of the single-particle states. We may proceed as follows.
Suppose that we fix the spatial and spin coordinates of particles 2, 3, ..., N. Then
W(l,2,..., N)is a function of the coordinates of particle 1 alone; hence, we can
expand it in a complete set of states ¢, (1),

V(L2 N) =D Ay2.3,..., N)gy, (D).

If we now allow the coordinates of particle 2 to vary, A,,(2,3, ..., N) becomes a
function of these coordinates, and we may expand it as

An2.3,....N)=) Byy(3.4..... N)$,(2).
V2

Continuing in this fashion, we end up with

W(1,2,.. . Ny = Y Coppay®u (D6 (2) ..y (N).

ViV2...UN

There is an alternative way to arrive at this result. States |¢,, ), for all values of vy,
form an orthonormal basis for vector space Vi, the Hilbert space of the states of
particle 1. States |¢,,)» form an orthonormal basis for V,, the vector space of the
states of particle 2, and so on. The state vector |V) of the N-particle system belongs
to the direct product space VIV =V, ® V, ® - - - ® Vi, whose orthonormal basis
consists of the direct product states |¢,, )1 @ |¢,,)2 ® - - - ® |@,,, ) v It follows that

W) = > Conpnn b1 @ [h)2 ® -+ @ [y, - (3.2)

ViV2...UN

3.2 Properly symmetrized products as a basis set

Although the products ¢,,(1)¢,,(2) ... ¢,, (N) of single-particle states may serve
as a basis for the expansion of the N-particle wave function, they are not useful
as such. This is because W(1,...,i,..., j,..., N) must be symmetric (antisym-
metric) under the exchange of i and j if the N identical particles are bosons
(fermions). The product ¢, (1)¢,,(2) ... ¢,, (V) lacks this property, and the sym-
metry (antisymmetry) property must be buried in the constants C,,,,. ., . It is far
more convenient to incorporate the appropriate symmetry into the product of the
functions, so that C,,,, ., will be completely symmetric upon the exchange of any
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two indices. For bosons, we can achieve this by summing the product over the N!
permutations of 1, 2, ..., N; the basis states are thus given by

1 1
T/l VA

o8 (1,2,...,N)

ViV2...VN

Y " $u [P, [PQ)]. .. ¢y, [P(N)].
P

(3.3)

Here P(1), P(2),..., P(N)is apermutationof 1,2, ..., N, and n, is the number
of times the index p appears in the product. The factor before the summation
ensures that ®2 is normalized.

For fermions, a similar expression for the basis states is used, except for the
following two modifications. First, n,, is either O or 1 (Pauli exclusion principle),
sothatn,! =1(0! = 1and 1! = 1). Second, we must insert a minus sign whenever
P(1), P(2),..., P(N) is an odd permutation of 1,2, ..., N. The fermionic basis
functions are given by

1
o 12 N = —= ) (=D"¢, [P(D]g,[PQ)]...hy, [P(N)].
T 2

(3.4)
Equivalently, we may permute the indices instead of the coordinates

1
®F (1,2, N) = ——= Y (=1 Ppu(Ddpun(2) . .- dpuy(N). (3.5
7 2

The above expression for & may be written in the form of a determinant,

bu (1) ¢, (2) ... ¢u(N)

(1 w@) ... (N
of (1,2,...,N)=L¢:() $(2) ¢(). (3.6)

vy (D) Pu(2) ... ¢y (N)

This is the Slater determinant. We make the following remarks:

1. The antisymmetry property is built into the determinant. Interchanging i and j
amounts to the interchange of two columns, which changes the determinant’s
sign.

2. If particles i and j occupy the same state, i.e., v; = v;, thenrowsi and j become
identical and the determinant vanishes, as it should (Pauli exclusion principle).

3. In the first row, only the single-particle state ¢,, appears; in the second row,
only ¢, appears, and so on. Therefore, there is no confusion in representing the
Slater determinant by the ket |¢,, ¢y, ... ¢y, )-
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—
—— o
——o—

Figure 3.1 A system of three noninteracting bosons. Two bosons occupy the
single-particle state ¢; and one boson occupies ¢;.

In terms of the basis functions ®2-7, the N-particle wave function is now expanded
as

B, ... N)= Z Ay oy ®BF (1, N). (3.7)

Vi...UN
Vi...UN

3.3 Three examples

1. A system consists of three identical bosons. Denote the single-particle states by
d1, ¢z, P3 . ... Two bosons occupy the state ¢, and one occupies the state ¢,
(see Figure 3.1). Inthiscase, N =3, n1 =2, np =1l,andnzs =nqs =--- =0.
There are 3! = 6 permutations of 1 2 3;theyare 123, 132, 213, 231, 312,
and 3 2 1. Therefore,

$8,(1,2,3) = ——1t LS PGP PG)]
Wk

1
N
+ 01(2)$1(3) (1) + $1(3)P1(1)2(2) + $1(3)P1(2)¢2(1)]

1
=7 [P1(1D@1(2)h2(3) + $1(1)h1(3)2(2) + $1(D)p1(3)p2(1)] -

2. Three noninteracting electrons in a box of volume V' occupy the states ¢y (r) =

%Ve“‘ﬂ 1), iy (r) = %eik-w 1), and ¢y (r) = %e"k/ﬂ ). The wave func-

tion for the system is the Slater determinant

eENIL) eRRit), enit)y

1 ) . )
Wsp(1,2,3) = —— [¢™*"[L)1 57 1)y €D ])3]. (3.8)
SP LY 3‘V3 eik’.rl | T)ll eik"r2| T)Z eik"r3| T>3

[01(D@1(2)2(3) + p1(DP1(3)$2(2) + P1(2)¢1(1)2(3)

3. A system consists of two noninteracting electrons. The Hamiltonian is H =
h(1) 4+ h(2). Let us assume that / is spin-independent. Being spin-independent,
the Hamiltonian H commutes with S? and S_,

[H,S*1=[H,S.]=[5%85.]=0.
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€3 ——¢s3
€9 —1—¢)2
€1 —F—¢y

Figure 3.2 A system of two noninteracting electrons. One electron, with spin up,
occupies the single-particle state ¢»;. Another electron, with spin down, occupies
¢>. The energy of the system is €; + ¢;.

Here, S is the total spin operator, and S, is its projection on the z-axis,
S=S1+8S;, S,=81;+9%,.

The single-particle states are solutions of h¢,, = €,¢,,, Where n is the set of
spatial quantum numbers and o =1 or |. Suppose that one electron occupies
the state ¢4 = ¢1(r)a, where o = | 1), while the other electron occupies the
state ¢, = ¢(r)B, where B = || ) (see Figure 3.2). The state of the system is
given by the Slater determinant

1 (pi(rpa(l)  ¢i(r)a(2)

Vsp = —

V21 [aDB(1) (1))

Expanding the matrix, we find

Vsp = % [P1(r1)@2(r2)a(1)B(2) — ¢1(r2)da(ria(2)B(1)].
The energy of the state is €| + €;. This particular example allows us to
discuss the following point. Since the Hamiltonian is spin-independent, we
can write the stationary states as the product of a spatial function and a spin
function. However, the Slater determinant given above is not amenable to such
a factorization. Is something wrong? The answer is no. The problem is that
Wsp, even though it is an eigenfunction of both H, with eigenvalue €| + €,
and S, with eigenvalue 0, nevertheless is not an eigenfunction of S?. However,
since H, S%, and S, commute among themselves, stationary states can be chosen
that are eigenstates of all three operators simultaneously. We may construct two
degenerate, antisymmetric eigenfunctions of H, with energy €; + €,, which are
also eigenfunctions of S? and S.. Consider

1 1
V(1,2) = —= [¢1(r))¢2(r2) + ¢1(r2)¢a(ry)] 7 [a(DB2) — a(2)p(D)]

V2 V2

1 1
'(1,2) = 7 [P1(r1)2(r2) — P1(12)ha(r1)] 7 [@(DBQ2) + a(D)B(1)].
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W(1,2)is an eigenstate of S? and S, with s = 0 and m, = 0; it is a spin singlet.
On the other hand, W’(1, 2) is an eigenstate of S?and S, withs = 1 and m, = 0;
it is the my; = 0 component of the spin triplet (see Problem 1.5). It is readily
verified that

1
Wsn(1.2) = — [w(1,2)+ v'(1,2)].
Since ¥(1, 2) and W'(1, 2) are degenerate stationary states, Wgp is also a sta-
tionary state with the same energy. If we take the difference of ¥ and W/, we
obtain

1
Wip(1,2) = WG [W(1,2)—¥'(1,2)].

It is easy to verify that W, (1, 2) is the Slater determinant which describes the
configuration where the electron in orbital ¢; has spin down while the electron
in orbital ¢, has spin up. This is also a stationary state of H = h(1) + h(2),
with energy €; + €. In other words, we may choose W(1,2) and ¥'(1, 2) as
the two degenerate stationary states; each is expressed as the product of a
spatial part and a spin part. Since W(1, 2) and W'(1, 2) are degenerate, the Slater
determinants Wgp (1, 2) and W (1, 2), which are linear combinations of W(1, 2)
and W'(1, 2), are also stationary states with the same energy, even though they
cannot be factored into the product of a spatial part and a spin part.

3.4 Creation and annihilation operators

Dealing with determinants or with sums of the permutations of products of single-
particle states is very cumbersome. It is worthwhile to try to encode the symmetry
properties of the basis states into the algebraic properties of operators. We do this
by introducing creation and annihilation operators. We treat the case of fermions
in detail, and briefly give the corresponding results for bosons.

3.4.1 Fermions

Each single-particle state |¢,) is associated with a creation operator CI, defined by

oy -+ bun) = Db, -+ Buy)- (3.9)

The operator CI thus creates a fermion in the single-particle state |¢,); it adds a row

to the Slater determinant, which becomes the first row of the new (N + 1) x (N +
1) determinant. The action of the creation operator is illustrated in Figure 3.3. The
action of cI on a Slater determinant yields O if v coincides with any of the indices
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P4 — ¢
(;T2 d ®3 * ¢3
¢2 ———
——— 1 —e——— 1
on
CTQ ¢3 0
—— )y
—e—

Figure 3.3 The action of the creation operator c; on a system of fermions: if the

state ¢, is empty, the operator creates a particle in that state, but if the state is
occupied by one particle, the result of the action of c; is zero.

V] ... vy, for then the resulting determinant would have two identical rows. Stated
differently, we cannot create a fermion in a state that is already occupied (Pauli
exclusion principle).

For an arbitrary Slater determinant |¢,, ¢,, ... ¢,,) (arbitrary in the sense that
the single-particle state indices v; ... vy are arbitrary), consider

Cicz/|¢v1 e ¢VN> = CI|¢V’¢V1 tee ¢UN> = |¢V¢U/¢U1 t ¢VN>
chellpn . Bug) = 1dududu, . Pug) = —1Bububy, - - . Py

The minus sign results from the interchange of the first two rows. Since |@,, ... ¢,,)
is arbitrary, adding the above two equations gives us

c}:cI, + cI,cI =0= {CI, CI,} =0,
where, for any operators A and B, we define the anticommutator {A, B} by
{A, B} = AB 4+ BA. (3.10)

Note, in particular, that if v = ', we have (ci)2 = 0: we cannot put two fermions
in the same state, as Figure 3.3 illustrates.
Next, we define an annihilation operator ¢, that annihilates a particle in state

19),
cldvdigj---) =19igj ). (3.11)

The annihilated state must be on the left, i.e., it must be the first row in the Slater
determinant. If ¢, is not on the left, then it must be moved to the leftmost position,
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—e—— 4 —e—— 4y
C2 b3 ¢3
——— 2 — 2
—e— —e— ¢
B
Co ® ?3 0
— 2
—e—

Figure 3.4 The action of the annihilation operator ¢, on a system of identical
fermions. If ¢, is occupied by one particle, ¢, renders the state empty. If the state
is empty, the action of ¢, yields zero.

introducing a minus sign every time it is interchanged with another state. For
example,

i@ ...) = —c,|Pudidp;...) = =[PP ...).

Clearly, the state occupied by the particle to be annihilated must be among the
collection of states in the Slater determinant; otherwise the action of ¢, is defined
to yield zero,

Cv|¢m"'¢wv>:0 if V¢{U],...,UN}.

The action of an annihilation operator on a system of identical fermions is depicted
in Figure 3.4.

The notation we have adopted suggests that ¢, is the adjoint (hermitian conjugate)
of CI and vice versa. This is indeed the case, as shown by the following argument.
Consider the ket |V) = |¢p@,, ...) = cilqbvl ...). Then the bra (V| is equal to
(By, ... |(ch. It follows that

L= (W|W) = (¢, ... D puy, .. ).
For this to be true, the following must hold
@D 1oy, ) =1y, ),
which shows that (CI)T = c¢,. Taking the adjoint of {cI, CI,} = 0, we obtain
0= (clel +elehf = (el + (cheht = )ieh + el

=cCyCy + ey = {cu’ cv’}'
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In particular, if v = V', we obtain cf = (: a fermion cannot be annihilated twice;
once it has been annihilated, it is no longer there, and a nonexistent particle cannot
be annihilated.

What about {c,, cI}? Consider an arbitrary Slater determinant |W) =
|py, - .. &y,). If the single-particle state |¢,) is not occupied,

(cocl + cle)W) = (evel + cle)bu, - - - Pug) = ooy, - duy) + 0
= |¢v1 ---¢vN> = |lIJ)

Now suppose that the state |¢,) is occupied, say with v = v, ;. Then

(cvel + cle)IW) = (eye] + clen)ldy, - by, b,y - - - i)
=0+ (=Dclcrldudy, - b, bys - bun)
= (—=1Vcllpu . o, bun - bo) = (=1 [guhy, ... v, by, D)
= (D 1@, Pu oo - Buy) = [y - uy) = W),

Note that in order to move ¢, to the leftmost position, j interchanges are carried
out, hence the first (—1)/ factor. To move ¢, back to its original position, j more
interchanges are undertaken. We thus see that in both cases, whether |¢, ) is vacant
or occupied, the action of {c,, cI} leaves an arbitrary Slater determinant unaltered.
We conclude that

{ey, e} = 1.

We now calculate {c,, cI/} for v % v'. Consider (cvcT + cz,cl,)|¢>\,1 ... ¢y,). Thisis

U/
equal to zero unless v € {vy, ..., vy} and V' ¢ {v(, ..., vy}. Let us assume that
this is indeed the case. Then

(cveh +chelpndn, .. by .. 0) = —(cvel +cle)pudn, . duy - D0y
= Ol Puun - Doy - buy) — Chlduy iy
= ClGobuBu - oy - By — By Dy D)
= 10 e Py -+ Puy) = [ Brn - Buy - Pry) = O,

In the first step, the interchange of ¢,, and ¢, introduces the minus sign. We thus
see that whichever way v and v’ are related to the indices vy, ..., vy, the action
of {c,, cI,}, for v # V', on an arbitrary Slater determinant, yields zero. Hence,
{cy, cI,} = 0 for v # V. Below we summarize our results,

{enevy={ch,cly =0, fen, e} =6, (3.12)

v Ty
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Let us conclude this subsection by considering the following question: what
space do creation and annihilation operators act upon? Suppose that we have
a complete set of single-particle states |¢;), |¢,), ... that are ordered in some
fashion, e.g., €; < €; < .... The Slater determinant lists the occupied states; for
example, |¢;¢3) represents a configuration where one particle occupies |¢;) and
another particle occupies |¢3). We can represent this state as [1 01 00---),
which tells us that states |¢;) and |¢3) are occupied, each by one particle, while
all the other states are empty. The states |¢;¢3) and |1 01 00---) carry exactly
the same information. In general, a state of noninteracting particles, where n;
particles occupy |¢;), n, particles occupy |¢,), and so on, may be represented as
|nyny - - - ). For fermions, n; = 0 or 1, but for bosons, n; can vary from O to N,
the total number of particles. Representation of states in this fashion is known
as number-representation. The vacuum state, with no particles at all, is written
as |0), and is defined by c¢,|0) = O for all v. For N = 1, the states |¢y), |¢2), ...
span the Hilbert space V() of the quantum states of the one-particle system, as
do the states [1 000 ---),[0100 ---),.... For N =2, the basis states that
span V@ (the vector space of the quantum states of the two-particle system) are
1100 ---),]1010 ---),]0110 ---),]0101 ---),.... We can continue in
this fashion for any value of N.

Let us consider an extended Hilbert space, called the Fock space, which is
obtained as a direct sum,

F=VOavhgVvdg....

Here, V© is the Hilbert space (vector space) for N = 0, i.e., it contains only the
vacuum state |0); V! is the vector space for a one-particle system, and so on. The
operator cI, by creating a particle in state |¢,), increases the number of particles
by 1; hence, if |¥) € V®, then ¢} | W) € V&+D, while ¢,|W) € V&1, The vector
spaces VO V&+D and V&= are parts of F; hence, creation and annihilation
operators act upon the Fock space.

Finally, we note that, in the number-representation, ¢} and ¢, actin the following
way

cIInl oy ) = (YRR (L g Sy oy 1) (3.13)

colny - ony ) = (=1ymtettheiy dpeoon, — -0, (3.14)

Since n, = 0 or 1, these relations are easily verified.

3.4.2 Bosons

We only give a brief account of creation and annihilation operators for the case of
bosons. We define a creation operator aI by the following relation,

allny---ny -y =, + 1ng---n,+1---). (3.15)
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The operator aI creates a particle in state |¢, ). Similarly, an annihilation operator

a,, which annihilates a particle in state |¢, ), is defined by

aylng - ny ) = aglngony = 1) (3.16)

If the state |¢,) is vacant (n, = 0), the action of a, yields zero. By using an
argument similar to the one used in the case of fermions, one shows that a, is the
adjoint (hermitian conjugate) of al. The symmetry of the state of identical bosons,
under the exchange of coordinates of any two particles, leads to the following
commutation relation between the creation and annihilation operators

lay, ClI,] = dyvr- 3.17)

Equations (3.15-3.17) should be familiar from the study of the quantum harmonic
oscillator.

3.5 One-body operators

The Hamiltonian for a system of N identical, interacting particles is generally the
sum of a one-body operator vaz | h(i) and a two-body operator (1/2) ) ", 2 v, J).
For now, we will focus on the one-body operator and give its expression in terms
of creation and annihilation operators.

Let Hy = ZlN: 1 h(i), where h(i) is an operator that depends on the coordinates of
particle i. For example, (i) could be the kinetic energy —(%i%/ Zm)Vl.2 of particle i,
or it could be the sum of the kinetic energy and the potential energy v (i) produced by
some external field. In general, # may depend on both spatial and spin coordinates.

Suppose that |¢1), |¢2), ... constitute a complete, orthonormal set of single-
particle states. For example, if for a system of electrons |¢) = |ko'), the complete
set of single-particle states will be |k; 1), [k; |), |k2 1), . ...

We can express the operator Hy in terms of the creation and annihilation operators
¢} and ¢y. The derivation of such an expression is somewhat lengthys; it is given in
Appendix A. Here, we merely state the result:

Hy =Y (pvlhlgs)c) . (3.18)

vy’

This is the second quantized form of Hj, and it holds true for both fermions and
bosons. The expression is plausible: a one-body operator is the sum of single-
particle operators h(1), h(2), ..., h(N). The effect of a single-particle operator is
to scatter a particle from a state |¢,) into a state |¢,). The scattering process can
be viewed as the annihilation of a particle in state |¢,), followed by the creation
of a particle in state |¢,/). The amplitude for this process is the matrix element

(Pvlhldy).
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3.6 Examples

In the following we give a few examples that illustrate how to express one-body
operators in second quantized form.

3.6.1 Kinetic energy of a system of N electrons

The kinetic energy of a system of N electrons is

N N
T=Y p/am=> —@/2m)V}.

i=1 i=1
The second quantized form of the operator depends on the basis set of single-
particle states. Let us choose the plane waves |ko') as basis states. The electrons are

assumed to move within a box of volume V = L3. Assuming periodic boundary
conditions, we have

1 .
P (r) = (r|ko) = ﬁel‘“m,

where 0 =1 or | (+1/2 or —1/2), and k,, k, k, =0, £2x /L, £4x /L, ....
Being a one-body operator, 7' can be written as

r-Y (ke |-

2
2m
ko Ko’

k0> Cl/O/ Cko -

Since —(i2/2m)V?|ko) = (*k?/2m)|ko) and (K'o'|ko) = Sxdsq', the second
quantized form of the kinetic energy is

21,2
I — Zh_" e (3.19)
2m Ko '
ko

3.6.2 External potential

The potential energy of a system of N particles due to interaction with an external
field is

N

Vet = Y _ (i)

i=1

In a crystal, v(i) could be the interaction of electron i with a periodic lattice of
ions. In general, v(i) may depend on the spin of particle i; e.g., v(i) may include
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spin-orbit coupling. Using a basis set of plane waves,

Vext = ZZ o'|vko) ck, Cko -

ko’ ko

The matrix elements are given by
/7 1 i(k—K).r, s 3
(K'o'|lvko) = v e (o'|vlo)dr.

If v is spin-dependent, the matrix element (o”’|v|o) is evaluated first; the result will
be a function of r, and the r integration is then carried out. In the simpler case
where v is spin-independent, (¢'|v|o’) = v(r)d,,, and

o~ 1 —i(K'—k).r 3 1

(K'o'|lvka) = 506,? e Tv(r)d’r = Vvk/,kéw/.

Here, vq is the Fourier transform of v(r),

Vg = /eiq'rv(r)d3r. (3.20)

We note, in passing, that the inverse Fourier transform is
1 iq.r
v = o D ey, (3.21)
q
In conclusion, the second quantized expression for Ve, is

1 1
T f
Vext = v Z VK —kCpry Cho = % E VgC +qo Cko - (3.22)

kk'o kqo

3.6.3 Particle-number density

If a system consists of one particle at position r’, what is the particle-number
density n(r)? Since n(r) = 0if r # r’, and the integral over all space of the density,
f n(r)d>r, must give the total number of particles, which is 1, it follows that
n(r) = 8(r — r’), the Dirac-delta function. In a system of N particles at positions
ry, x5, ..., ry, the particle-number density is

N
nr)=>» §@r—r. (3.23)
i=1
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This is a one-body operator of the form Z,N: , f(@). In the basis ko),

1 P . 7
f’l(r) — Z Z V / e—lk.l‘ 8(1, _ r/)elk.l‘ d3r/ <O_/|O_>CI'LO-/ Cko

ko’ ko
_ 1 ik—K)r T _ 1 iqr T
=Y et e = 3 2 Y
ko K q Ko
1 .
= > e ny. (3.24)
q

We have introduced ng, the Fourier transform of n(r), and it is given by

g =Y o Cirao- (3.25)
ko

3.7 Two-body operators

Consider the two-body operator H' = (1/2) ), £ v(i, j). The sum extends over
both i and j, but terms with i = j are excluded. H' represents the pairwise interac-
tion between particles, such as the Coulomb interaction between electrons. Let us
assume that we have a complete set |¢), |¢2), ... of orthonormal single-particle
states. A detailed derivation of the second quantized form of the two-body operator
is given in Appendix A. Here we only state the result, which holds equally true for
both fermions and bosons,

1
H' = 2 Y eilvlgndalelelcncn (3.26)

klmn

In the above equation, we have introduced |¢¢;) and (¢ ¢;| defined by

b)) = |&k) @ |di) = 1)), (Pri| = (| @ (D] = (drl{ul.

Similar definitions apply to |¢,,¢,) and (¢, d,|.
Adopting a simplified notation, the Hamiltonian given by

H= Zh(i)+%§v(i,j)
i I#]

is written in second quantized form as

1
H = (klhll)c]e, + 3 Y ikt vimn)efefcucn. (3.27)
kl klmn

Notice that the order of n and m in the matrix element differs from the order in the
operators.
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3.8 Translationally invariant system

In a translationally invariant system, the interaction between two particles at r; and
r; depends only on r; — r; and not on ry and r; separately: v(ry, r;) = v(r; — ry).
The system acquires its name because if two particles within it at positions r; and r,
are translated by the same vector R to new positionsr; =r; +Randr, =r; + R,
their interaction energy does not change: v(r; —r,) = v(r; — r2). For N particles,
the total interaction energy is

1
Vine = 3 Z v(r; —r;).
i#]
Using the basis states |ko '), the second quantized form of Vi, is
1
Vi = 5 Y3 ko k02 |v[ks03Ks0) . € Chicn -
k]O] k2(72 k30’3 k4(74

Assuming, as is often the case, that v is spin-independent, the matrix element
M = (k101k202|v|k303k404) is giVCIl by

1 4 . < ,
M = W/d3r1 fd3rz e~ KT T y(p) — 1) T KT (0 03) (02| 04)

1

WSUKUS@(M fd3r1 fd3l"2 e‘i(k37kl)'rl ei(k47k2).r2 U(l‘] — 1'2).

To proceed further, we replace v(r; — ry) by (1/V) Zq elam _rZ)vq,

1 . .
M = %5(;1035@04 Z Vg /d3rl e ks—Ki+q).r fd3r2 ol ki—ke—q).r;
q

1
= V8010380254 § :Uq(sq,kl_k_; 5q,k4—kz-
q

Therefore, in the expression for Vi, the sum vanishes unless k; = k; +q, ky, =
k, — q, 01 = 03, and 0, = oy; hence

1 i i
q k303 kyoy
Finally, relabeling indices: k303 — ko, kyo4 — K'o’, we obtain
1 A
Vin = 7o Xq: g g: Vg Ch o Che—qo? O’ Chi - (3.28)

Each term in the summation represents a scattering process in which two particles
in states |ko) and |K'o’) are annihilated, and two particles are created in states
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k+qo k' — qo’

ko k'c’

Figure 3.5 Schematic representation of the interaction of two particles. The two
particles initially have wave vectors k and k’. The interaction is viewed as a
collision in which one particle transfers momentum 7q to the other.

|k + qo) and |k’ — qo’). The scattering process may be represented pictorially, as
shown in Figure 3.5.

3.9 Example: Coulomb interaction
In a system of N interacting electrons, the electron—electron interaction is

2

Ve=3 i p=30 ()

=y =il
In SI units, e? is replaced by e?/4me,. The system is translationally invariant. In

order to express the Coulomb interaction V¢ in second quantized form, we need to
determine vgq, the Fourier transform of v(r) = e’/r,

1 ) 00 1 2w 1 ) ]
Vg = 62/ —e TPy = 82/ rzdr/ d(cos 0)/ dep — e=197¢0s0
r 0 —1 0 r

Integration over ¢ gives 2. Integrating over cos 8, we find

oo Ligr __ ,—iqr 4 2 o0
Vg = 2ne2/ ¢ - ¢ dr = e f sin(gr)dr.
0 g q 0

The oscillatory behavior at infinity complicates the evaluation of the integral.
We also note that the integral diverges at ¢ =0 because in the limit g —
0,sin(gr)/q — r, and [;° rdr = co. What is to be done?

Rather than Fourier transforming the Coulomb potential, let us Fourier transform
the Yukawa potential vy = (e?/r)e™"". At the end, we replace by 0. Integration
over ¢ and 6 proceeds as before; we find

e, 2me? [ . .
vg = lim eZ/ — TP = lim = / [e(tq—u)r _ e(—tq—u)r] dr
u—0* r u=0t 1q Jo
. 2t [ -1 1 . Ame* 4me?
= lim — - — - = lim = .
u—0t ig |lig—p ig+pl w-s0tgr+pr g2
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The expression for the Coulomb interaction thus becomes

! 47 e? T
Ve = lim — E E E c Cr_ . Ckic'Ck
c = 102 k+qo “k' —qo o

2
ak//q—H’L

Z Z Z e Ck—i—qacl];’ qg/ck’ o'Cko - (3.29)

q ko Ko’

Here, V is the system’s volume. The Coulomb energy diverges because of the q = 0
term. We shall see in the next chapter that the q = 0 term drops out of the sum as a
result of charge neutrality: in a crystal, there are both electrons and positive ions.

3.10 Electrons in a periodic potential

We have discussed the second quantized formulation of the Hamiltonian for a
system of N electrons using a basis set of plane waves. This is the convenient
set to use in the study of the jellium model of a metal, where a uniform positive
background replaces the lattice of positive ions. In the jellium model, the uniform
positive background produces a constant potential, and the eigenstates of the single-
particle Hamiltonian are plane waves. This is why an orthonormal basis of plane
waves is most convenient. However, when the discrete nature of the lattice is taken
into account, the eigenstates of the single-particle Hamiltonian are the Bloch states,
and these form a more adequate basis in which to express the Hamiltonian.

Another important orthonormal basis is the set of Wannier states. Even though
these are not eigenstates of the single-particle Hamiltonian, the formulation of the
Hamiltonian in terms of Wannier states is at the heart of the tight binding methods
that play an important role in the theoretical analysis of the electronic properties of
crystals. In this section, we discuss the second quantized form of the Hamiltonian
in terms of Bloch and Wannier states.

3.10.1 Bloch representation
A Bloch state |nko) is characterized by a band index 7, a wave vector k, and a spin

projection o. The electronic Hamiltonian is

H=Hy+ V¢ (3.30)

1 e’
Hy = 2/2 D, Ve=z) ——. 3.31
0 Z[P,/m‘i‘v(r)] c 2Z|I’,‘—I‘j| (3.31)
i i#]j
v(r) is the potential produced by the static periodic lattice of ions (the effects of
ionic vibrations are studied in Chapter 11), and V¢ is the Coulomb interaction
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between electrons. Using the Bloch states as a basis,
Hy=Y" > (n'Ko'| - —v2 + V()| KO s Crkes
nko n’k'o’

Since the Bloch states are eigenstates of the single-particle Hamiltonian,

[p?/2m + v(r)] Inko) = €,x|nko), (3.32)

the above expression for Hy reduces to
= €k ¢l Ok (3.33)

nko

Setting |r; — rp| = r12, the second quantized form of V¢ is

o2
Z Z Z Z (n'K,on) 202| |n1k101n2k202)

n1k1<71 nkoos 1k o| nykyo;
X c CT C C
0K, 0! Cnky; Cnakaoz Cn ko -

The matrix element M = (n ko n/2k202| |I’l1k10’1]’l2k20'2) is given by

2

= 80,0/ 80,04 /‘ﬂn " (rl)lﬁn K, (1'2) Wnlk. () Vnk, (2)d 11 d 2.

The Fourier transform of the Coulomb potential is vq = 47e*/g?; hence,

2

2
e _1 3 e aimir (3.34)

r—r 1% 2
[r; — 1| T 4

where V is the volume of the system. The expression for M becomes

4 e?
M - 80‘10]/ 8020'2/ Z /\[’n k’ (r )elqr erlkl(rl)d r]
q

x / Vi, (12) e ko (6)) dry.
Recall that, for any lattice vector R, the Bloch function satisfies the relation

Vuk(r + R) = ™Ry (). (3.35)

This is the first form of Bloch’s theorem (Section 2.3). If we now make a change
of variable: r; — r; + R, the integral does not change, but the integrand gets
multiplied by the factor e!®1~Ki+®R: this factor must be equal to unity. Since
this is true for every lattice vector R, it follows that ki = k; + q + G, where
G is a reciprocal lattice vector. However, since Kk, k| € FBZ, G will vanish if
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k| + q € FBZ, but if k; + q ¢ FBZ, then G is the reciprocal lattice vector that
brings k; + q back into the first Brillouin zone. We thus require that k| = k; + q,
with the understanding that ki, k; + q € FBZ. A similar argument shows that
k, = k, — q. Hence,

47 e?
M = b 3 sabi- o [ V0 s iy

—iq. 3
X /1)0:/21(/2(1'2)6 H rzl//nzkz(rZ)d r.

Therefore, the second quantized form of V¢, in the Bloch representation, is

4
Ve=av 2 X X TR R

nln]klal n2n2k202
x ¢l el c c (3.36)
ni Ky +qo1 “nyko —qoy “nakeoa Cnikion - :
The matrix elements in the above expression are defined as follows:
/ +iq.r
Fk kiq =(nkxqole |[nko). (3.37)

The plane wave, or momentum, representation is recovered from the Bloch
representation by removing the sum over the band indices and setting V,x, =

ik.r nan’y
1/4/Ve'*T|o), in which case Fk Kit+q = = F, 10— =1

3.10.2 Wannier representation

Let us consider a metal with one partially filled band. In terms of the Bloch states
|nko), the Wannier states |nio) are expressed as (see Eq. [2.31])

lnio) = f Z e KR ko). (3.38)

Here, n is a band index, i is a lattice site index, R; is the lattice vector from the
origin (chosen as some lattice point) to the lattice site i, and the sum is over all
k-points in the first Brillouin zone (FBZ). Since our interest is only in the electrons
in one band, we may drop the band index and write the Wannier state as |io’) and
the Bloch state as |ko). We define the operator ciTo that creates an electron in the
state |io),

cl 10y = Jio) = fz —ikRi ko) = fz —IkR o 10) (3.39)
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where |0) is the vacuum state. The Wannier and Bloch operators are thus related
according to

1 .
§ : —ik.R; 2 k.R;
Cio‘ \/_ e ! Cko s Cic = ﬁ k €l Cko - (340)

The first equation, connecting the creation operators, is obtained directly from
Eq. (3.39), while the second equation, connecting the annihilation operators, is
obtained from the first equation by taking the adjoints on both sides of the equal
sign. These equations can be inverted,

1 ,
T Z ikR; T Z —ik.R;
CkU = —N l (4 Ciﬂ" Ck(f — — e lU' (3.41)
Using the Wannier states as a basis, the Hamiltonian is represented as follows:

H =" (o' lhlio)c, cia

ioc jo’

DD B CTE

1oy joz l(r1 ](r

: A
101]02> CirgC jryCjorCion -

Since Hy and V¢ are spin-independent,

(jo'lhlio) = 850 (jlRli) = 850 1)
2

’ | €
( O_1J/O_£|U(l 2)|101J02> 6(7]01’ 8(72(72’ <l/] E

l]> = 80]01’ 8(7202’ Uij i’y

The Hamiltonian in the Wannier representation takes the form:

H = Ztu CjoCic + 5 Z Z Uijirjr cl Jc] 5Cjo'Cig - (3.42)

ijo oo’ iji'j’
The matrix element U;; ;7 depends on the degree of overlap of the Wannier func-

tions. When the overlap is very weak, the onsite Coulomb repulsion dominates
the interaction. In this case, we ignore U;; ;/;» except when i = j =i’ = j', and

set U;; ;; = U. Keeping only nearest-neighbor contribution to the hopping matrix
element 7;;, the Hamiltonian reduces to
H = Z tij cwcm +U annm (3.43)
<ij>o

where n;, = c:.rg Cio 18 the operator that represents the number of electrons at site
i, and <ij> indicates that i and j are nearest-neighboring sites. In writing the
interaction term, we have used the fact that ¢}, = 0 and that cJf o/Cic = c,gcT for
o # o’. The model described by Eq. (3.43) is the Hubbard model (Hubbard, 1963).
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It describes a situation where electrons are essentially localized on atomic sites,
but they can tunnel to neighboring sites, with #;; being the tunneling amplitude.
Double occupancy of a site, however, is penalized through a rise in energy equal
to the amount U'.

3.11 Field operators
3.11.1 Definition

Thus far, we have expressed various operators mainly in the K-representation
(momentum representation): a complete set of single-particle states |ko'), that are
eigenstates of the momentum operator, has been used. The position kets |ro’) form
another important set of single-particle states. |ro) is the state of a particle with
a definite position r and spin projection ¢. Given a complete set of orthonormal
states |¢1), |¢2), ..., we write

ro) =" |p) v Iro),

where v is a collective index that includes spin. It is advantageous to display the
spin index explicitly; thus, we write |¢,) = |¢,.), where A is the spin quantum
number and n stands for orbital (spatial) quantum numbers. Then

ro) = Zm (pnslro) = Zm ) (ulr) (Mlo) = kaqﬁ (1)810
= uo)s(r) = Zqﬁ(r)cT 10).

The field operator \IJJ (r) is defined as the operator that creates a particle with spin
projection o (1 or | for an electron, for example) at position r,

wi(r)|0) = |ro).
A comparison with the previous expression for |[ro) gives

vl = ¢rmch,. (3.44)

The field operator that annihilates a particle with spin projection o, located at r, is
the adjoint of \IJJ (),

Wo(r) =) Gu(0)cns - (3.45)

For example, if |¢,) = |ko), then ¢k(r) = (1/ VV)e'®* where V is the volume of
the system and k,, ky, k; = 0, £27 /L, &4x /L ... ; in this case,

1 1 .
wir) = 7 Y eI We(r) = 7 Y e e, (3.46)
k k
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3.11.2 Commutation relations

The commutation relations of field operators can be deduced from the correspond-
ing relations for creation and annihilation operators. For fermions,

(W, (0), WL} = 3" a0 ) o chigd = D bu D)D) ()80 850

nn' nn’

=800’ Y Pu(D)P1(X).

Using the completeness property of single-particle states (see Eq. [1.20]),

{W, (1), \D;,(r’)} = 856'8(r — ). (3.47)
Since {c,, ¢y} = {ch, ¢!} = 0, it immediately follows that
(W, (), Uor ()} = (Wi (@), w).a)} =0, (3.48)
For bosons, the commutators of field operators are given by
[Wo (1), W, (r)] = (W), W] )] = 0 (349)
[Wo (1), WL ()] = 850/8(r = 1), (3.50)

3.11.3 One-body operators

We can express the one-body operator Hy = ZlN: 1 h(i) in terms of field operators
as follows:

Ho =YY (Gworlhlpuo) s = 39 / d*r (00 |h10) Pu(E)C, 51 Cuo

no n'c’ no n'c’

=3y / W (0o (1) W, (0)dr. (3.51)

Here, h,x(r) = (0'|h|o), and use is made of Eqs (3.44) and (3.45).
For the case of spin-1/2 particles, such as electrons, Hy may be written in a
more compact form. We define the two-component field operators

_ (V@ tey = (wi @
xp(r)_<%(r)> \If(r)_(\pT \1@).

We also define the matrix A(r) by

_ [ Prr(0) Ry ()
h(r)_[hw(r) hu(r)]'
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Then it is straightforward to check that
Hy = / Uie)h@e) ¥ (r)dsr. (3.52)

Although the above equation looks like an expectation value formula, it is cer-
tainly not; wi(r) and W(r) are field operators, not wave functions. If A(7) is spin-
independent, the expression for Hy may be simplified,

Hy = Z / Wl (Oh()800 W, (0)d*r = Z f W)W, (1)dr.

3.11.4 Two-body operators

In terms of field operators, the two-body operator Vip = (1/2)); 2 V@, j) 1s
expressed as follows:

1
Vi = 5 3 [ [€r2 67, (0007, (200100001, 202161, 1)1, 52

{no}

oot
X Cn.al ana'z Cn4(74 Cn3U3

1
D> /d3r1/d3r2w;(r»%(m)vmmwo4<r2>w03(r1>. (3.53)

01020304

Here, {no} = n o1n,0,n303n404. For spin-1/2 particles, each of o1, 0», 03, and o4
is either 1 or |, and Vi, is the sum of 16 terms. We can recast the above expression
into a more compact form. We define

Wy (ro) Wy (ry)
‘IJT(I‘z)> ® (‘PT(rl)) Wi ()W) (ry)
W (rp) W (ry) W, (r) Wy (ry)
W (r)W¥(ry)

Y (ry))W(ry) = (

vepwie) = (wlen vien) e (vim) wio)
= (viepwim) wlapwim) viepwim) viepwim).
We also define the 4 x 4 matrix,

Upptt Uit Ul Uyl
Uritr Urgur Upiry Uil
L R R A L% A
Upptr Uit VAL Ul

u(ry, ) =
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Although not shown explicitly, each of the 16 matrix elements in the above matrix
is a function of ry and r,. It is left as an exercise for the reader to show that Vi
may be written as

Vin = f W)W vy, 1) W)W (ry) d*ry drs. (3.54)
If v(i, j) is spin-independent, i.e., v(1, 2) = v(ry, 1), then
(o102|v(1, 2)|0304) = v(r1, r2)86,0,0050,
and we can write

1
Vie=75) f Wl ()W (0)u(r1, 1) W, (0) Wy, (1) dry drs.

0102

3.11.5 Examples
3.11.5.1 Particle-number density

The particle-number density operator n(r) = ) _; 8(r — r}) is given in terms of field
operators, by

nry=>_ / W) — V)W, ()’ =) Wi, (r). (3.55)

3.11.5.2 Kinetic energy

The kinetic energy operator for a system of N particles is ZINZ 1(—h2 / 2m)Vl-2. In
terms of field operators, it is

h2
T = —5 2{,:/ Ul () VAW, (r)d’r.
From the following equality

V- (W OVEm) = Veie - V@ + WOV,

it follows that

T = ﬁz/wﬁ(r)-w (r)d*r — ﬁZ/V - (\Iﬁ(r)w (r)) d’r
2m ~ o 7 2m £ “ 7 '

By the divergence theorem, the volume integral in the last term is converted into a
surface integral,

f V. (llfi(r)VlIJU(r)) &r = / (\Ifi(r)V\D(,(r)> - hda
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where 71 is an outward unit vector normal to the surface. If the surface is at infinity,
the field operator \Ifi(r) =), qb;f(r)clg vanishes at the surface because ¢ (r)
vanishes at infinity. On the other hand, if the particles are enclosed within a box
of volume V = L3 and periodic boundary conditions are employed, lIJ]; (r)Vy,(r)
will be the same on opposite faces of the box, but the unit vector normal to one
face will be opposite to the unit vector normal to the opposite face. In either case,
the surface integral vanishes, and

h2
T=_- XU: / VI (r). VW, (r)d>r. (3.56)

Further reading

Fetter, A.L. and Walecka, J.D. (1971). Quantum Theory of Many-Particle Systems. New
York: McGraw-Hill.

Schwabl, F. (2008). Advamced Quantum Mechanics, 4th edn. Berlin: Springer.

Taylor, P.L. and Heinonen, O. (2002). A Quantum Approach to Condensed Matter Physics.
Cambridge: Cambridge University Press.

Problems

3.1 Noninteracting electrons on a square lattice. Identical atoms sit at the lattice
sites of a square lattice with lattice constant a. Assume that there is one
Wannier orbital on each site, so that one band is formed from these orbitals.
Neglecting electron—electron interaction, and assuming that an electron can
hop from one site to only one of the nearest-neighboring sites, the hopping
matrix element being —, the Hamiltonian is

H=—t Z c;facjg.

<ij>o
Calculate the dispersion of the energy band.

3.2 Graphene revisited. In Problem 2.4, the energy bands in graphene are calcu-
lated using the tight binding method. Here, the calculation is repeated using
the second quantized form of the Hamiltonian. Graphene consists of two sub-
lattices, one of type A and one of type B. Sublattice A consists of all the sites
of type A, and sublattice B consists of all the sites of type B. Assume that
there is only one orbital centered on each site (p, orbital). Neglect overlap
between orbitals on different sites, and assume that an electron on one site
can hop to only one of the three neighboring sites. With these assumptions,
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33

34

Second quantization
the tight binding Hamiltonian is
3 3
H=—t Z Z a,-t,biJra,a —1 Z Z bj+5,oaia
ioc §=1 ioc é=1

where aT (am) creates (annihilates) an electron with spin projection o on site

i of type A, b - (bis) creates (annihilates) an electron with spin projection o
on site i of type B, —t is the hopping matrix element, and the sites i + § are
the nearest neighbors of site i.

For a given o, there are N operators a;,, where N is the total number of
primitive cells in the crystal. Define N new operators ay,, k € FBZ,

ik.R; T

i
dig , akU = _Ze

Similar definitions are made for by, and bla. Show that

= —IZ( Ay, ble) (0 %) (bko)

where g = 324 = exp (i858 +ex |1 (35 + ) |+
eXP[ < ket _ %)] Reduce H to the form:

23
2
H = Z Z Enkcikgcnka

n=1 ko

where Ejx = —t|gkl, Ex = t|gk|, and cix, and cyk, are electron operators
that are linear combinations of ay, and by, .

Commutators. Calculate [cky, Y ekc]Tm (ko] and [c]t(,, > ekclo Cko |-

ko ko
Field and number operators. Show that, for bosons and fermions, the field
operators and the total number of particles operator satisfy the following:

[N, W,] = —V,, [N, wi]=wl

Define ¥, (6) = /N0W,e~N? Show that W, (0) = e~ W, and Wl (0) =
e'? lIl;. Since operators representing observables, when expressed in sec-
ond quantized form, contain an equal number of creation and annihilation
operators (to be Hermitian), they are invariant under the transformation
W, — ¥,(0), W} — i) Hence, in a many-particle system, any opera-
tor A that represents an observable satisfies the equation ¢!V Ae='V0 = A =
[A, N]=0.
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N

Spin. For a system of N electrons, S = ) S;.LetS = (S,, S}, S;). Using the
i=1

states |ko') as a basis, show that

h , f f
S = E Xk: (I:Cchki + CLCkT] , 1 I:CltickT — Cchki] , I:CkTCkT - Clicki]) .

Number-density operator. In a crystal, single-particle states are characterized
by the quantum numbers n, K, and o, where n is the band index, k € FBZ,
and o is the spin projection. Show that the Fourier transform of the electron
number-density operator is given by

ng= Y Y (nko|e |0’k + qo)cly, Cukigo-
ko nn’

Electron current density. In a course on electricity and magnetism, the elec-
tron current density is written as j = —env, where —e is the charge of the
electron, n is the number of electrons per unit volume, and v is the average
velocity of the electrons. The contribution of electron i to the current density
is —ed(r —r;)v; = —ed(r — r;)p;/m. The quantum mechanical expression
for the current density is thus given by

L e P .
i) = 2le[p,8<r r;) 4 8(r — r)pil.

We write it this way to ensure that j(r) is Hermitian (r; and p; do not
commute). In the presence of a magnetic field, p; — p; + eA(r;)/c, where
A is the vector potential. Show that the current-density operator is given by

ji® =j"@® +j°@)

where j©, the paramagnetic current density, and j°, the diamagnetic current
density, are given by

. ieh
0= 52 (Wi mVY,m - (VWim) w,m)
2
Dipy — & _ i
7@ = ——Amnm), nm = Z Wl ()W, (r).
Show that the Fourier transform of j¥ (r) is given by

] eh 1
iq = — Z(k + Eq)clgck-i-qa-
ko
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3.8 Contact potential. Consider a system where particles interact with each other
via the contact potential

8
V=2 ZS(r,- —r)).
i#]
Express V in second quantized form.

3.9 Spin waves. Consider a system of N particles, each of spin s, localized at the
N lattice sites of a crystal. We assume that there exists an interaction between
the particles that tends to align their spins. The Hamiltonian is assumed to be

H=-(J/2)) S8,
<ij>
where J > 0and the summation is over nearest-neighboring sites. Here, J has

units of energy, so the spin operators are dimensionless. The spin operators
satisfy the usual commutation relations; e.g.,

(S}, $71=18;S;.
Define the operators S;" and S; by
ST =S8+iS’, ST =58 —iS].

We now transform to two bosonic operators, a; and aiT ,
St =) —dla;/251a;, ST =25)"al[1 —ala; /251"

This is known as the Holstein—Primakoff transformation (Holstein and Pri-
makoff, 1940).

(a) Using (57)* = s(s + 1) — (87)* — (S7)?, show that §F = s — aja,»

(b) Define ay and al by

1 ik.R; i 1 —ikR; T
a=—=) e Va;, a.=——=) € “a;.
Show that, to second order in the a-operators,

H = const + Zha)kaliak.
K

What is the value of wy? The excitations of energy fwy describe the
spin-wave excitations of the ferromagnet.
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The electron gas

All exact science is dominated by the idea of approximation.
—Bertrand Russell

A metallic crystal has a large number of mobile electrons, of the order of Avogadro’s
number, and a correspondingly large number of ions. If our interest is in the bulk
properties of a crystal, we may take the volume V of the crystal to be infinite, and
the number of electrons N to be infinite, while keeping N/ V, the number density of
electrons, finite; this is called the thermodynamic limit. The ions incessantly vibrate
about their equilibrium positions, but due to their large mass, they move very slowly
in comparison with the electrons, so that the electrons quickly adjust their state
to reflect whatever positions the ions occupy at any given time. Consequently, to
a good approximation, one may solve the Schrédinger equation for electrons by
assuming that the ions are fixed; this is the Born—Oppenheimer approximation.
The influence of the ionic vibrations on the electronic states, described through
the electron—phonon interaction, may be treated by perturbation theory; this is
discussed in Chapter 11.

A more drastic approximation in the description of a metal is to replace the
mesh of positive ions with a uniform positive background, which results in the so-
called jellium model. In a model such as this, any results obtained are necessarily
qualitative in nature. In this chapter, we study the jellium model. One of our
goals in this study is to show that the divergent term in the Coulomb interaction,
corresponding to q = 0 (see Eq. [3.29]), is cancelled by contributions to the total
energy from the positive background. This cancellation is a consequence of the
charge neutrality of the crystal, and it holds true even if the approximation of a
uniform positive background is relaxed. Another goal of this chapter is to show
the necessity of performing perturbation expansions to higher, generally infinite,
orders. We will later proceed to study Green’s functions, whereby such a program
may be carried out more easily.

65
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4.1 The Hamiltonian in the jellium model

Let us consider the jellium model in thermodynamic limit: N — oo, V — oo, while
N/V remains constant. The Hamiltonian consists of three terms,

H =H,+ Hy,+ He_y. 4.1)

The first term is the sum of the kinetic energies of the electrons and their Coulomb
interactions. From Eqgs (3.19) and (3.29),

A7 e? 1
H, = E —ckack(, + hm — E E E ckmock, qo’ Ko’ Cko -

ko Ko 1qt
4.2)

The second term, H,, represents the Coulomb energy of the uniform positive
background. To find the correct expression for H, consider a collection of point
charges ¢, g2, . .. at positions ry, ry, . ... Their Coulomb energy is

1 iqi .
== 4145 (cgs units).

The factor 1/2 ensures that pairs of point charges are counted only once. For a
continuous charge distribution, g; is replaced by p(r;)d>r;, where p(r) is the charge
density, and the summation is replaced by integration. Therefore,

1 / p(r)p(r e Hr=r

N2 2 e—p,|r—r’|
&rd®r’ = lim &rd’r.
r —r| u—0+ 2V2 ) |r—r/|
4.3)

For the uniform positive background, p(r) = Ne/ V. We have introduced an expo-
nential term, as in the case of the Coulomb interaction between electrons (see
Section 3.9). Why? Since we replaced the Coulomb potential in H, with a Yukawa
potential, we need to do the same for H; and H,_;, for the sake of consistency.
More importantly, H,, Hp, and H,_; diverge. While H, and H, are positive, H,_;
is negative. We have to add and subtract infinities; to obtain meaningful results, we
consider the infinities to arise in some limit.

Returning to H,, we evaluate the integral in the limit V — oo, keeping u fixed.
As V — oo, we may shift the variables of integration without worrying about the
limits of the integral. Defining x = r — r’ and x = x|, we find

N2 2 —ux N2 2 — X
H,= lim lim —¢ fd%’/d%e—: lim lim — /d3xe . (4.4)
2V?2 X % X

u—0t V—oo n—0*t V—oo

Hb = lim —
u—0+ 2
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Note how the limits are taken: first V — oo, then i — 0. The above integral is
easily evaluated,

—ux 00 [ee)
/d3x ¢ = 471/ xe Mdx = —4711/ e Mdx = —47Ti (l> = 4_7;
X 0 au Jo au \pn u

Hy— im 1im ZN€ 4.5)
— B—MI_I}'}) V1—>ncl>o Vl,Lz . .

The last term in the Hamiltonian is H,,, the electron—-background interaction.

Denoting the positions of the electrons by ry, rp, ..., ry, we find
r e —plr—r;|
H, = —e lim fd3 POt iy VO Zf
pu—0+ Ir — r,| u—0+ r — r,|
i=
(4.6)

Replacing r — r; by x, the integral is evaluated in the limit V — oo

Ne? N e M Ne? N 4

H, , =— lim lim — d? =—lim lim — ) —

== i i S f et = i S35
1=

i1 M
. . —4r N2e?
= lim lim ————. 4.7)
u—0 Vo0 V[,L2
We thus find
, . —2mN?%?
Hb =+ He,b = llll_r)l}) Vlg’l’cl)o V—ILZ (48)

The above expression approaches —oo because N — oo while N/ V is finite.
The Coulomb interaction part of H, diverges because of the q = 0 term,

Vi = lim lim
Ca=0 = u—0 V—o0 Vl,L2

chgck, ,Ck'o’ Cko - 4.9)

ko Ko

The term comprising the product of operators may be rewritten as follows:
A Tt T T
Cko Cko'CK o' Cho = ~CyeCri'Cko Cko’ = —Cyy (8kk’5ao’ - Ckack/a/)ck’a’

T T T
= Cko Cko Cy'CKa" — 8kk’500’ckgck’d’

2ne 4

27 e?

= lim lim (NZ—N).

u—0 V—o0 V/,L
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The number of electrons operator, N, is given by N =3, cleckg. Since N
commutes with the Hamiltonian H, the eigenstates of H are also eigenstates of
N with eigenvalue N, the number of electrons, and we may replace the operator N
by the number N. Hence,

—2me?

E'/N = (Vcgq=0 + Hy + Ho—p) /N = lim  lim

=0. 4.10
n—=0 Vooo Vi ( )

On the other hand, the average kinetic energy per electron is 3E /5, where Ef
is the Fermi energy (see Section 2.2); we are thus totally justified in ignoring E’.
The effect of the positive background is thus to remove the q = 0 term in the
electron—electron interaction Hamiltonian. This is reasonable; after all, crystals are
stable, so the energy per electron should be finite.

The reader may feel uneasy about the results we obtained; they rely on
the mathematical artifact of introducing an exponential damping term, and on
the sequence in which the limits are taken. The reader may rest assured that the
results are correct. In fact, the same results are obtained without introducing
the exponential term. Setting u = 0 while keeping the thermodynamic limit:
V—o00, N— oo, N/V = constant, Eqs (4.4) and (4.6) yield

N2e* [ d’r N2e* [ d*r

2V r’ ehT Ty r

H,

The q = 0 term in V¢ is

1 ; I )

Veg=0 = 7y Va=0 g %:Ckgclfgfck’a’cka = ﬁvq=0(N - N)

(N? — N)&?
2V r

Therefore,

E/_l(v S H 4 H )_ &2 d3r
N = N \Vea=0 b e=b) =75y P

If the linear dimension of the crystal is L, the integral [ d®r/r is of the order L2,
whereas V = L3; hence E'//N = O(L™"), and E'/N — 0 as L — oo. We arrive
at the same conclusion as before: the effect of H, and H,_,, is to cancel the q = 0
term in the electron—electron interaction. With this in mind, the Hamiltonian for
the electron gas can be written as

H = Z CkngU Z Z Z dre” Ck+qack’ qo' Ko’ Cko - (4.11)

ko Ko
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The prime over the q-summation means that q = 0 is excluded. H is given above
in cgs units; to obtain H in SI units, simply replace e* with e* /4 gg.

4.2 High density limit

Under what conditions could the Coulomb interaction between electrons be treated
as a small perturbation? To answer this question, we define a dimensionless param-
eter ry by

(4m/3)rlal = V/N, (4.12)

where ay = h?/(me?) is the Bohr radius (in SI units, ¢> — €2 /4mey). ryap is the
radius of a sphere whose volume is equal to the average volume occupied by one
electron. Defining the dimensionless quantities

V' =V/(ra)’,  K=rmak, Q =ryaoq,

we may recast the Hamiltonian in Eq. (4.11) into the following form:

Yidon+ 5 Y3 G d
= Cy.. Cko C C , /Ck'o'Cko
zao ko V! Q2 k+qo “Kk'—qo

ko Ko’

(4.13)
This expression for H is very telling: compared to the kinetic energy of electrons,
the Coulomb interaction is negligible in the high density limit, r; — 0. This con-
clusion appears to be counterintuitive, but a moment’s reflection reveals its validity.
Coulomb repulsion scales as 1/r,, and from Heisenberg’s uncertainty principle,
the electron’s momentum also scales as 1/r,. Therefore, the kinetic energy scales
as 1/r2. Thus, as r; — 0, even though the Coulomb energy grows larger, the
kinetic energy of the electrons grows larger at a faster rate. We conclude that in the
high-density limit, the Coulomb repulsion is weak in comparison with the kinetic
energy, and it is permissible to treat it within the framework of perturbation theory.
In real metals, ry = 2 — 6, which is neither too small nor too large. Nevertheless, in
most metals, the single-particle approximation explains many of their low energy
properties. This is because the Coulomb interaction, even when it is strong, is not
very effective at changing the momentum distribution of the electrons; most of the
states into which they could scatter are already occupied.

This ineffectiveness of the Coulomb interaction, due to phase space limitations,
lies at the heart of Landau’s Fermi liquid theory (Landau, 1957a, 1957b, 1959).
Consider an electron with wave vector k outside the Fermi sphere, k > kr. At low
temperatures, where almost all the states within the Fermi sphere are occupied, the
electron can only decay, through Coulomb interaction, into states within a shell
of width k — kg just above the Fermi sphere. The number of states in this shell is
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Figure 4.1 When an electron in a state of wave vector k above the Fermi surface
is scattered out of this state, an electron-hole pair is created. At low temperatures,
energy and wave vector conservation restricts the final state into which the electron
can scatter to a shell of width k — kr just above the Fermi sphere. It also restricts
the states of the holes created to the shaded regions, which lie within a shell of
width k — kF just below the Fermi surface.

proportional to k — kp. The decay process is accompanied by the creation of an
electron-hole pair: an electron from within the Fermi sphere makes a transition to
a state outside the Fermi sphere, leaving a hole behind. The requirement of energy
and wave vector conservation restricts the state of the hole to a shell of width
k — kr (see Figure 4.1). The number of states in the shaded regions of k-space
is also proportional to k — kp. The probability of decay is thus proportional to
(k — kr)?, and it vanishes as k — kp. That is, low energy excited states (for which
k 2 kp) are long-lived, since the probability of scattering out of these states due to
Coulomb interaction is small.

4.3 Ground state energy

An interacting electron gas is described by the Hamiltonian H = Hy + V¢. In
the high density limit, the Coulomb term, V¢, is treated as a perturbation. In
the absence of V¢, the Hamiltonian is simply the sum of the kinetic energies of
the electrons, and the ground state of the noninteracting system at zero tempera-
ture, denoted by |F), is obtained by filling all states within the Fermi sphere. In
Chapter 2, we found that the average energy per electron in this case is Eo/N =
3Er/5, where Ep = hzk%/Zm is the Fermi energy, and kr = (372N /V)!/? is the
Fermi wave vector. It is easily shown that

Eo/N ~2.21/r} Ry

where one Rydberg (Ry) is equal to e?/2ay, which is about 13.6 eV.
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4.3.1 First order perturbation

Treating V¢ as a perturbation, the energy per electron in the ground state is written
as a perturbation series

E/N =Ey/N+ E{/N+ E,/N +---. (4.14)
E, is given by
1 ' dre?
Erv=5v 20 22— Wl g atial F). (415)
q ko Ko’

The action of ¢y cke On |F), for k, k' < kr, removes two electrons in states |Ko')
and |k'c’); the action of cl +qacl,_qo, must restore the two electrons into these
states if the matrix element is not to vanish. There are only two possibilities:
OHDk+q=k, K —q=K and Q) k+q=K, 0 =0’, K — q=k. The first
case holds if q = 0, but the term q = 0 is excluded, so we are left with only the
second possibility. Therefore,

1 / 47'[62 t t
Ev=o00 0 2~ (1o qo ko Chrao o | F)-
q ko

q2
Since q # 0, it follows that ¢ _cxiqo = —Ckiqo €1, » and
(Flef 4 gl Chtao ko | F) = —(F e}, g0 Cicrqo Ol Cho | F).

The operator cfw cko represents the number of electrons in state [ko'), which is
occupied by one electron if k < kr and vacant if k > kr. Hence

o ko |F) = 0kp — k)| F),
where 6(kp — k) is the step function,

0 kr <k

Okp — k) = .
kr=k=1, kr > k

(4.16)
The first-order correction to the energy is now given by
/ 2
E=-).).
q ko

2
e
Oky —k)O(kr — |k +q).
77 0k =) 6(kr ~ Ik + )
Summation over o gives a factor of 2. The sums over k and q are replaced by
integrals,

4me? V2 1
E = — &g — | PkOky —k) Okr — |k ) 4.17
1 v (27r)6/ q q2/ (ky —k)O(kr — |k +ql) (4.17)
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204 R
v
() (b)

Figure 4.2 (a) Two spheres in k-space, one centered at k = 0 and the other at
k = —q. Each sphere’s radius is k. The volume of the intersection region is Vr.
(b) The shaded region has a volume of Vr/, = Vr/2.

The integral over Kk is simply the volume Vi of the region in k-space defined by
k < kr and |k + q| < k. The expression for E; reduces to

E| = —4né’ (2;6 / d’q % Vr. (4.18)
I" is the region of overlap of two spheres, each of radius kg, one centered at k = 0
and the other at k = —q (see Figure 4.2a). Note from the figure that only in the
overlap region are the conditions k < kr and |k + q| < k satisfied. Since the two
spheres have equal radii, Vr = 2Vr,, where Vr/, is the volume of the shaded
region in Figure 4.2b. By inspection,

- Vcone-
Here, 2 is the solid angle subtended at the center by the shaded region in Figure

4.2b, and Vope is the volume of a cone with a half angle 6 = cos™!'(¢/2kF) at the
vertex and a height 4 = ¢ /2. They are given by

6 ) o 2w . g 5 5
Q= | sind'do de¢' =211 —q/2kp), Veone = o (kp —q7/4).
0 0

Assembling the pieces together, and setting g /2kr = x, we find

4k’ 3x  x3
Vr = Fll— =421, 4.19
r 3 [ 5 + 2] (4.19)

The integration over g in Eq. (4.18) is now carried out, noting that ¢ varies from 0
to 2kg; for ¢ > 2k the spheres do not intersect. We find

, V. 4nk;
Q) 3

1
Ei = —4re (47)(2kp) f (1 =3x/24x*/2)dx = —¢* (Vk} /47°) .
0
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Since kr = (3n2N/ V)3 (see Eq. [2.10]), it follows that

3 2
E\/N = - kp.
47

Using the definition of r,, and that e?/2ag = 1 Ry, we obtain

3 97\’ 1 0.916
E{/N=——|(— — Ry ~ — Ry.
27T 4 rs rS
Hence, to first order in the perturbation
221 0916
E/N >~ — — Ry. (4.20)
r Fg

N

The first term is the kinetic energy per electron, while the second term is known
as the exchange energy per electron. The name is acquired because this term arises
in the evaluation of the matrix element by having the creation operator cli_qg,
restore the electron annihilated by c,, while cl +qo TESTOTES the electron annihilated
by cx. The exchange term is attractive, which may seem odd since it arises from
the Coulomb interaction. The explanation for this situation is that the term arises
when o = ¢’. Electrons in the same spin state cannot be located at the same point
in space (Pauli exclusion principle), and they tend to stay away from each other,
hence reducing the repulsive Coulomb interaction. This effect, which is quantum
mechanical in nature, is not taken into account in the classical expression of the
Coulomb interaction. In a way, the exchange term represents a quantum correction
to an otherwise overestimated classical Coulomb repulsion.

4.3.2 Second order perturbation

The second order shift in energy, per one electron, is given by

1 Z’ (F[Vclm)(m|Vc|F)

E>s/N = —
N =~ E\py = Eim)

4.21)
The prime indicates that the sum is over all intermediate states |m) # | F'). Consider
(m|Vc|F). V¢ annihilates two electrons in states |ko) and |k'c”’) below the Fermi
surface and creates two electrons in states |k + qo') and |k’ — qo”’); hence, if |m) #
| F'), the two created electrons must lie outside the Fermi sphere, as shown in Figure
4.3. If the two electrons simply interchange their states, so that |k + qo’) = |K'c”)
and K" — qo’) = |ko), then |m) and |F) will be the same. Therefore, (m|V¢|F)
is nonzero if kp > k, krp > k', kr < |k+q|, and kr < |k’ — q|. Considering the
other matrix element, (F'|V|m), we see that V- must restore [m) to |F'). This can
be done by either a direct or an exchange process (see Figure 4.4). The contribution
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k+qo k'—qo

@

Figure 4.3 (a) Ground state |F) corresponding to a filled Fermi sphere Fy.
(b) The action of V¢ on |F): two electrons are annihilated from inside Fg, and
two electrons are created outside Fy.

k+qo kK —qo k+qo k' —qo

Figure 4.4 (a) A direct process: each electron recombines with the hole it left
behind. (b) An exchange process: each electron recombines with the hole left
behind by the other electron.

of the direct process to E;/N is

EZD B _Z 22(2”32) <E|F>1E|m>>

q ko Ko

x O(kr — k)0 (kp — kNO(k + ql — kp)O(K — q| — kp). (4.22)

Evaluation of the RHS of Eq. (4.22) is not easy, but we can see from the following
argument that it is divergent.

hz ! /
Epy— Epm = m [ + K7 — (k+ @) — (K — ¢)]

hZ
=5 [2(k' — k).q —2¢*] = O(¢g) as ¢ — 0.
m
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Figure 4.5 The region of integration over k in Eq. (4.22) is the shaded region. The
centers of the spheres are separated by —q and each has radius k.

Replacing summation over k in Eq. (4.22) by integration, the presence of the prod-
uct O(kp — k) 0(Jk 4+ q| — kr) in the integrand restricts the region of integration
to the shaded space in Figure 4.5, whose volume Vr, is equal to the volume of
one sphere minus the volume of the overlap region of the two spheres (this was
evaluated in the previous subsection). Therefore,

Ak
Vi = — £

3 1
[5(‘1/2"” - E(q/zkp)ﬂ = O(g)asq — 0.

Similarly, the volume of the region of integration over kK’ can be calculated; again
we find
Vr, = O(g) asqg — 0.

The integral over k and k' in Eq. (4.22) can be written as

1 1
1=/ d3k/ d3k/—=ﬁ2/ d3k/ P L
Tk Ty Eipy = Em) Rk Jny Ty q [ké —k, — q]

In evaluating E|ry — E|,, we have taken the z-direction as that of ¢. In the limit
g — 0, the above integral gives

m / —
I= %«kz — k) 1>Vrerk, = 0O(g)asq — 0.

Here, ((k] — k.)~!) is the average of (k. — k.)~! over the regions of integration I'
and I'y. Considering now the integration over q, we obtain

Erp g—0 V3 /d3 0(q) _ Z/ dq
N N2 ) “Togh TN o)
The second-order correction to the energy, which arises from the direct processes,
diverges logarithmically. Even though q = 0 is excluded from the sum, in the

thermodynamic limit, as the crystal’s volume V — oo, g may get arbitrarily close
to zero, leading to the logarithmic divergence. In the above expression, V3 in
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the numerator arises from replacement of the summations over k, k/, and q by
integration, while V2 in the denominator results from V¢ squared. We note, for
completeness’ sake, that the exchange term, following a similar analysis, turns out
to be finite.

What we have found is that the second-order correction, rather than being smaller
than the first-order correction, as one might expect, is actually divergent. Since the
crystal is stable, this divergence must be eliminated somehow. Our only hope is
to consider higher order terms in the perturbation. However, these also turn out to
be divergent, so a sum of terms to infinite order needs to be carried out. Green’s
function formalism will provide a suitable framework within which to carry this
out.

Finally, we note that the need to sum perturbation terms to infinite order arises
as a mathematical necessity due to their divergence, which in turn results from
the small values of ¢, or, equivalently, from the long-range nature of the Coulomb
interaction. Physically, one needs to sum perturbation terms to infinite order to
capture the effect of screening (this is discussed in detail in Chapter 10), which
renders the Coulomb interaction short-ranged. In empty space, two electrons i and
J would interact by exchanging momentum, but in the presence of a medium, the
interaction can proceed in an infinite number of ways. Electron i may scatter, but
the momentum it transfers could be picked up by an electron below the Fermi
surface, which would then make a transition to a state above the Fermi surface,
leaving behind a hole. The electron and hole could then recombine, transferring
momentum to electron j. Alternatively, the electron—hole recombination could lead
to the creation of another electron—hole pair which, upon recombination, would
transfer momentum to electron j. This argument could be carried on at length,
showing that there are infinite ways in which the interaction between two electrons
could proceed. The net effect is that the Coulomb interaction becomes screened.

Further reading

Bruus, H. and Flensberg, K. (2004). Many-Body Quantum Theory in Condensed Matter
Physics. Oxford: Oxford University Press.

Fetter, A.L. and Walecka, J.D. (1971). Quantum Theory of Many-Particle Systems. New
York: McGraw-Hill.

Kittel, C. (1963). Quantum Theory of Solids. New York: Wiley.

Problems

4.1 Constrained ground state. In the ground state of a noninteracting electron gas
at T = 0, there are N /2 spin-up electrons and N /2 spin-down electrons; the
ground state is unpolarized (S, = 0). A spin polarized state has N4 spin-up
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4.3

4.4

4.5

Problems 77

electrons and N spin-down electrons: Ny = (1 + p)N/2, Ny = (1 — p)N/2,
where p is the fractional spin polarization: —1 < p < 1. The state of minimum
energy, for a given value of p, is obtained by filling two Fermi spheres in k-
space, one of radius kr4 and one of radius kr . Show that, in three dimensions,
the energy per electron in this constrained ground state is

E _Ey(+pP*+d-py~

N N 2

where Eog/N = 3EFr/5 is the energy per electron in the unpolarized ground
state.

Correlation function. For a system of noninteracting electrons at T = 0, define
the following correlation function

Go(r, 1) = (| W] ()W, ()| Do).

This is the probability amplitude for the state |a) = W, (r')|®y), in which a
particle at ¥’ is removed from the system in the ground state, to be found in
state |B8) = W, (r)|Dy). |B) is the state obtained by removing a particle, with
coordinates (ro’), from the ground state. Obtain an expression for G, (r, ') in
terms of x = [r — r/|.

Fair correlation function. For a noninteracting electron gas in the ground state
|®0), evaluate (Do| W] ()W, ()W, ()W, (r)| Do) in terms of x = |r — /| for
o # o' and for 0 = o’. What physical conclusion can you draw from your
answer?

Coulomb interaction in two dimensions. Show that, in two dimensions, the
Fourier transform of the Coulomb potential is 27re?/q.
Hint: Jo(x) = 5= [ e7% de.

Exchange energy in two dimensions. In three dimensions we found that the
exchange energy per electron is —3e’ky /4. Show that, in two dimensions,
the exchange energy per electron is —4e’ky /3.
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A brief review of statistical mechanics

Hence the importance of the role that is played in the physical
sciences by the law of probability. We must thoroughly
examine the principles on which it is based.

—Henri Poincare, Science and Hypothesis

Since we will be dealing with systems at finite temperatures, we will need concepts
that have been developed in the context of statistical mechanics. We devote this
chapter to a brief review of the basic elements of statistical mechanics.

5.1 The fundamental postulate of statistical mechanics

Consider an isolated system of N noninteracting, identical particles confined to
a region of volume V. The Hamiltonian is H = Z,N=  h(i), where h(i) is the
operator that represents the energy of particle i. The single-particle states are
obtained by solving the Schrodinger equation 4|¢,) = €,|¢,), where v stands for
all the quantum numbers that characterize the state. The energy €, depends on
V. For example, for a system of noninteracting particles confined to a cube of
side length L, €x, = /i%k?/2m, and if periodic boundary conditions are adopted,
then ky, ky, k; =0, £2x /L, £4m /L, .... The total energy of the system is E =
>, ny€,, where n, is the number of particles in state |¢,), and the total number of
particles is N = ) n,. A macrostate of the system is defined by specifying the
values of N, V, and E.

At the microscopic level, there are many different ways to distribute the
energy E among the N particles that comprise the system. Each of these dif-
ferent ways defines a particular microstate that is consistent with the given
macrostate. A microstate is a quantum state of the system described by a wave
function (1,2, ..., N). The number of microstates that are consistent with a
given macrostate is a function of N, V, and E, and it is denoted by Q(N, V, E).
For a macroscopic system consisting of a large number of particles, of the
order of Avogadro’s number (6.22 x 10?%), Q(N, V, E) will be, in general, a

78
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A

Ay Az

(Nh‘/laEl) (N27‘/27E2)

Figure 5.1 An isolated system A consists of two subsystems, A; and A,, that are
in thermal contact. Neither E; (the energy of A;) nor E; (the energy of Aj) is
constant, but E| + E, is constant.

fantastically large number. The fundamental postulate of statistical mechanics
asserts the following: an isolated system in equilibrium, in a given macrostate,
is equally likely to be in any of the microstates that are consistent with the given
macrostate.

5.2 Contact between statistics and thermodynamics

Consider an isolated system A which consists of two subsystems, A; and
A,, that are in thermal contact and can exchange energy (see Figure 5.1).
Ay, in macrostate (Ny, Vi, E1), has Q{(Ny, Vi, E1) microstates, while A, has
Q,(N,, Vo, E,) microstates. Due to energy exchange, £ and E; are not constants,
but the combined system A, being isolated, has a constant energy £ = E| + E;.
Since A; is equally likely to be in any of its microstates, as is A,, the total number
of microstates of A is Q1(E)2(E>) = Q(E)20(E — E) = Q(E, E;), where
the dependence on Ny, V|, N, and V, is suppressed (these latter quantities are con-
stants). Energy exchange between A; and A, persists until equilibrium is attained.
Let the values of E| and E; at equilibrium be E, and E», respectively. We assert
that at equilibrium Q(E, E;) is maximum. The idea is that a system, left to its
own devices, settles into a macrostate that affords the largest possible number of
microstates (e.g., a gas confined by a partition to the left half of a box will fill the
box uniformly upon removal of the partition). Hence, at equilibrium

1Y) 0 (E _ _ 0 (E
0= = VBED N o B+ (B )
0E, E, 0E, E, 0E; E,
0Q(E _ _ 0H(E 0E
_ 1(EY) (B + Q(Ey) 2(E>) 2
8E1 E 8E2 E, 8El
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Since E| + E, is constant, 0 E; /d E; = —1, and the above relation yields
81HQ](E1) _ dl1n Qz(Ez)
8E1 E 8E2 E, '

The condition for equilibrium of A; and A, thus reduces to

B1= B2 (5.1)

where

_ 81nQi(Ni9 ‘/i’ El)
B JIE; NV,

i=1,2. 5.2)

i

The parameters N; and V;, being held constant, are now written explicitly.
From thermodynamics, we know that at equilibrium the temperatures of both
subsystems are equal

=T, (5.3)

where T is given in terms of the entropy S by the thermodynamic relation

1 N
- = — . 5.4)
T OE |y y
Comparing Eqs (5.1) and (5.3), and (5.2) and (5.4), we are tempted to identify g
with 1/T. However, § has units of 1/Energy; hence, we write

B=1/kT, S=kInQ (5.5)

where k = 1.38 x 10723 J/K (Joules/degrees Kelvin) is Boltzmann’s constant.
Since, for a given system, the number of microstates €2 depends on N, V, and
E, we can write

d1n Q2 d1lnQ 01ln Q
d(In Q) = dE + av + dN. (5.6)
0E |y aV |nE IN |y
Using Eqs (5.4) and (5.5), the above relation is rewritten as
1 N aS
dS = =dE+ — dv + — dN
T Vinve IN |y g
0S N
—dE=TdS—T— dv — T— dN. (5.7)
WVine IN |y g
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Comparing this with the fundamental formula of thermodynamics

dE =TdS — PdV 4+ udN, (5.8)
where P is the pressure and p is the chemical potential, we find
d1In Q2 dlnQ
p=ir 2 Cou=—kr 28 . (5.9)
aV InE IN |y g

The expressions for the thermodynamic quantities 7', S, P, and u, in terms of €2,
establish the connection between thermodynamics and statistics.

5.3 Ensembles

Given a system in a specific macrostate, what is the probability of finding the
system in a particular microstate |i;)? Imagine a large collection or ensemble of
systems, Neps, With all systems in the same macrostate. We perform measurements
on each system in the ensemble to determine its microstate. If N; systems were
found to be in state |;), we would say that the probability of the system being in
state |v;) is N;/ Neps.

The information available about a system determines its macrostate. For exam-
ple, a system may be isolated, in which case N, V, and E are fixed. A system may
be in contact with a heat reservoir, in which case its temperature T is fixed, but
only its mean energy is fixed. Whatever the constraints are, an ensemble is con-
structed such that all of its members are under the same physical conditions as the
system of interest. Since one may imagine systems under various constraints, we
are led to consider different kinds of ensembles. Below we discuss three important
ensembles.

5.3.1 The microcanonical ensemble

Such an ensemble is representative of an isolated system with fixed energy. In
fact, the exact value of a system’s energy cannot be obtained by any measurement
performed in a finite amount of time (A E At ~ h); all we can tell is that the energy
of an isolated system is in arange (E, E 4+ § E), where 6 E < E. The fundamental
postulate of statistical mechanics asserts that the probability of finding the system
in state [i,) is given by

¢ ifE<E,<E+3E
DPn = ) (5.10)
0 otherwise
where c is a constant equal to 1 divided by the total number of states accessible to

the system.
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Figure 5.2 An isolated system consisting of a system A in thermal contact with a
much larger heat reservoir R at temperature 7. A and R exchange energy, but the
total energy E4 + Eg remains constant.

5.3.2 The canonical ensemble

A canonical ensemble is representative of a system at a fixed temperature 7. We
consider a small system A in contact with a heat reservoir R at temperature T
(see Figure 5.2). The combined system, A + R, is isolated, and its total energy is
E(, which is a constant. System A is small in the sense that its degrees of freedom
are far fewer than those of R. What is the probability p, of finding A in state |,,)
with energy E,, once equilibrium has been attained? If A is in state |i,), then
the number of states of the combined system is simply Qr(Ey — E;,), which is the
number of states accessible to R. Therefore, p, is proportional to Qg(Ey — E,),

Pn = CQr(Ey — E,) = Cel"FrEo=n),

We can expand In Qg(Ey — E,,),

31nQp s
In Qp(Ey — Ex) = In Qr(Eo) = — | E,+ O(E})
Ey
31nQp s
= In Qz(Eo) — E,+ O(E})
oE ErR+E,
dInQ
= In Qgr(Eo) — Rl E,+ 0(ED.
IE |,

Since E, < Ej, we neglect terms of order higher than E,. Using Eq. (5.2), the
above equation may be written as

InQ2z(Eo — E;) = InQr(Eo) — BE,
where § = 1/kT and T is the temperature of the reservoir. Therefore,

pn = Ce"HEPE = CQp(Eg)e PP = Cle FEr.
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The constant C’ is determined by the normalization condition

e_ﬂEn
Y =1=p,= (5.11)

Z

where Z, known as the partition function, is given by

7 = Ze—ﬂEn. (5.12)

The Helmbholtz free energy, F, of a system is defined by
F=E-TS (5.13)

where E is the average energy of the system and S is its entropy. Since its derivation
is too lengthy for a brief review such as this, we shall state without proof the
following result, which establishes the connection between F and Z,

F = —kT InZ. (5.14)

5.3.3 The grand canonical ensemble

A grand canonical ensemble is representative of a system at fixed temperature but
consisting of a variable number of particles. Consider a system A in contact with
a heat reservoir R at temperature 7. The systems A and R exchange energy and
particles (the particles in A and R are the same). Neither E4 nor N4 is fixed, but
Es+ Egr = Eg and Ny + Ng = Ny are fixed. For any given number of particles
N; of system A, let the quantum states of A be labeled by r; the microstates of A are
then labeled by (r, s). Following the same argument as in the previous subsection,
the probability of finding system A in a particular state |v,,), with energy E, and
number of particles Ny, is

Prs = CQR(EO - Er’ N() - NS‘)
Expanding In Qg, and using Eqs (5.2) and (5.9), we find

01In QR
JoFE

all’lQR

r

Eo oN
= InQr(Eo, No) — BE, + BuuN;.

InQr(Eg — E,, No — Ns) = InQg(Eo, No) —

s

No

Higher orders in the expansion are neglected since E, < Ey and Ny < Ny. Fol-
lowing the same steps as we did in the case of the canonical ensemble, we find the
probability that the system is in state |{,s) = |r, s) to be

e_lg(Er_,uNs)

= 5.15
Drs Zo (5.15)
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where

Zc = Z o PE—1Ns) (5.16)

rs

is the grand partition function. Note that Zs may be written as

Zg = (r.sle PH V) 5) = Tr [e PHM] | (5.17)

rs

where H is the Hamiltonian, N is the number of particles operator for system A,
and Tr[B] stands for the trace of operator B, the sum of the diagonal elements of
the matrix that represents B.

Given an operator A acting on a system with a variable number of particles, its
mean value in the state |r, s) is A = (r, s|A|r, s). Since the system is in state |r, s)
with probability p,,, the ensemble average (A) is given by

N e PETN G sAl ) (sl P E T Al 5)
() =2 pud =) 7o =2 Z -

rs

Defining the statistical operator for the grand canonical ensemble by

e~ BH—uN)
we can write
Tr [e*ﬁ(HfuN)A]
(A) = = Tr(pgA). (5.19)

Tr [e*ﬂ(H*l/-N)]

Finally, we note that when a macroscopic system is in contact with a reservoir
with which it can exchange energy and particles, the fluctuations about the mean
energy and the mean number of particles are exceedingly small. Because this is
so, physical properties of the system do not change in any appreciable way if it is
removed from contact with the reservoir, resulting in it having fixed energy and
a fixed number of particles. Therefore, when calculating mean values of various
quantities, it makes no difference whether the system is isolated, in contact with
a heat reservoir, or in contact with a reservoir with which it can exchange energy
and particles. In other words, it makes no difference whether we are calculating
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mean values within a microcanonical, canonical, or grand canonical ensemble;
mathematical convenience usually dictates the most appropriate choice.

5.4 The statistical operator for a general ensemble
5.4.1 Definition

Let us consider a system of identical particles under certain physical conditions, i.e.,
in a certain macrostate. For example, the system may be isolated, in which case the
number of particles N, the volume V, and the energy E, are fixed. Alternatively,
our system may be in contact with a heat reservoir, in which case N, V, and
its temperature 7' are fixed. Regardless, we proceed to construct an ensemble of
systems having exactly the same physical conditions as our original system. Let us
assume that any particular microstate, characterized by the state vector |i;), occurs
in the ensemble with probability p;. Clearly ), p; = 1. The ensemble average of
an observable, represented by the hermitian operator A, is given by

= pililAlys). (5.20)

Notice that two types of averages are involved in writing the ensemble average.
(Y| Al;) is the usual quantum mechanical expectation value of A in state [i;).
The above equation also tells us that the quantum mechanical averages must be
further weighted by the corresponding fractional occupation of the state |;); this
second averaging is classical in nature.

Given a complete set |1), |2), ... of single-particle states, we introduce two
resolutions of identity (), |n)(n| = 1) into Eq. (5.20),

ZZpl (Wi |n) (n] Alm) (m] ;) ZZp, (m ) (Y |n) (n| Alm).

In this form, the dependence of the average on the ensemble is factored out. We
define the statistical, or density, operator as follows:

p= pili){¥il. (5.21)

The ensemble average of A is now written as
(A) =Y (mlpln)(n|Alm) = > (m|pAlm) = Tr{pA]. (5.22)

Since the trace is independent of the basis set of single-particle states, Tr[pA] may
be evaluated in any convenient basis set.
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5.4.2 General properties

There are two important properties of the statistical operator:

(1) The statistical operator p is Hermitian; this follows from its definition:
p = pily)wil = p' =" P (Wil =Y pilwi) (Wil = p.
i i i

(2) The trace of p is unity,

Tripl =) Y pilnli)(yiln) = ZplZwAn ) {nl i) Zp,wwl

n i

=ZP1‘=1-
i

5.4.3 Time evolution

At time #( the statistical operator is given by

plto) =Y pilYrilto)) (Yi(to)|.

How does p change with time? p; is the probability of finding the microstate |y;)
in the ensemble. If the ensemble is left undisturbed, p; cannot change with time.
The evolution of p with time is thus completely governed by the time evolution of
the states |v;),

p(t) = Z pil Vi (0) (Wi (1)l (5.23)
The equation of motion of the statistical operator is
zh— Z pi (lh—wl(t») (Wi(0)] + Z pili(0) zh o).

From the Schrédinger equation and its complex conjugate:

0
B 0) = HI@), i o = O, (524)

we obtain
=Y " piHI@O)Y Wi = > pili()) (¥ (1) H.
Using the definition of p, we can write

9
iha—’f — Hp — pH = [H, p]. (5.25)
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We will discuss the time evolution of p again in Chapter 13, when we discuss the
nonequilibrium Green’s function.

5.5 Quantum distribution functions

Consider a system of noninteracting, identical particles. Let us denote the single-
particle states by ¢, ¢, . . ., with corresponding energies €1, €, . . .. The quantum
states of the system are given in the number-representation by |n| n, ...), where
n; is the number of particles in single-particle state ¢;. The energy of the state
ny ny ...)1s 221 n;€;, and the number of particles in the state is Zfil n;. We
take the system to be a member of a grand canonical ensemble. The grand partition
function is

Zc=Tr [e_ﬂ(H_"N)] = Z (nyny ... le PH N\ 0y )

nins...
o
— Z exp |:—,3 Z(”iéi _ Mni)j| — Ze—ﬁ(ﬂ—u)nl Z e Ble—wn
niny... i=1 ni np
o
— 1_[ Z e Blei—mwni (5.26)
i=1 n;

The ensemble average of the total number of particles is

(N) = Z(_;lTr[ —B(H— M-N)N IZ (nyny - |e_ﬂ(H_“N)N|n1n2---)

nina..

0
_ Z(_;l Z (n1 4+ ny + -+ - e Plmeartmeat-—)=pm+n+-l — g=l___1 7.
niny al‘L

(5.27)

At this point, distinction is made between bosons and fermions. For bosons, n; is
unrestricted; it can vary from 0 to co. Equation (5.26) gives

o0

1 = e
Zg—l_[m:}IHZB:—Z;IH [1—8 Plei ,u)]. (528)

Using Eqs (5.27) and (5.28), we find
e_ﬂ(fi_ﬂ)

(N) = Z | — o > eﬂ(e, 0 _ Z -

1 i
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fka

2 €ko

Figure 5.3 The Fermi—Dirac distribution function. The dashed line corresponds
to the case of zero temperature.

where n2%, the Bose—Einstein quantum distribution function, is the average number
of particles in the single-particle state |¢;). It is given by

1
BE _
n;w = pyr— bosons. (5.29)

For fermions, n; in Eq. (5.26) is either 0 or 1; hence

zE=T]l1+e ] =mz{=>) In[l+ePP]. (5.30)
i=l i

The ensemble average of the number of particles is

e~ PBlei—) 1

M) =Y e = D =

i i

where f7P, the Fermi-Dirac distribution function, is the average occupation num-
ber of single-particle state ¢;. It is given by

f'FD _ 1

= m fermions. (53 1)

Unless confusion may arise, we write f;"” simply as f;. The Fermi-Dirac distribu-
tion function is depicted in Figure 5.3. In particular, for a system of noninteracting
particles whose Hamiltonian is H = ), €k, cfm Cko » the occupation number of
the single-particle state |ko') is given by

-1
nff — [eﬂ(ekru) _ 1] bosons

I (5.32)
fro = [eﬂ(ekrm + 1] ! fermions.

(Nko) = (cf Cko) =
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For a system with a fixed number of particles N, the chemical potential u is
obtained from the relation

1
N = Z T (5.33)

where the lower (upper) sign refers to fermions (bosons).

Further reading

Huang, K. (2001). Introduction to Statistical Physics. London: Taylor and Francis.
Pathria, R.K. (1996). Statistical Mechanics, 2nd edn. Oxford: Butterworth-Heinemann.
Reif, F. (1965). Fundamentals of Statistical and Thermal Physics. New York: McGraw-Hill.

Problems

5.1 Stirling’s formula for N!. Starting from
o0
N! = / e 'tNdt,
0

replace t with N + \/N x. Show that
00 N
NI = x/NNNe_N/ foodx,  fx) =e VM (1 n i) .
_JN VN

f(x) is maximum at x = 0 and falls to zero on both sides of the maximum.
Write f(x) = ™/, and expand In f(x) around x = 0. Show that

NN o] xZ )C3
N!=+~NN"e exp|—— + - ).
-JN 2 34N

For N >> 1, keep only the leading order in the expansion. For x < —+/N,
e s exceedingly small, and the lower limit of integration may be pushed
to —oo. Show that

N!'~ V2 NNNe V.

Hence, prove Stirling’s formula, valid for N > 1,
InN!>~ Nln— N.

5.2 Vacancies and interstitials in graphene. In graphene, assume that it costs
energy € to form a vacancy—interstitial pair. The pair is obtained by removing
a carbon atom from a lattice site (the site becomes a vacancy) and placing it at
the center of a hexagon (an interstitial site). The total number of carbon atoms
is N, and the total energy is E = Me, where M is the number of vacancies (M
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is also the number of interstitials). Also assume that N and M are much, much
greater than 1. Determine (a) the system’s entropy and (b) E as a function of
temperature 7.

Magnetic susceptibility. Consider a crystal where each atom has spin 1/2 and

magnetic moment . The number of atoms per unit volume is n. A magnetic

field B is applied. Choose one atom as the small system and treat the rest of

the crystal as a heat reservoir at temperature 7.

(a) Show that the magnetization (the mean magnetic moment per unit volume)
of the crystal is M = nu tan h(uB/kT).

(b) For the case uB/kT <« 1, show that the magnetic susceptibility, defined
as x = dM /0B, varies as 1/T (Curie’s law).

Entropy and probabilty. For a given macrostate of a system of n identical
particles, let p, be the probability that the system is in state |, ). Using the
relation F = E — TS = —kT In Z, show that the system’s entropy is given

by S=—k) , p.Inp,.
Statistical operator. Show that Tr(p?) < 1.

Ising model in one dimension. The one-dimensional Ising model describes
localized particles on a line, where each particle carries a spin s. The
Hamiltonian is
N
H=-J SiSiy1 — h Zs,-
i=1 i=1
where —J represents the strength of the interaction between neighboring
particles (J > 0) and # is proportional to a constant applied magnetic field.
Assume periodic boundary conditions: sy, = s;. The model also assumes
thats; = 1 or —1.
(a) Show that the partition function is given by Z = Tr[T"], where T is a
real, symmetric matrix, given by

- oBUAR) =BT
=\ Bl BU-D )

(b) By diagonalizing 7', show that, as N — oo,

Z=—NJ—NkTh [cosh(ﬁh) + /sinh2(Bh) + e*“ﬁf} .

(c) Show that the mean magnetic moment, () . s;)/N, vanishes as 4 — 0.
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Real-time Green’s and correlation functions

Facts do not ‘speak for themselves’, they are read in
the light of theory.
—Stephen Jay Gould

A many-particle system is intrinsically quite complex. Its energy level spectrum is
almost continuous, and the eigenfunctions that correspond to those energy levels
are complicated functions of the particles’ coordinates. The detailed form of its
energy spectrum and wave functions is neither exactly calculable nor measurable;
hence, we shall not be concerned with it.

In a typical experimental measurement that involves a many-particle system, a
system in equilibrium is weakly perturbed in one or more ways: a particle may be
added or removed, a weak electromagnetic field may be applied, a beam of electrons
or neutrons may strike the system, a thermal gradient may be established across the
system, and so on. Rather than attempting to calculate the full spectrum of a many-
particle system, it is more useful to concentrate on understanding how a system
responds to such external perturbations. The method of Green’s function serves
this purpose well. In this chapter, we focus on real-time functions for systems
in equilibrium. Imaginary-time functions will be introduced in Chapter 8. For
systems out of equilibrium, such as those featuring a metallic island between two
metal electrodes and an applied bias voltage that causes current to flow through the
island, another formalism, that of the nonequililbrium Green’s function, is needed;
it will be discussed in Chapter 13.

There are various types of real-time Green’s and correlation functions. In this
chapter, we develop the theory of these functions, with particular emphasis on
retarded functions (the most useful). As we will see later, retarded correlation
functions determine the response of a system to external probes, such as electro-
magnetic fields, electrons, or neutrons, and thus are directly related to experimen-
tally measured quantities.

91
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6.1 A plethora of functions

Consider a system of interacting particles, with a time-independent Hamiltonian H,
at temperature 7. It is convenient to allow the number of particles to vary, i.e., the
system can exchange energy and particles with a reservoir. The system is a member
of a grand canonical ensemble (see Section 5.3). Consider an operator A(c, ch,
represented in terms of fermion or boson annihilation and creation operators ¢ and
cf, acting upon the state space of the system. We define a modified Heisenberg
picture operator A(t) as follows:

A([) — ei[:h/hAe_th/h, (61)
where
H=H — uN, (6.2)

N is the number of particles operator, and u is the chemical potential. The standard
Heisenberg picture is obtained if H — H.

6.1.1 Correlation functions

Considering now any two operators A and B, we define the real-time causal, or
time-ordered, correlation function by

Chp(t,t") = —i(TA(t)B(t)) (6.3)
where (- - - ) stands for the grand canonical ensemble average,

(---)=ZalTr[e_’3H---].

Here, B = 1/kT (k is Boltzmann’s constant), Z; = Tr[e™? H ] is the grand canoni-
cal partition function, and Tr stands for the trace. In Eq. (6.3), T is the time-ordering
operator, sometimes written as 7; in order to distinguish it from the temperature.
Acting on a product of operators, T orders them in increasing time order from
right to left, and, in the process, introduces a minus sign every time two fermion
operators are interchanged. Thus,
, AMNB({) t>t
TA@M)B(') = (6.4)
+B(tHAGl) t <t

The lower (upper) sign refers to the case when A and B are fermion (boson)
operators. Note that the operator A(c, c!) is bosonic if ¢ and ¢! are boson operators,
orifitis of even orderin c and ¢f; e.g., if c and ¢ are fermion operators, an operator
such as cfe is considered a boson operator.
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The retarded correlation function CX is defined as follows. If A and B are
fermion operators, then

Crpt, 1) = —i0(t — t"{{AQ®), B(H}) (6.5)

where {A, B} = AB + BA is the anticommutator of A and B, and (¢ — t') is the
step function,

0 r<t
0t — 1) = { = (6.6)
1 t>171.

C ff p(t,t") is nonzero only if ¢ > t'; hence the name “retarded.” For the case when
A and B are bosonic operators,

CRpt, 1) = —io(t — ) ([A®®), B()]) 6.7)

where [A, B] = AB — BA is the commutator of A and B. We may combine both
cases and write

Chplt, 1) = —i0(t — ){[A@), B@)].). (6.8)

The lower (upper) sign refers to fermions (bosons). Similarly, we define the
advanced correlation function, which is nonvanishing only if ¢ < ¢’, as follows:

Caplt, 1) = +i6(" — D{[A®), B()].). (6.9)

As we will see later, athough the different functions introduced above have different
analytic properties, they are in fact closely related. Finally, we define one more
correlation function, without a label,

Cap(t, 1) = (A(t)B(t")). (6.10)

This function also turns out to be important in analyzing experimental data.

6.1.2 Time dependence

A general property of correlation functions is that, if the Hamiltonian is time-
independent, they depend on 7 — ¢’ and not on ¢ and ¢’ independently. We prove
this assertion for the retarded correlation function; similar proofs can be worked
out for all other correlation functions. Consider

CRy = —ib(t —tzg' {Tr [e*ﬂl:leil-_lt/hAefil:l(tft’)/hBefiflt’/h]

+Tr [e—ﬂﬁeiﬁt’/hBeiﬁ(z—t’)/hAe—iﬁt/h]} '
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In the second term on the RHS the lower (upper) sign refers to fermions (bosons).
The time-independence of H makes possible the replacement of et Hi/hg=iHI'[h
with ¢!~/ The trace is invariant under cyclic permutations: Tr[AB - -- CD] =
Tr[DAB - - - C]; hence, we can move e~/ in the first term (e~ #!/% in the second
term) to the leftmost position, and using the fact that e#*'/" (or e=*#!/") commutes
with e_/m, we can write

CRy = —io@t — t’)Za1 {Tr [e—ﬁﬁeiﬁ(t—t’)/hAe—iﬁ(z—t’)/hB]
FTr [e—ﬂﬁe—iﬁ(t—z’)/hBeiﬁ(z—z’)/hA]} ‘

The above expression shows that C /’f  is afunction of ¢ — ¢; consequently, we may
set ' = 0 and consider C%, to be a function of 7. The same conclusion applies to
Cl,, C4,, and Cyp.

6.1.3 Single-particle Green’s functions

An important special case of the correlation function is when A = W, (r) and
B = \I/l(r), where ¥, (r) (\Ifi(r)) is the field operator that annihilates (creates)
a particle with spin projection ¢ at position r (see Section 3.11). In this case,
the causal, retarded, and advanced correlation functions are known as the single-
particle real-time Green’s functions, or simply real-time Green’s functions. They
are given by

G(rot,r'o't) = —i(T\Il(,(rt)\Ill,(r/t’)) (causal) (6.11)
GR(rot, ¥'o't') = —if(t — () [ Wy (rt), W, t)]s)  (retarded)  (6.12)
GArot,r'o’t) =0 — t){([Vy(r1), \Ili,(r’ Nlz) (advanced). (6.13)

The lower (upper) sign refers to fermions (bosons). At this point we introduce two
other single-particle functions that play an important role in the study of transport.
The greater and lesser functions are defined by

G™(rot,r'o’t) = —i (W, ()W), (' 1)) (greater) (6.14)
G=(rot, Yo'ty = Fi (W), )W, (r1))  (lesser). (6.15)

We note in passing that the ensemble average of the local particle number density
can be expressed in terms of the lesser function,

(ne(r, 1)) = (lIJg(rt)\IlU(rt)) = +iG~(rot,rot). (6.16)
The single-particle correlation function is defined by

C(rot,r'o't’) = (W, (r )W (r' 1')); 6.17)
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it is simply iG~(rot,Y'c't’). The above definitions can be generalized: for any
complete set |¢1), |¢2), ... of single-particle states, Green’s functions may be
defined in terms of the corresponding annihilation and creation operators. The
retarded Green’s function, in the ¢, -representation, is defined by

GRwt, vty = —if(t — ) {[e,(0), ¢} (1)]5).

Similar definitions can be made for the causal, advanced, greater, lesser, and corre-
lation functions. For example, consider an atom with single-particle states |@,/u0 ),
where n, [, m, and o are, respectively, the principal, orbital, magnetic, and spin
quantum numbers. We may define a retarded Green’s function for electrons in this
atom as

GRnlmot, n'I'm'c't’)y = —i0(t — 1'){Cuimo (1), €y (ED]).

6.2 Physical meaning of Green’s functions
Let us consider the causal Green’s function and assume that ¢ > ¢/,
iGror, Yo't = (W, (e )Wl (' 1) = Z5'Tr [e—ﬂﬁ \Ilg(rt)llli,(r’t’)] .
Given a complete set of states |n),
Tl 1= (nl---In).

Taking the states |n) to be eigenstates of H (H|n) = E,|n)),
iGrot, Yo'ty = 25" Y e PErin|e M0, (r)e  HOMgl (1)e )
n

(6.18)
Defining the states |«) and |8) by

o) = e 1Ol (e My, 1By = wime ),
the matrix element in Eq. (6.18) may be written as

(n]---In) = (Bla);

it is the probability amplitude for a system in state |«) to be found in state | 8). Let
us look more closely at state |«). Starting from state |n) att = 0, e~/ |n) is the
state after it has evolved to time #’. At this time, \I’l,(r/ ) injects a particle with spin
projection ¢ into the system at position r’, and the operator e~ H@=)/k carries the
system to time ¢. Thus, |«) is the state of the system at time ¢ if a particle with
coordinates (r'o”) was added to it at an earlier time #’. Similarly, |8) is the state of

the system when it has an extra particle with coordinates (ro), added at time ¢. The
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‘I’L/(r/)efmt,/h e~ iH(t—t')/h 18) Wi (r)e—iHt/h

time = 0;|n)  time =t/ ) time =t time = 0;|n)

Figure 6.1 Definition of the causal Green’s function in terms of an overlap of
states |o) and |B). State |«) is obtained by letting state |n) evolve to time ¢', adding
a particle with coordinates (r'c”’), and allowing the system to evolve to time ¢.
State | 8) is obtained by letting |n) evolve and adding to it, at time ¢, a particle with
spin projection o at position r.

matrix element (n|-- - |n) is thus the probability amplitude of finding the system
with an extra particle with coordinates (ro’) at time ¢ if a particle with coordinates
(r'o’) was injected at an earlier time ¢’. Loosely speaking, it is the probability
amplitude for an added particle to propagate from (r'o’t’) to (rot), though we
should be careful to note that, since the particles are indistinguishable, it is not
meaningful to think of the particle with coordinates (ro’) as the same particle with
spin projection ¢’ that was injected earlier at r’. Since different states |n) occur
with probabilities Z; le=PEi iG(rot, ¥'o't’) represents the ensemble average of
the aforementioned propagation amplitude. For ¢t < ¢/, iG(rot, r'o’t’) represents
the ensemble average of the propagation amplitude of a hole from (rot) to (r'o’t’).
Similar meanings can be attached to the other Green’s functions. The definition of
iG(rot,x'c’t’) is depicted pictorially in Figure 6.1.

The above discussion indicates that single-particle Green’s functions are impor-
tant tools in analyzing experiments where particles are added to or removed from a
system. Examples include experiments that involve tunneling of electrons between
two systems, at different chemical potentials, which are placed in contact with
each other; and optical experiments whereby a photon removes an electron from a
solid. Another example is the introduction of magnetic impurities into a host metal;
tunneling takes place there between localized states on the impurity sites and the
delocalized host states. We will explore some applications of Green’s functions in
the next chapter.

6.3 Spin-independent Hamiltonian, translational invariance

Let us assume that the Hamiltonian is spin-independent, i.e., that the system under
consideration is nonmagnetic. Suppose that a particle with spin projection o’ is
injected into the system at time ¢'. In the absence of any interactions that could flip
the spin of a particle, we cannot expect that, at a later time ¢, the system will have
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an extra particle with a spin projection o # o’. The retarded Green’s function thus
vanishes unless 0 = o’

GR(rot,v'o’'t) = 85, GR(xrot, Y'o't).

The same conclusion applies to all the correlation functions that we have introduced.
We also note that, since H is assumed to be time-independent, G¥, being a special
case of the more general retarded correlation functions, depends on ¢ — ¢/, and not
on  and ¢’ separately, as was shown in the preceding section. This being the case,
we may set t’ = 0, and consider G to be a function of .

Generally, we will be dealing with translationally invariant systems, where any
function f(r,r’) of the positions of two particles (e.g., the interaction energy
between two particles at positions r and r’) does not change if both r and r’ are
shifted simultaneously by any vector R. It follows that f(r, r’) depends only on
r —r’, and not on r and r’ separately. In particular, the single-particle Green’s
functions are functions of r — r’. The proof of this statement is the subject of
Problem 6.2. Hence, in a translationally invariant system, with a time- and spin-
independent Hamiltonian, we write the retarded Green’s function as

GR(r — Yo, t) = —i0(t)([Vs(r1), \Ili(r’O)]jF), (6.19)

and do so similarly for the other Green’s and correlation functions.

Considering a complete set of single-particle momentum states |ko) for which
ko = V7 1/2ekT|5), V being the system’s volume, the field operators are given
by

W, (rt) = \/I_V D e e (t), Wi = % ekl (1) (6.20)
k k

(see Section 3.11). The operator clta (cks) creates (annihilates) a particle in state
|ko). Inserting the above relations into Eq. (6.19), we obtain

1

GR@x—ro,1)=—-io
(r—ro,t) l()V

Z R TR ([0 (1), cl,o O)l+)

kk'

1 . /N N
= —i0(n)— Y MO (1), e, (0)15).
4 kK’

Since G* depends only on r — r/, it does not change if r and r’ are shifted simul-

taneously to r + R and r’ 4+ R, for any vector R; hence,

l . 2 . ’ J
Gi(r =0, 1) = —i0(1)5; ) | e TR (0, (1), Chio ()]
kk'
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Comparing the above two expressions for GX, we find
JETIOR 1 VR e R,

This is satisfied only if k' = k. Therefore,

/ . 1 ik.(r—r
GR(r —ro.n) = —ib(); ije K ([0 (1), ¢ (0)]3)

:péz;é““”GR&mt) (6.21)
We have introduced G*(ko, 1), the spatial Fourier transform of GR(r — r', 1),
GR(ko, 1) = —i0(t)([cko (1), c]., (0)]5).- (6.22)
Similarly,
GA(ko, 1) = i0(—1)([cxo (1), ) (0)]5) (6.23)
G(ko, 1) = —i (T ey (D)l (0) (6.24)
G” (ko, 1) = —i (cko (), (0)) (6.25)
G=(ko, 1) = Fi{cl (0w (1)) (6.26)
and
C(ko, 1) = (ko (1)), (0)). (6.27)

6.4 Spectral representation

What does a spectral representation mean? And why is it useful? To get an idea
of what a spectral representation is, consider a system with Hamiltonian H and
orthonormal eigenkets |n): H|n) = E,|n). Introducing two resolutions of identity
(1 = > |n)(n]), we write H as

H =" |n)(n|H|m)(m| = ZE Sum|n) (m| = ZE In)(n

nm

The expression on the RHS forms a spectral representation of H, in the sense that H
is written in terms of its spectrum of energy levels and eigenstates. We will follow
a similar procedure in deriving the spectral representation of Green’s functions: we
shall introduce resolutions of identity and express the functions in terms of the exact
energy spectrum and eigenstates of the system. An answer to the second question
will unfold in later chapters. For now, it suffices to note that merely expressing
Green’s function in terms of the exact eigenstates of the system is not, in and of
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itself, a worthwhile goal. After all, the exact eigenstates are not known; if they were,
the problem would be completely solved. At finite temperature, real-time Green’s
(or correlation) functions are not amenable to a treatment of interacting systems
by means of perturbation theory. The burden will fall upon the imaginary-time
Green’s function, which will be discussed in Chapter 8. Nevertheless, experiments
are carried out in real time, and their interpretation requires knowledge of real-
time Green’s functions. How do we find the real-time Green’s function if we
know the imaginary-time function? By studying the spectral representations of
these functions, we will arrive at a simple method for obtaining the real-time
Green’s function from its imaginary-time counterpart. With this in mind, let us
next proceed to determine the spectral representations of GR(ko, t), C(ko, 1), and,
more generally, CX (1) and C4p(1).

6.4.1 Retarded and advanced Green’s functions

The retarded Green’s function is given by
GR(ko, 1) = —i@(t)(cka(t)cltc(O)) + iH(t)(clg(O)cka(t)) =AFEB. (6.28)
The lower (upper) sign refers to fermions (bosons). Consider the first term,

(ko ()t (0)) = Z5'Tr [e—/“? eiH’/hckge—in/hc,ﬁa] (6.29)

where ¢k, = ¢k (t = 0) and cltg = cla(t = 0). The trace of an operator is the sum
of its diagonal elements,

<Ck(;(t)cl’i;g(0)> — ZEI Z(n|e*,31‘?ei1‘?l‘/hck”efi1‘?f/hclg |l’l>

n

=z Z(n|e*ﬂﬁeim/hck(,|m)(m|e*iH’/hclta|n)

nm

=7z Z e PEn eI En=ED (|1 | ) (mlcltg In)

nm

o0
- d
=- / P(ka,e)e*‘“—e. (6.30)
_ 27

]

Here E; = E; — uN;, where N; is the number of particles in state |i), and

P(ko,e) = —21 25" Y e P ‘(mlcla(0)|n)’28 (€ = (Ew— E/R)  (6.31)

nm
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is a spectral function (we will call it the P-spectral function). Therefore,
o
o d
A=i6@t) / P(ko, e)e—'" £€
oo 2
Next, we consider the second term in Eq. (6.28),
(c]ta(O)cko(t)) =Z; 'Tr [e_ﬂﬁcfmeiﬁt/hckge_iﬁt/h] )

Using the invariance property of the trace under cyclic permutations, we first move
e "H1/M 1o the leftmost position, then move ¢k, (0) to the leftmost position, and
finally move e/ to the leftmost position; the result is

(Cle (O)cxo (1)) = Zg'Tr [eth/hCkge—iH(t—iﬂh)/hCl]:U] .
Introducing 1 = e #H#¢PH at the leftmost position, we obtain
(el O (1)) = Z5"Tr [e—ﬂfleiﬁ(t—iﬂh)/hckae—iﬁ(z—iﬂh)/hcltﬂ] '

The RHS of the above equation is the same as the RHS of Eq. (6.29) with r —
t — iBh; hence,

t > e—ign A€ ® o o de
(ch, (0)cko (1)) = — / P(ko, €)e €U — — _ f e P P(ko, €)e ™" —.
oo 2 oo 21
(6.32)
The expression for B in Eq. (6.28) is thus obtained. The Fourier transform of
GR(ko, t) is given by
o0 .
GR(ko, w) = / ' GR(ko, 1)dt. (6.33)
—0oQ

Noting that G®(ko, t) vanishes for ¢ < 0, we can write

oo

GRko, w) = f e’ GR(ko, Hdt = f e"“"(A F B)dt
0

0

Oo de .
=i / P(ko, e)(1 F e )~ / e dr.,
— 2w 0

o0

The integral over ¢ is oscillatory at infinity; we evaluate it as follows:

o0

o o } ei(wfeJrin)t
/ ¢Vt = lim | T4 = lim ————
0 =0+ Jo n—>0t i(w— € +1in)

-1

im ——.
=0t i(w — € +in)

0

(6.34)
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Introducing the spectral density function A(ko, €), defined by

A(ko, €) = —P(Kko, €)(1 F e )
= 271251 Ze‘ﬂé”
nm

the spectral representation of G (ko, w) reduces to

2 _ _
(mlcly In)| (1L F €798 (€ = (B = E/R), (635)

© Ako,€) d
GRko.w) = lim [ —AKo.€) de

; . (6.36)
=0t J_oo w—€+in 2w

A similar derivation yields the spectral representation of the advanced Green’s
function G4 (ko, w),

©  Ako.e¢) d
G ko, w) = lim _Alko,€) de

. . (6.37)
=0t J_ow—€—in 2w

The derivation of the above result, as well as the spectral representation of the
causal Green’s function, is relegated to the Problems section.

6.4.2 Single-particle correlation function
Turning now to the correlation function, the same initial steps as above yield

o . de
Cko,t) = —/ P(ko, €)e "' —.
—o 2

The Fourier transform is given by

e¢]

Cko, w) = /

—0o0

. o0 de [ .
&' C(ko, H)dt = — / P(ka,e)z— / gt (6.38)
T

—00 —00
The integral over ¢ is straightforward (see Eq. [1.15])

/ g = 278(w — €). (6.39)

o0

Substituting this into Eq. (6.38), we find
Cko, w) = —P(ko, w). (6.40)

We can establish a relationship between G (ko, ) and C(ko, w). Using

1 1 .
TTi0" =P (;) Fimd(x) (6.41)
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where P(1/x) is the principal value of 1/x, and noting that A(ko, €) is real,
Eq. (6.36) gives

R 1
G (ko,w) = —
2w

—0o0

o0

A(ko, €) |:P <;> —iné(w — e)} de
w—€

= A(ko, w) = =2 Im GR(ko, ). (6.42)

On the other hand, Eqs (6.35) and (6.40) give
(1 +n,) bosons

(1 - f,) fermions
(6.43)

Cko, ®) = (1 F e ") 1 A(ko, w) = A(ko, w) [

where f, and n, are the Fermi—Dirac and Bose—Einstein distribution functions,
respectively, for the case when energy is measured from the chemical potential,
i.e., when u is set equal to zero,

. 1 _ 1
o1 10T o _ 1

Jo (6.44)

The above expressions for G¥(ko, ) and C(ko, w) imply that

Cko. ) = —2 Im GR (ko ) | (1 T 1) oSODS (6.45)
(1 - f,) fermions.
This relation is one form of the fluctuation—dissipation theorem. The correlation
function measures the mean square fluctuation in the operator. However, energy
dissipation in the system is proportional to the imaginary part of some retarded
function. Further discussion of the fluctuation—dissipation theorem will occur at
the end of this section.
We end this subsection by deriving a relationship between the number of particles
in state |ko) and G®. Setting t = 0 in Eq. (6.32), we can write

—pBh
o) == [~ o, g 46 _ [~ Moo e
(o} 9

N v ) .o 1Fe e 27
_ /oo A(hka, €) E _ /00 EA(ko*, " Ne bOSOl:lS
oo €PhE T 1 27 oo 2T fe fermions.

With the help of Eq. (6.42), the above relation is rewritten as
o -1 b
<Cl1:wck(r> = / de (—) Im GR(ko, €) e 0501-1s (6.46)
0o b4 fe fermions.

This equation provides a method for calculating the number of particles in a given
state once the retarded Green’s function has been found.
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6.4.3 Retarded correlation function
Consider the retarded correlation function generated by operators A and B,
Cip(1) = —i0O{[A®), BO)]5).

The lower (upper) sign refers to the case where A and B are fermion (boson)
operators. Expanding the anticommutator/commutator, we can write

Cfg(f) = —i0(1) [(A(1)B(0)) F (B(0)A(2))]
_ —i9(t)Z(_;1Tr I:efﬂﬁeil-?t/hAefth/hB o efﬂHBeth/hAefth/h]

— —l@(t)Z(;] Ze—ﬂEn [eiEnt/ﬁ <n|Ae—th/ﬁB|n>:Fe—iEnt/h <n|BelH[/hA|n>]
n
= —i0()Z5" Y [ Ere BB n] Alm) m| Bl)

T e PEr e B | Bm) (] Aln) |
Relabeling indices in the second term: n — m, m — n, we obtain
C§B(I) = —l9(t)Zal Zei(En—Em)t/h(n|A|m><m|B|n> <e—ﬁE,, T e—ﬂEm> )
nm
We now take the Fourier transform,
oo .
CRo(w) = / e CR L (t)dt

o0

[e.e]

= —iZg" Y (nlAlm)m| Bln) (P55 e En) f ¢t EnmEni/h gy
0

(nl Alm) (m|BIn) (e #Er 5 ~PEn )
w— (Ey — Ey)/h £ i0+

=25'> (6.47)

nm
This is the spectral representation of the retarded correlation function. Notice that
all the poles lie below the real w-axis; the retarded function is analytic in the upper
half of the complex w-plane. Of course, the same conclusion applies to the retarded
single-particle Green’s function G®(ko, w), since it is a special case of the more
general retarded correlation function.
We can go a step further and express the spectral representation in a form similar
to Eq. (6.36). Define the spectral density function by

S(e) =27 Ze—ﬂ’fn (n|Alm)(m|B|n) (1 F e ") 6 (¢ — (E,, — En) /h).

nm
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The spectral representation of the retarded correlation is now given by

Cfg(a)) :/ L d_e

oo @ — €+ 10T 27

6.4.4 Correlation function

Consider two operators A and B, and the correlation function

CAB(t) — <A(I)B(O)> — Z(_;l Ze—ﬁérleiEnl/h<n|Ae—iI:Il/hB|n>

= 725"y e PEe BB | Am) (m| BIn). (6.48)

nm
Taking the Fourier transform,

- OO . - -
Cap(w) = zglZe—ﬂEn<n|A|m>(m|B|n>/ ! ot EnmEn)t/h gy

nm —o0

The integral over ¢ gives 2778 (w — (E,, — E,) /i); hence,
Caplw) =212 Ze "(n|Alm)(m|B[n)8 (0 — (E, — En) /).

nm

The function C /If p(®) is given in Eq. (6.47). Using Eq. (6.41), we find

Im Cfy(@) = —nZ5" " e 5 (n| Alm) (m| Bn) (1 == e—f“Em—En))

x 8 (w— (Em— E_n) /1)
a7 IZ E(n|Alm) (m|BIn) (15e~7")8 (w— (En—E, )/R) .

In the last step, we replaced the exponent (E,, — E,,) /i with w (this is made possible
by the presence of the delta function). Comparing C4p(w) with Im C f (), we
obtain

—Bho\—1
Cap(@) = —2Im Clz(w) (1Fe M) =

1 ») bosons
Cap(@) = —2 Im C& (o) {1 1) . (6.49)
(1 — f,) fermions.
This is the fluctuation—dissipation theorem (Nyquist, 1928; Callen and Welton,
1951). To better understand the content of this theorem, we assume that A = B,
and let A(f) = A(r) — (A); i.e., A is the deviation of A from its thermal average
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value. (A) does not depend on time, since the Hamiltonian is assumed to be time-
independent. The correlation function C4(t) = (A(1)A(0)) = (A(t)A(0)) — (A)?
describes the quantum thermal fluctuations in the operator A. On the other hand,
as we shall see later in this chapter, C§ ;(1) describes the response of the system
to an external field; its imaginary part is usually related to energy dissipation.
For example, an external electromagnetic field couples to the current density j.
In this case A = j. Whereas C;;(¢) describes the quantum thermal fluctuations
in the current density, the imaginary part of C § ;(7) turns out to be related to the
resistance in the system, and hence to the mode of dissipation of energy supplied
to the system by the external field. Thus, it is usually the case that the LHS of
Eq. (6.49) represents fluctutations, while the RHS describes dissipation.

To see more explicitly that the imaginary part of the retarded correlation func-
tion describes dissipation, consider an applied external field that couples to some
observable of the system. We take the perturbation to be

H = fATe ™ 4+ f*Ael (6.50)

where f is proportional to the strength of the applied field, and A is the operator
that represents the observable of the system (such as the current density) to which
the field is coupled. Since A is hermitian (AT = A), it must have an equal number
of creation and annihilation operators when it is expressed in second quantized
form; hence, it is a bosonic operator. The transition rate (transition probability
per unit time) from stationary state |n) to stationary state |m) (eigenstates of the
unperturbed Hamiltonian) is

2 _ _ _ _
W = 7’T|f|2|<m|A|n>|2 [8(E,, — E, — o)+ 8(E,, — E, +ho)]  (6.51)

(see Problem 1.13). Assuming that the system is a member of a grand canonical
ensemble, the energy absorbed by the system per unit time (the power delivered by
the field to the system) is given by

P = Zal Ze_ﬂE"(Em - E_vn)wn—nn

nm

2 - _ _ _ _
= PRz Y e B A2 [8(Ey — By — 1) = 8(E, — E, +1100)].

nm

where A,,, = (m|A|n). Interchanging n and m in the second summation, and noting
that §(—ax) = é(ax) = (1/]a|)é(x), we obtain

P =2 Pzg 2l A PP = e PEb o = (B — By

(6.52)
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From the spectral representation of the retarded correlation function, as given in
Eq. (6.47), we find
Im CR (@) = = 25" " [(m| Aln) (e PEr — e PEn)s [ — (B, — En)/h].
nm

The power (energy per unit time) dissipated in the system is thus given by

2
— ﬁw|f|2 [—Im C§,()]. (6.53)

We note that it is indeed proportional to the imaginary part of the retarded correla-
tion function.

6.5 Example: Green’s function of a noninteracting system

As an example, we shall calculate the retarded Green’s function GROko, w) of a
system of noninteracting particles. The Hamiltonian is given by

H= Z(ékn - /"L)Cl-l;o'ck(f = Zékacltgcka
ko ko

where €, is the single-particle state energy relative to the chemical potential.
Below, we calculate GR’O(ka, ) using two different methods.

6.5.1 Derivation from the spectral density function
The spectral density function is given by Eq. (6.35),

A(ko, €) =2 Zg" Ze—ﬂén ( >‘2 (1Fe )8 (e — (En — E,)/R).

nm

For (mlckg |n) to be nonzero, |m) must dlffer from |n) by an extra particle in state
|ko). Since the system is noninteracting, E,, — E, = &, and

A(ko, €) =2nZ;'8(e — &y /H)(1 F e ﬂ"“)ze Er (ko Im) (mcl_|n).

nm

The sum over m gives 1 (}_ |m)(m| = 1). Therefore,

A(ko, €) =21 Z5'8(e — & /H)(1 F e ﬂ’“)ze (oo el n)

= 278( — Exo /M1 F e ) (croct ). (6.54)
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The definition of the grand canonical ensemble average is used in the last step.
From the commutation property of the c-operators, we can write

1+ nk, bosons

{c gcTU = 1:|:chc(r =
ko o) = ko Ck) 1 — fxs fermions.

Nke = (€% — )71 and fi, = (eP% 4+ 1)7! are the Bose—Einstein and Fermi—
Dirac distribution functions, respectively. The spectral density function reduces
to

1 s b
A(ko, €) = 2718(e — &y /H)(1 F e P + nk OSOTlS
1 — fxo fermions.

The Dirac-delta function has the property: §(x — a) f(x) = 6(x — a) f(a) for any
function f(x). The factor (1 F e~#"€) in the above expression is thus replaced with
(1 F e Pé%) Tt is then straightforward to show that

Ako, w) =27 8(w — €y [R). (6.55)

This is the spectral density function for noninteracting particles. Inserting this into
Eq. (6.36) gives the noninteracting retarded Green’s function

1
W — &o /i +i0T

GR(ko, w) = (6.56)

We note that the poles of G (ko, w) occur at the excitation energies of the system.
In the presence of interactions, the spectral density function will no longer be a
delta function; instead, the sharp peak representing the delta function will broaden,
yielding information about the energies of the excited states and their lifetimes.

6.5.2 An alternative derivation
For any modified Heisenberg picture operator A(¢),

dA(t)  d
de  dt

; - - o 9A P
(eth/hAe—th/h) _ ;;HA(I) 1 it = o—ilt/ _ %A(t)H

—E[FI At]-i-%t
=LA, (1) 8t()-

We have assumed that H is time-independent, and used the fact that H commutes
with e~#'/"The last term in the above equation is a Heisenberg operator. If
A = ks, We find

i

d _
Ecko(f) = [H, Cka(t)] .
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For a system of noninteracting particles,
I'_I = Z Eko’cigck(y.
ko

It follows that

d T~ .- - - _ -
Ecka(t) _ ]% [H, eth/hckGe—th/h] _ ;TlelHt/ﬁ [H, ckg] eI (657

The commutator is given by

[H, ko] = Zék’a’[cltfg/ck/o” Cko |-
Ko

Using the relation [AB,C] = A{B,C}—{A,C}B, or, [AB,C] = A[B,C]+
[A, C]B, the above commutator gives, for fermions,

[Cl’g’ck/a/’ Cko] = cl/g’{ck/a/’ Cka} - {Cltfg/» Cka}ck’a’ = 0 — Skk' S50’ k'’
and, for bosons,

[le(,/ck/au Cko] = Cl/(,/[ck/a/, Cko ] + [CLU/, Cko Jekor = 0 — Skk S50 Crio
It follows that

[H, cxo]l = — Zék/a/5kkf5aa/ckfa/ = —€ko Cko - (6.58)
kKo’

Putting this into Eq. (6.57), we find

d
7 ko (1) = (—i€kg /T)Cko (1). (6.59)

This is easily solved,

ko () = e MM ey (0). (6.60a)
Taking the adjoint on both sides, we obtain

ol ()= el (0). (6.60b)
The retarded Green’s function is given by

GR(ko, 1) = — i6(t)([cko (1), ¢l (0)]5) = —iB(1)e ™ %/ ([ (0), ¢l (0)])
= —i0(t)e M1y = —if(r)e /N, (6.61)
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Its Fourier transform is

o0 o0

GR ko, w) = f GR(ko, t)e' dt = —i / el @a /Mt g

—00 0
o 1

= —i lim el @G Atint gy — .

n—0+ Jo w — & /h +i0F

This is the same expression obtained earlier from the spectral density function.

6.6 Linear response theory

A typical measurement on a system is carried out by perturbing the system in
the vicinity of a point 1/, at time ¢’, by a probe such as an electromagnetic field,
electrons, or neutrons, and measuring the response of the system near a point r at a
later time ¢. For example, if a weak electromagnetic field impinges on a metal, the
scalar potential ¢(r, ¢) couples to the local electronic charge density p(r) = —en(r),
where n(r) is the electron number density, causing a disturbance that propagates to
other parts of the system. Similarly, the vector potential A(r) couples to the local
current density j(r). On the other hand, neutrons couple to the local spin density;
neutron scattering is used to characterize the state of a magnetic system. If the
interaction of the probe with the system is weak, which is usually the case (if the
interaction was strong, the probe would modify the properties of the system, and
we would be studying a system different from the original one), a calculation of
the system’s response to first order (linear) in the external perturbation provides a
good approximation.

The external field couples locally to a system’s operator A. In general, the
perturbation produced by the external field is given by the Hamiltonian

H®™Y(t) = / d*r F(r, 1) A(r). (6.62)

F(r,t) is a “generalized force.” For example, the scalar potential ¢(r, t) of the
electromagnetic field couples to the number density of electrons n(r),

H* (1) = —e / d*ro(r, Hn(r).

The generalized force in this case is —e¢(r, t) and A(r) = n(r). The external
perturbation drives the system out of its unperturbed state, leading to a measurable
effect: the ensemble average (A) shifts to a new value (A).x. For example, in
the absence of the scalar potential, (n(r, ¢)) is constant, but it will no longer be
constant once ¢(r, t) is turned on, or a current (nonexistent in an isolated metal)
begins to flow upon the application of an external voltage. The experiment measures
8(A) = (A)exy — (A) as a function of the generalized force F. From a theoretical
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perspective, we can say that, if F is weak, the response of the system, §(A), will
be, to a good approximation, linear in F,

S(A)(r, 1) = / a3’ / dt' x(xt, Y1) F(¥, 1). (6.63)

In an experiment, F is varied at will (input) and § (A) is measured (output). On the
other hand, x (rt, r't’), the generalized susceptibility, is an intrinsic property of the
system, and it determines how the system responds to external perturbations; its
calculation is one of the goals of the theory. As we will see later, the generalized
susceptibility is expressed as a retarded correlation function.

Consider a system of identical particles with a time-independent Hamiltonian
H, subjected to a time-dependent external perturbation H®*'(z) (the effect of the
probe). We assume that H*'(¢) is turned on at time #,. For ¢ < 1), the state of the
system evolves according to H,

W) = wO) 1<
For t > 1y, the state evolves according to the Schrodinger equation
ih%hll(t)) = (H + He’“(t)) [P (2)). (6.64)
We consider a solution of the form:
(W) = e U 0)](0) (6.65)
where U () is an operator to be determined. We note that
Ui =1 t <t. (6.66)

Inserting this solution into the Schrodinger equation, we find

in % [e™ M U] W) = [H + H™O] e " U] w(0))

= [He """ U@t + il e ' 9U /3t] |W(0))
= [He """ U@) + H™(t) e " U(1)] [W(0))
= ihe M U /ot = H™ (1) e M U(1r).

The last equality is obtained since |W(0)) is arbitrary. Multiplying both sides by
e ft/h on the left, we obtain

ih U /3t = H5' (U (1) (6.67)
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where Hp'(t) is H'(¢) in the Heisenberg picture,
H[e_[xt(t) — eth/h HeXt(t)e_th/h. (668)

The operator U(t) is determined by Eq. (6.67), a differential equation, along with
the boundary condition, Eq. (6.66). We integrate both sides of this equation from
to to t; since U(ty) = 1, we obtain

Uig)=1- ;fl/ H (U (tdr'. (6.69)

This is an integral equation for U(¢); it can be solved by iteration

Uit)=1 _fz/ dt He’“(t)|: - —/ He“(t”)U(t”)dt”:|

=1- ;l/ dt’ Hi,“(t)+( ) /dtf dt" Hi (¢ H (U ().

1o
We can continue to iterate; we find
Ut=1-— L /dtlHe“(tl) + < ) /dtI/dtzHe’“(tl)He’“(tz) +---. (6.70)
fo

We now consider the response of the system to the external perturbation. In partic-
ular, we are interested in the effect of H®*' on the expectation value of an operator
A that represents an observable of the system, such as its charge or current density.
Let the eigenstates of H (interacting, but unperturbed Hamiltonian) and the number
operator N be denoted by |n),

H|n) = E,|n) , Nn) = N|n).

The states |n) are time-independent; they may be considered the stationary states
at t = 0, and they evolve in time, in the absence of H, as

n, 1) = e/ n).
In the absence of H', the expectation value of A, in state |n), at time ¢, is
(n, t]Aln, t)| geico = (n|e™" Ae™ M n) = (n| Ay (1)In)

where Ay (¢) is operator A in the Heisenberg picture.
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In the presence of H®, on the other hand, the state evolves according to
Eq. (6.65); the expectation value of A at time ¢ > 1y is

(n,t|Aln, t) = (n|UT@0)e " Ae" MU (1)) = (n|UT()Au()U(1)|n)
= (n| [1 + %/ dt' Hy (1) + - ] Ay |:1 — ;Tl/ dt HS'(t') + - i| In)

= (n|Ap(1)In) + ;tl/ dt’(n| [Hg' (1) Au(t) — A HE' ()] In) + - --

fo

: t
l /
= (n|Ag()|n) — = / dt'(n|[Ap(), HF'@)] In) + - - . (6.71)
fo

If H* is weak, we are justified in ignoring higher-order terms in H*' and keeping
only the first-order term. The first term on the RHS is just the expectation value of
A in the absence of H'; hence, the change in the expectation value of A, brought
about by H®*', is given by

.ot

8(n,t|Aln, t) = _% / dr'(n| [Au(t), H' @] In). (6.72)
4}

For t < ty, the system is in equilibrium and state |n) is occupied with probability

pn = Zg'e PE=IN) We thus consider the change §(A) in the ensemble average

of A, caused by H'. Taking the ensemble average on both sides of Eq. (6.72), we

obtain, for t > 1y,

S(A)(r, 1) = —}’3 / di'([Ap(r, 1), H(1))]). (6.73)

fo

On the RHS of the above equation, the ensemble average is taken over the inter-
acting, but unperturbed, system. One may object to this because p, may change as
a result of the perturbation. However, the above expression for §(A) is already first
order in H*'; any modification brought about by considering a change in p, will
be of higher order. Thus, within a linear response theory, where §(A) is calculated
only to first order in H®*', we are justified in taking the ensemble average over the
unperturbed system. Another way to arrive at this conclusion is as follows. Before
the external perturbation is turned on at #y, the system has been in contact with a
reservoir, with which it exchanges energy and particles, for a sufficiently long time
for equilibrium to be established. If we assume that the time ¢ — #(, during which
the system is observed, is too short in comparison with the equilibration time, the
probabilities of occupation of the states |n) will remain unchanged. Stated differ-
ently, the process of measuring of the system’s response is finished long before
the reservoir is able to cause a repopulation of the states of the system through
exchange of energy and particles.
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For H®' of the form given in Eq. (6.62), the response of the system is
i ! / 3.7 /o, Y
S(A)E. 1) = —ﬁf dr fd ([ A0, A O) FE. )
fo
1 t
=z / dr’ / d*r'DR(re, Y t)F(r, 1) (6.74)
to
where

DRt ¥ty = —i0(t — ) {[Au(x, 1), Ap(x', 1)]). (6.75)

Sincet > ¢, the integration over ¢’ being from#y to ¢ > fy, the step function (¢t — t')
is equal to 1, and its introduction into Eq. (6.74) is a totally innocuous step. Equation
(6.74) is Kubo’s formula for the linear response of a system in equilibrium to an
external perturbation (Kubo, 1957). Since the operator A represents an observable,
it commutes with the number operator N (see Problem 3.4). Because H also
commutes with N, we can write

Ay(r, 1) = e H1 A(p)e=HII = i (H=RNUR 4 () p=i(H =N/

= MA@ = Ag(r, 1)

= D*(rt,x't") = —i0(t — ') [Ag(r, 1), Az, 1))]). (6.76)
DR is thus aretarded correlation function. The generalized susceptibility x (rz, r't')
is given by

1
xt,r't) = leR(n, r't)). (6.77)

Since H is time-independent, the retarded correlation function, and hence x , depend
ont — t’,and not on r and ¢’ separately. Furthermore, if the system is translationally
invariant, x depends on r — r’. Thus,

S(A)(r, 1) =/ dt//d3r’x(r—r’,t—t/)F(r/, ")

o0
= f dr’ / drixe—r,t —tF@,t). (6.78)
—o0

Changing the limits of integration over ¢’ is justifiable: for ¢’ < o, F(x’, ¢’) vanishes,
and the value of the integral is unchanged by extending the integration range to
—o0; similarly, for ¢ > ¢, x(r —r’, ¢t — ') vanishes due to the factor 6(¢t — ¢t')
contained in D®(rz, r't"). Taking the Fourier transform with respect to time, we
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find

S(A)(r, ®) = foo dtei §(A)(r, 1)

o
o0 o0 . .

= / dt f dr’ / ey —v, 1t — e F(r', ).
—00 — 00

/dl/ dt/---:/ a’t’/ dit—1t)...,

S(A)(r, w) = /d3r’x(r — ¥, 0)F({, o). (6.79)

Noting that

we obtain

Similarly, we can Fourier transform with respect to spatial coordinates,
sA)a.0) = [ dre (w0

— /d3r/d3r’e_iq‘(r_r/)x(r—r', w)e Y F(Y, w).

In the thermodynamic limit, where the volume V — oo,

/d3r/d3r/---:fd3r’/d3x...

where x = r — r'. Although less transparent, the above replacement is valid if V' is
finite and periodic boundary conditions are adopted. The reader should convince
himself/herself of this. From the above, it follows that

§{A)(q, w) = x(q, ©)F(q, ®). (6.80)

Thus, the system responds at the wave vector and frequency of the external field; if
these match the wave vector and frequency of an intrinsic excitation of the system,
a resonance effect occurs and a peak in 6 (A) is registered.

6.7 Noninteracting electron gas in an external potential

As an example, let us consider the response of a noninteracting electron gas to an
external electric potential ¢(r, ). In this case

H™(t) = —e / d*ro(r, Hn(r). (6.81)
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Within linear response theory, the change in the ensemble average of n is
t
8(n)(r,t) = (—e/h) / dt’ / d3r’DR(rt, o', t) (6.82)
fo

where DR is the retarded density—density correlation function of the noninteracting
system,

DR(rt,x't")y = —if(t — ') {[ng(r, 1), ng(, "]). (6.83)

Since H is time-independent and the system is translationally invariant, DX depends
onr—r' andt —t": DR(rt,¥'t') = DR(r —r',t —t'). Hence

1 S
DRt ¥'1) = v > & DpR(q t— 1), (6.84)
q

Similarly, decomposing n g (r, t) and n 5 (r', t') into Fourier components, we find
y p gnp H p

1 . ) J
DR(rt7 r/t/) = _le(t - t/)w Z ezq.relq‘r <[nH(q’ t)v n[‘?(q/’ t/)]>
aq’

= —if(t — t’)% >t D (g 0. na(q ). (6.85)
aq’

Since the RHS must depend on r — r’ and not independently on v/, it follows that
q' = —q. Alternatively, we may argue that if r and r’ are shifted simultaneously
by any vector R, the RHS must remain unchanged since it depends only onr — r’.
However, such a shift brings a factor of ¢!t R into Eq. (6.85); this factor should
be equal to 1 for any vector R, and we conclude that ¢ = —q. Removing the
summation over ', replacing ' with —q, and comparing Eq. (6.84) with Eq. (6.85),
we obtain

1
D¥q,t —1') = —if( — t’)v([nﬁ(q, 1), ng(—=q, 1)]). (6.86)

Using Eq. (3.25), we can write

ni(q,t) = " ng et _ Zeil-?t/h Cle Ckirqo o i1/
ko
= Zeth/h of eI i ¢y i chg(t) Ckrqo (D). (6.87)
ko o

Up to this point, our treatment applies to an interacting electron gas. In the simpler
case of a noninteracting electron gas, ¢k, (¢) and clTw (t) are given by Eq. (6.60), and

na(@.0) =Y cl, Cige €@ w1, (6.88)
ko



116 Real-time Green’s and correlation functions
The retarded function is now expressed as follows:
R,0 N N i (€ —Ektqo )t /R i (€ o1 —Exr o)t [R
DROq, 1 — 1) = —ib(t — 1) VZZe ko ~Gicrar I/ i (Gt g
ko Ko’
T ]
X <[Ckg Ck+qo » Cyo Ck’fqa’]>-

The commutator is evaluated using the general formula

[AB,CD] = A{B,C}D — AC{B, D} +{A,C}DB — C{A, D}B (6.89)

which can be easily verified; we find

i i T T
[Cko Cktqo » Crrgr Ck'—qo'] = | Cio Ck—qo’ — Crigr Cktqo ) oo’ Oktqk -
The retarded correlation function can now be written as

. 1 iz = Y
DR,O(q, t — t/) — _IQ(t _ t/)vzel(Gko Ektqo )t—1") /R <C]J£UC1(0 _ Cl+qdck+qo->
ko

. 1 iz = Y
— —lg(t _ t/) V kzel(Gka Ek+qo (1 t')/h (fko- _ fk+qo‘) .
o

where fi, is the Fermi—Dirac distribution function. Taking the Fourier transform
with respect to time,

0o —i oo _
DR’O(q, a)): dte"’”DR’O(q, l‘)Z VZ(ka _ fk+qu)/dte[lw+(€kc_5k+11r7)/h]l‘
—0o0 ko 0

. o0
—1 . _ _ .
— _ lim dt '@t Exo—Ergo)/Atinlt
% - (ka' fk+qa) > 0* A

o

1 fko - kaqu
=— . 6.90
vV ;  + (€ks — €kiqo)/h +i07T (6:50)
According to our general result, Eq. (6.80), the response of the system, §(n)(q, w),
is given by
e
8(n)(q, w) = x"(q, w)F(q, ®) = 5 D*%(q, w)p(q. ») (6.91)

where F(q, w) = —e¢(q, w) is the generalized force, and

fka - fk+qcr
® + (€ko — Extqo) /i +i07T

1 1
1@ 0) = =D g, 0) = > (6.92)

ko
is the polarizability of the noninteracting electron gas. The function on the RHS of
Eq. (6.92) is known as the Lindhard function (Lindhard, 1954). Equation (6.91) is
also valid for an interacting electron gas if D®? — DR,
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6.8 Dielectric function of a noninteracting electron gas

The dielectric function &(q, w) is defined by the relation

¢t0t(q’ C()) = ¢ext(qv a))/E(q, (l))

The total potential ¢ is the sum of the external and induced potentials,

Diot(q, ©) = Gexi(q, @) + Pina(q, )

= &(q, ©) = [1 + pina(d, ©)/bexe(q, @) . (6.93)
The induced potential results from the induced charge density pi,g = —ed(n); it is
given by
/
. , 1
Gina(r, 1) = / d’r’ mr/) (cgs).
Ir— 1|

Multiplying both sides by €2, and noting that ¢? /|r — 1’| is the Coulomb interaction,
which we can expand in a Fourier series, we obtain,

1 : , 1 )
2 3.7 iq.(r— iq.
e Pina(r, 1) = /d r Pina(r’, I)V Eq vge' ¢ = v Eq vge' 1" pina(q, 1)

where vq = 47 e?/q? is the Fourier transform of the Coulomb potential. The above
expression implies that

2
Pind(q, ®) = VgPina(q, @) = —evyd(n)(q, ®) = %qu’%q, 0)pex(q, ®).

In the last step, Eq. (6.91) was used. The total potential is thus given by

Po(Q, @) = [1+ (1/i)vgD*(q, )] dext(q, @).

Thus, for a noninteracting electron gas,

e(q, ®) = [1 + (1/h)vgaD*(q, w)]‘1 = [1 + vgx°(q. a))]_l . (6.94)

The polarizability x°(q, w) of the noninteracting electron gas is given in
Eq. (6.92).

6.9 Paramagnetic susceptibility of a noninteracting electron gas

Let us consider another example of the application of linear response theory, the
spin response of a noninteracting electron gas to a magnetic field B(r, ¢) applied
at t = fy. The effect of the magnetic field on the orbital motion of the electrons
complicates the situation considerably. Here, we ignore the orbital response of the
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electrons and consider only the interaction of the magnetic field with the electrons’
spins.

The magnetic moment of an electronis u = —(ge/2mc)S >~ —(e/mc)S, where
g =~ 2 is the gyromagnetic factor, —e is the charge of the electron, m is its mass, S
is its spin, and c is the speed of light (in SI units, g >~ —(e/m)S). Since the energy
of a magnetic dipole in a magnetic field is —u.B, the external perturbation due to
the applied field is written as

H™(t) = — / m(r).B(r, 1)d*r t > to. (6.95)
Here, m(r) is the magnetic moment density operator; it is given by
e
m(r) = ——s(r) (6.96)
mc
where s(r) is the spin-density operator. H**'(¢) has the standard form:
H™(t) = / A@).F(r, )d’r (6.97)

where A(r) = —m(r) and the generalized force F(r, r) = B(r, ). Using Kubo’s
formula (see Eq. [6.74]), derived within linear response theory,

Stmi)en) = 20 [ dr [ Y tomite, 0. <m i DB )
fo 7

where i, j = x, y, z. Since t > t’, we can introduce (¢ — t') on the RHS,

2 t
S(m)(r, 1) = ;ﬁ /dt/der’ZDi’;(rt, r't)B;(r,1). (6.98)
o j

Dl.’; is the retarded spin-density correlation function
Df(t, 'ty = —if(t — 1')([s;(x, 1), 5; (', 1)]). (6.99)

For N electrons at positions ry, Iy, .. ., Iy, the spin-density operator is

N
s(r) = Z Sr—r,)S; (6.100)
i=l1
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where S; is the spin operator for electron i. Employing a basis set of plane waves
|ko), we cast the spin-density operator into second quantized form:

s(r) = Z Z (ko |8(r — ¥')S|K o] )ckm CKof

kG[ Ko
(71|(7|Ul Z/d3 lk,r’a(r ) iK' rclto- Ck’o'l
alal kK’
1 .
ZZ (0110107 iy, Chraof = 3 D €S(@ (6101
0'1(71 q

where s(q) is the Fourier transform of s(r),

s(q) = '% 3 (o1lo 10 ey, Ciergor. (6.102)
koo|
InEq. (6.101), we have replaced the spin operator S with/io /2, where o, 0,,and o,
are the Pauli spin matrices. For the noninteracting electron gas, clta 1) = Cle elewt/h
and ¢, (1) = cxoe &/ Tt follows that

s(q, 1) = % Y " (011010]) el Ciqore’ @R, (6.103)
k()’]ﬂ'l
Owing to the time-independence of the unperturbed Hamiltonian and the transla-
tional invariance of the unperturbed system, an analysis similar to the one carried
out in Section 6.7 shows that
2

h
D%(q. 1) = —i0(1)([s:(q. 1), 5,(—q. 0)]) = —i00)

- 0
X< Z<GI|UI|01>Cl]UICk]+qU 16~ 4ot/ ZOZ|G]|02>ClZUZCk2 —q0} >

kioy0] ky0707
SN / /
= =i Y (oloilo))(elojloy)
010{0,0}
(&, —& h
X Zel(ékl &)1/ <[Cl];101 Cky+qo] » Cltzazckz_qgé]>.

kik;

The commutator is evaluated using Eq. (6.89),
[cT c el e ) =46 8o (cJr Cko!)
ko k]—‘rqo'l > “Kyo kz—qo‘z — 9k, ki+q 0,02\%K 0 k102

T _
- Bkz,kl-‘rqgffl%/ <Ck1+qazck1+qff{> - Skzyk1+q80{0280102’(fk1 - fk1+q)



120 Real-time Green’s and correlation functions
where fi, and fi, 14 are Fermi-Dirac distribution functions. Therefore,
R0 h? L
D(q. 1) = =i0@) Y (o1loiloa)(oalojlon) Y (fie = fiurgde! @0,

0102 k

(6.104)
Using the completeness property of the spin states (Zaz |op) (0| = 1),

Z(Gl|0i|02)(02|0j|0'1) = Z<‘71|0i0j|01> = Tr(o;0;)

g102 9]
1 1 1
=5 [Tr(oi0)) + Tr(oj0))] = S Trloi, 0} = STrl28;11 = 28;;. (6.105)
We have made use of the invariance of the trace under cyclic permutations:

Tr[o;o;] = Tr[o;0;], and the fact that {o;, 0;} = 26;;1, where I is the 2 x 2 identity
matrix. The expression for the retarded function thus reduces to

h? o
R0 . e
D;;7(q,1) = —l@(t)&-j? Ek (fi — frarqe (Ex—Eirq)t /i

Its Fourier transform is

R Je = St
DROq, w) = §;; — 2 a . 6.106
i (4 ©) ‘v — @+ (& — Exyq)/h £ i0T ( )
Hence,
h?e’Bi(q, ®) Sk — Jir
Sm;)\(q, w) = — 0o 4 . 6.107
(g, @) 222V Xk: ho + & — Exrq + 107 (6.107)
The paramagnetic susceptibility is
X5 (@ @) = ————3(m)(q. ©) = 1" (q. )5 (6.108)
v IBj(q. ) T T '
We thus find
1 Sk — St
P 2 q
,W) = —Up — E 6.109
@O =0 LG 6~ g + 107 (6109

where pp =The/(2mc) is the Bohr magneton, and we have used ) , F(k) =
(1/2) >\, F(k). The Lindhard function has made another appearance, as it often
does in the theory of the electron gas.

The paramagnetic susceptibility can be evaluated at zero temperature for the
case of a static field (w = 0) in the long wave length limit (q — 0); x© is then real
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(it is easy to see that Im x ¥ = 0 when w = 0) and is given by
1 Sk — it 1 9/
Plq—=0,0=0)=—u% — lim =9 = 2 — —-—.
x @ ) i \% ” 90 € — €kiq s % %: 0€x

AtT =0, fx =1 for & < 0 (ex < €p), and fx = 0 for & > 0 (ex > €p); hence
—0dfx/0€x = 6(ex — €f). Therefore, at T = 0,

1
x@—0,0=0)=ph 7 > ek —€r) = pyder) (6.110)
ko

where d(ef) is the density of states, per unit volume, at the Fermi energy. The
above expression for x is the well-known Pauli paramagnetic susceptibility of
noninteracting, or independent, electrons.

6.10 Equation of motion

Next, we shall develop an equation of motion satisfied by the retarded Green’s
function. This approach allows us to calculate G* for an interacting system provided
that we adopt some approximations. We focus here on fermionic systems; the
bosonic case is considered in the Problems section.

Consider a system of interacting fermions whose time-independent Hamiltonian
is

H=Hy+V = Zékccltgcka +V
ko

where V represents the interaction between the particles, or the interaction of the
particles with an external field. The retarded Green’s function is

GR ko, 1) = —i6(t)<{ck(,(t), cfm(O)}>.

Recalling that the derivative of the step function is the Dirac-delta function, we can
write

9 9
i~ GR(ka,1) = 8(t)<{cka(t), cle(O)}> + 9([)<{§ckg(t), cle(O)}>.

Since 6(x) f(x) = 8(x) f(0), the first term on the RHS is written as

50)({ew ), f, O}) = 60) ({err 0, , @}) = 802(1) = 500,

As for the second term,

9 _irg _irg iy
5%0)—5[ ,Cka(t)]—fl[ o(t),ckg(t)]+fl[ (1), cko ()] .
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We have made use of the fact that since H is time-independent, H = H(t). In
the equation above, the first commutator [Hy(t), cko (2)] is equal to —€ky ks (7). It
follows that

) . .
(1) = —;’flékackg(m + }f; [V(1), cko ()]

The equation of motion for G*(ko, t) becomes
0
<ih5 — g.m) GR(ko,t) =18(t) + FR(ko, 1) (6.111)

where
FRko, 1) = —i0(@1) ({— [V(1), cko (D], ko (0)}) (6.112)

is a retarded correlation function that describes the effect of the interactions in the
system. To proceed further, we would need to evaluate F*(ko, t). In general, an
exact solution is not possible; an approximation scheme must be used.

6.11 Example: noninteracting electron gas

We use the equation of motion to evaluate G® for a system of noninteracting
electrons: V = 0. In this case, Eq. (6.111) simplifies to

B)
(ia - éka/h) GR(ko, 1) = 8(1).

This equation can be solved by Fourier decomposition

.0 - 1 * t ~R 1 * t
i— —&o/h ) — e "G (ko, w)dw = — e "“dw.
at 21 J_ s 2 J_ o

The integral on the RHS is one of the representations of the Dirac-delta function.
Hence,

o oo
/ (0 — & /1) e ' GR(ko, w)dw = f e dw
= GRko, w) = ;
’ - €xo /N ‘

There is one problem with this expression for GX(ko, w). Suppose that we try to
calculate GR(ko, t) from GR(ko, w),

1 00 7iwtd
GRko, 1) = —/ #.
2 J_ oo W — €k /R
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The integral is problematic because of the pole at €, /fi. To circumvent this problem,
we can shift the pole slightly, either above or below the real w-axis. For ¢ < 0, the
integral along the semicircle at infinity in the upper half of the complex w-plane
vanishes because of the e~ factor in the integrand. In this case, G®(ko, 1) is
equal to the contour integral along the closed contour consisting of the real w-axis
and the semicircle at infinity in the upper half w-plane. Since GX(ko, t) = 0 for
t < 0, the pole should not lie above the real axis, because the residue theorem
would then yield a nonvanishing value for G*(ko, t). Causality thus dictates that
the pole needs to be shifted slightly below the real axis to €y, /i — i0". Hence, the
correct expression for GR(ko, w) is

1
W — &xo i +i0T

GR(ko, w) =

in conformity with the expression obtained earlier.

6.12 Example: an atom adsorbed on graphene

In the Problems sections of Chapters 2 and 3, the dispersion of the two energy
m-bands of graphene was calculated. Let us now consider a system consisting of
one atom adsorbed on graphene, with a model Hamiltonian

H=Y excliotuat Y €adids + Y VikaCliodo + > Vigdlcaro + Ungrna,.

nko o nko nko

In the first term, 7 is a band index which can take two values, 1 and 2, k = (k,, k)
is a vector in the first Brillouin zone of graphene, and o =1 or |. We assume that
the adsorbed atom has one orbital of energy €,; because of Coulomb repulsion,
the energy increases by U if this orbital is doubly occupied, as indicated by the
last term in the Hamiltonian. The operator d; (dy) creates (annihilates) an electron
with spin projection o in the atomic orbital. The third and fourth terms in H
describe the hybridization between the orbital on the adsorbed atom and the -
states of graphene: electrons can hop from the adsorbed atom onto graphene, and
vice versa. In this example, we assume that U = 0, and we calculate the spectral
density function of the adsorbed atom. For the isolated atom, this is a Dirac-delta
function, peaked athiw = €,; we will see that interactions broaden the peak into a
Lorentzian.
The retarded Green’s function of the adsorbed atom is given by

GR(ddo, 1) = —i@(t)({d(,(t), dg(O)}>.
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Taking the derivative with respect to ¢, we obtain
3 .
i~ GR(ddo. 1) = 50)+ 200 ({1H. dn()). L O }).
Note that H(t) = ¢'#!/"He='H!/" — H . The commutator is given by

(H,do1 =Y eq[dhdor do |+ Vi [dh s o]
o’ nko’

=Y e {d}, dg} do =Y Vi {dj,, dg} Gk = —€ady — 3 ViseaCuko-
o’ nk

nko’

We have used the relation [AB, C] = A{B, C} — {A, C}B and the commutation
relations of fermion annihilation and creation operators. Thus,

.0 €4 1 .
EGR(ddo, 1) =8()+ ;Gk(ddo, n+ - Xk: v GRnkdo,1).  (6.113)

We have introduced the graphene-adsorbed-atom retarded Green’s function

GR(nkdo, 1) = —i@(t)({c,,kg(t), dj(O)}>. (6.114)
Its equation of motion is

9 . 1
i G (nkdo 1) = Gh—" G*(1kdo, 1) + = Voka G¥(ddo. ). (6.115)

Upon Fourier decomposition:

GR(ddo,t) = 1 / h e 'GR(ddo, w)dw, §(t) = 1 f h e dw,
27 J_o 2r J_o
and similar decomposition for G®(nkdo, t), we obtain
(@ — €4/h) GR(ddo, w) = 1+ (1/h) Y V3, G*(nkdo, w) (6.116)
nk
and
(w — € /h) GR(nkdo, w) = (1/1)VuaGR(ddo, w). (6.117)

These equations can be solved for GR(ddo, w); we find

h

|Vakal®
fiw — eqg— Y Ll
nk hw—énk

GRddo, w) =
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At this point, an argument is made similar to the one outlined in the previous
section: causality dictates that @ — @ + i0™; hence,

h
G (ddo, w) = e
B + .0+ _ _ nkd
©Fi0T —eq =2 o s
. h
|Vka? : 5
hw—ed—ZP P— +l7TZ|Vnkd| S(Fla)—énk)
nk ho — €nk nk

where P stands for the principal value. To proceed further, we assume that V,x; is
small except for k-points in the first Brillouin zone near K and K’, where it takes
the constant value V. Under this assumption,

D WVakal* 8w =€) = V2 )~ 8w — €m) = V7 Dy ().

nk nk

D, (iw) is the density of states, per spin, in graphene (see Problem 2.4). The spectral
density function, A(ddo, w) = —21m GR(ddo, w), is thus given by

27 V2D, (hw)
A(ddo, ) = — 2 . (6.118)
1% _
|:ha) — €4 — %{: P (%)} + [Tl' VQDU(ha))]z

As expected, the presence of interactions causes a shift, and a broadening into a
Lorentzian, of the Dirac-delta peak, which characterizes the spectral density of a
noninteracting system. The shift is equal to the change in the energy of the atomic
orbital, while the width of the Lorentzian determines the lifetime of the atomic
state.

Further reading
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Publishers.
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6.1

6.2

6.3

6.4

6.5

6.6

Real-time Green’s and correlation functions

Problems

Time independence. If H is time-independent, show that the time-ordered
correlation function —i (T A(t)B(t')) depends on ¢t — ¢’ and not on ¢ and ¢’
separately.

Translational invariance. In a translationally invariant system, the Hamilto-
nian does not change if the positions of all the particles are shifted by the same
vector R: H(ry,...,ry) = H(r; + R, ..., ry + R). H thus commutes with
the translation operator. Since the momentum operator P is the generator of
translations, H and P commute. P is given by

P=> (-inVy)=>)_ / Wl (r)(—ih V)W, (r)d’r.
J o

(a) Show that [\I!l (r), P] = —ihVW¥,(r). Deduce that

Wy (r) = e, (0)e T = T (X)W, (0T~ (r)

where T(r) = e~'P*/" is the translation operator that translates the posi-
tions of all particles by r.

(b) Let C(rot,r'o’t’) = (¥(rot)¥i(r'o’t’)). Using the fact that 7'(r) com-
mutes with e ## along with the cyclic property of the trace, show that C
is a function of r — r’. Deduce that in a translationally invariant system,
all single-particle Green’s functions are functions of r — r’.

Spectral density function. Show that the spectral density function A(ko, w)
satisfies the normalization condition

/ Alko, w)dw = 2.

o0

Advanced Green’s function. Derive the spectral representation of G4
(ko, w).

Advanced correlation function. Derive the spectral representation of the
advanced correlation function C4,(w). Show that all the poles lie above
the real w-axis.

Greater and lesser functions. Show that, for fermions

iG”(ko, w) = A(ko, w)[1 — f,], iG~(ko,w)=—A(ko, w)f,
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6.8

6.9

6.10

6.11
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while for bosons
iG”(ko, w) = Alko, w)[1 +n,], iG=(Ko, w) = AKo, w)n,.

Causal Green’s function. Derive the spectral representation of the causal
(time-ordered) Green’s function.

Relation among Green'’s functions.
(a) Show that Re G(ko, w) = Re GR(ko, w) = Re GA(ko, w).
(b) Show that for fermions

Im GR(ko, w) = —Im G*(ko, w) = [tan h(Bhw/2)]" Im G(ko, w)
while for bosons
Im GR(ko, w) = —Im G (ko, w) = tan h(Bhw/2) Im G (Ko, w).

Greater and lesser correlation functions. For two observables represented
by operators A and B, iC 4(t) = (A(t)B(0)), and iC;5(t) = (B(0)A(1)).
Assuming that H is time-independent, show that C;,(t —iph) = C,(1).
Deduce that C55(w) = e P C3 p(w).

Susceptibility. Letixap(t) = —i0(t){[A(t), B(0)]), where A and B are her-

mitian operators.

(a) Show that x4p(?) is real.

(b) Deduce that [xsp(w)]* = xap(—w). This shows that Re xsp(w) is an
even function of w, while Im x4p(w) is an odd function of w.

Kramers—Kronig relations. Assume that a function x(w) satisfies the

following:

(a) The poles of x(w) are all below the real w-axis.

(b) f doy(w)/w = 0 if the integration is around a semicircle at infinity in
the upper half w-plane.

(c) The real part of x(w) is an even function of w, while the imaginary part
of x(w) is an odd function of w.

Show that

2 ® o' Im x(0)dow' 2w % Re x(o)do'
Re)((w):—P/ a2 Imx(w):—P/ T2 _ 2
/4 0 W —w T 0 we —w

where P stands for the principal value. To prove this, consider the integral

I=/ x(w)do'
C

o —w
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N\

w

Figure 6.2 The contour C. The large semicircle is at infinity, while the radius of
the small semicircle is infinitesimal.

6.12

6.13

6.14
6.15

where C is the contour shown in Figure 6.2. The large semicircle is at infinity,
while the radius of the small semicircle is infinitesimal. Show that

1 ® y(o)do'
X(w) = .—P/ —
in J. o o —w

and then equate the real and imaginary parts on both sides of the above
equation.

Polarizability. Starting from the spectral representation of the retarded corre-
lation function, derive the expression for the polarizability of a noninteracting
electron gas.

Equation of motion. Derive the equation of motion for the retarded Green’s
function for an interacting system of bosons.

Mixed retarded function. Derive Eq. (6.115).

1—Z+
1+ z4

Polarizability at zero temperature. The polarizability of a noninteracting
electron gas is given by Eq. (6.92). Show that,at 7T =0
1-22 1—z_‘ 1—2z2 i|
4q /kp 1+z_ 4q/kp

[(1—2z2)0( —z2) — (1 — 22)0(1 — 22)]

Re x°(q, w) = —d(ep) B + In ‘ n '

T
4q/kr

where 7. = w/qvr £ q/2kp, kg is the Fermi wave vector, vg = hkp/m is
the Fermi velocity, and d(er) = mky /m?h? is the density of states, per unit
volume, at the Fermi energy.

Hint: The expression for x°(q, ) consists of two terms, each involving a
sum over k and o. In the second term, replace k with —k — q. The second
term becomes the same as the first term, but with iw + 0" — —fiw —i0™.
Now replace the sum over k with integration. Also note that

Im x°(q, ®) = —d(er)

xz—az

1
/xln|x—|—a|dx: 1n|x+a|—Z(x—a)2.
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6.16 Polarizability. Show that, at zero temperature

x%q, 0 = 0) = |

where ¢’ = g/ k.

—d(er)

—d(er)

—d(eF)

1

4_ 2 2_ /
S 174 |2 e ] 3D
2 8q’ 2+q’
/q/2_4
1-9@-2)7} 2D
1 2 !
L |24 1D
9 12—¢q
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Applications of real-time Green’s functions

Theory leads to application, and application brings to mind the
Source of all theory and the theory itself. He who never applies
a theory will find that he has lost it. He who does apply a theory
will find he can’t exhaust it.

—Niffari, tenth century mystic, Mawaqif (Spiritual Stations)

We are now ready to apply the analytical methods developed in Chapter 6. We
begin by studying a single-level quantum dot, a system which has one energy level
that can accommodate up to two electrons. Next, we consider a system consisting
of a single-level quantum dot in contact with a metal, where electrons can tunnel
back and forth from the metal to the dot. Finally, we consider two metal electrodes
separated by a thin insulating layer, and derive an expression for the tunneling
current as a function of the bias voltage utilizing linear response theory. We will
return to these model systems in Chapter 13, when we discuss transport in terms
of the nonequilibrium Green’s function method.

7.1 Single-level quantum dot

The model Hamiltonian for the single-level quantum dot is

Hp =€) did, + Unyn,. (7.1)

o

Here, € is the energy of the level, dl (d,) creates (annihilates) an electron of spin
projection o in that level, n4 (n}) is the number operator for spin-up (-down)
electrons, and U > 0 is the onsite Coulomb repulsion. The second term in the
Hamiltonian tends to prevent double occupancy of the energy level. If only one
electron occupies the level, the energy of the dot is €. If two electrons, one with

130
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E

-T—l—26+U
E

Figure 7.1 Energy of a quantum dot with a single level. If only one electron

occupies the level, the energy of the dot is €. If there are two electrons in the dot,
the energy is 2¢ + U.

spin up and the other with spin down occupy the level, in accordance with the Pauli
exclusion principle, then the energy of the dot is 2¢ + U (see Figure 7.1).
The retarded Green’s function of the system is

GR(t) = —i6(t){{d, (1), d}(0)}) (7.2)

where (- - -) stands for thermal averaging, 6(¢) is the step function, and {A, B} =
AB + BA is the anticommutator of operators A and B. We proceed to determine
the retarded function by the equation of motion approach,

-G = 5(0) + 001y ), d} O) 13)
where d, (1) = dd,(t)/dt. The Heisenberg equation of motion gives
do (1) = = [ds (1), Hp(0)]. (7.4)

The commutator on the RHS of the above equation is easily determined:

ldo, Y dldy]=d,

[dg, nTni] = ny [dd, l’ll] + [do’, nT]nL =ny I:da, dIdl] + [dg, did{l n,
= an¢55¢ + dTl’l¢(SU¢ = nsd,

where & = —o. In obtaining these results, we have used the relation [A, BC] =
B[A,C]+[A, B]C = {A, B}C — B{A, C}, and the fact that d, commutes with
ns. Therefore,

. —i
do = == € + Uns (D] do (1) (1.5)
Upon substituting the above result into Eq. (7.3), we obtain

LY €arin+ Yk
i5.GE) = 8(0) + - GI(0) + T, (7.6)
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The retarded correlation function I' f(t) is defined by
TR (1) = —i0(t)({ns(1)dy (1), d1(0)}). (1.7)

Next, we construct the equation of motion for I'?(z),

0 .

i T3 (0) = 8(0){{n5 (0)do (0), dF(O)]) + @) ({5 (1o (1), dFO)))
+0(t)({ns(1)dy (1), d](0)}).

Since n; commutes with d,, and dl, the first term is simply §(¢)(ns). The second

term vanishes because n; commutes with the Hamiltonian Hp. Evaluating the third

term, with the help of Eq. (7.5), we obtain a term containing the product ns (¢)ns (¢).

Noting that

neng = didsdid, = dl (1 . d§d6) dy = did; — dididsdy = didy = ns

the equation of motion for the retarded correlation function reduces to

0 1
i T3 (1) =8(0)ns) + (e + L), (7.8)

Fourier transforming Eqgs (7.6) and (7.8), we find
(@ — €/l +i0M)G () = 1+ (UMK () (7.9)
(w—¢€/h— U +i0NTE(w) = (ns). (7.10)

These equations are readily solved,

1 —(ns) (ns)
w—¢€/h+i0t a)—(e—i-U)/h—i—iO*'

This is the exact retarded Green’s function for an isolated single-level quantum
dot. The spin-resolved density of states D,, given by —(1/7h) Im G&(w), has two
delta-function peaks, one atiw = € with a weight of 1 — (n5), which corresponds
to the level being singly occupied, and another at iw = € + U, with a weight of
(ns), which corresponds to double occupancy of the level.

The result (7.11) is plausible: if we add an electron, of spin projection o, to an
empty quantum dot ({nz) = 0), fo (w) will be the first term in Eq. (7.11), with
(ns) = 0, and it will have one pole at € /ii; hence, the energy of the added electron
is €. Now suppose that we add an electron, of spin projection o, to a single-level
quantum dot which is already occupied by one electron. For this to be possible,
the electron initially present in the quantum dot must have spin projection 6 and
energy €. In this case, (n;) = 1, and GX(w) consists of only the second term in

Gw) =

(7.11)
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O

Figure 7.2 A thin insulating layer separates a metal and a quantum dot. Electrons
tunnel back and forth from the metal to the dot.

Eq. (7.11), which has a pole at (¢ + U)/h. The energy of the added electron is thus
€ + U, and the total energy of the two electrons is 2¢ + U, as expected.

7.2 Quantum dot in contact with a metal: Anderson’s model

We now consider a system which consists of a single-level quantum dot in contact
with a metal surface (see Figure 7.2), paying particular attention to the effect of
the interaction between the dot and the metal on the energy level in the dot. The
system is described by the following model Hamiltonian:

H = H,+ Hp + Hr. (7.12)

H, is the Hamiltonian for the metal, Hp is that for the dot, and Hy describes the
interaction between the metal and the dot. We assume that the electrons in the metal
are noninteracting, or that each electron interacts with other electrons through a
self-consistent average potential. Thus,

He =) eclycus (7.13)
ko

where €, = 1%k?/2m* — ., m* is the effective electron mass, and p is the chem-
ical potential of the metal (the Fermi energy). As in the previous section, the
Hamiltonian for the single-level quantum dot is

Hp =€) dlid, + Unyn,. (7.14)

The interaction between the metal and the dot is described by a tunneling Hamil-
tonian:

Hr =Y (chiwda + Vl;"dick(,) . (7.15)
ko
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The first term in Hy describes tunneling of an electron from the dot to the metal, a
process whose matrix element Vi is assumed to be spin-independent. The second
term describes tunneling from the metal to the dot. In writing Hr, we have assumed
that no spin flipping occurs during tunneling. The model described above, summa-
rized by Eqs (7.12-7.15), is known as Anderson’s impurity model. It was first used
to describe the localized states of a magnetic impurity inside a metal (Anderson,
1961).

We proceed as before; the retarded Green’s function of the dot, now denoted by
GR (1), satisfies the following equation of motion

d
ihEG(’fa(t) =h8(t) + €Gh,() + UTL (1) + Y ViGi, () (1.16)

K
where
Glio ) = =60 ({cw 0, dfO)]) 7.17)
is a mixed retarded Green’s function whose equation of motion is
ih%G{fdg(t) = &Gy (1) + VkGE (1) (7.18)
In Eq. (7.16), the term I'X (¢) is given by
T (1) = —i6(1) ({ns(1)d5 (1), dI(O)}). (7.19)

The equation of motion for this term is

d
ihgrc’fg(;) =h8(t) (ns) + (€ + DTS + Y VEBE, () = > WG, ()
k k

=Y WD, (7.20)
k
where
By (1) = —i0(0)({ns()exo (1), d(0)}) (7.21)
CR (1) = =8O el (Dds (1)do (1), dSO))) (7.22)
DR, (1) = —i0(1){{cie (D] (1)d, (1), d](0))). (7.23)

We have generated three new retarded functions. Equations of motion for these
functions will clearly generate complicated functions whose equations of motion
will produce even more complicated functions. It is a never-ending story, and we
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have to be satisfied with a truncated version of it if we want to obtain expressions
in closed form. We use a mean field (Hartree—Fock) approximation and write

BE (1) = —i0(t)(ns ) ({exo (), d1(0)}) = (n5) G (0). (7.24)

Within mean field approximation, C{, and DE, vanish, because quantities such
as (cTd), (dsd,), and (d;dg) are equal to zero, and Eq. (7.20) reduces to

ih%rg(z) =h8(t)(ns) + (e + UL () + (ns) Y WG, (7.25)
k

In Fourier space, Eqgs (7.16), (7.18), and (7.25) take the following forms:

(iw — € +i0M)G S (@) =h + UT S (@) + Y WGE, (o) (7.26)
k
(iw — ex +i0T)GR, (©) = WGE (w) (7.27)
(io — e — U +i0ME (0) = (ns) <h + Z v;c;,’fdg(w)> . (7.28)
k

Solving these equations, we find the dot’s retarded Green’s function
ho —e — U+ (n;)U

Gl (w) = 7.29
4 (@) = e — ¢ —U) — SR @) o —c — U + )0y 2
where ¥ (w) is a self energy term given by
1 |Vl
R w) = - P REE—— 7.30
(@) hzhw—ek+i0+ (7.30)

k

If we assume that X% is independent of w and that /i|£%| << U, the poles of
GR (w) will occur at w >~ €/l + (1 — (n5))EX and o = (e + U)/h + (n5)ZX.
Under these assumptions, the retarded function is approximately given by

1 — (ng) (ns)
w—¢e/h—(1—n:)E8  w—(e+U)/h— (n;) Tk
We saw that the density of states in the isolated quantum dot consists of two delta-
function peaks at € and € 4+ U (see Eq. [7.11]). We now see that the effect of the
quantum dot’s interaction with the metal is to shift the two peaks and to broaden
them: the amount of shift is proportional to the real part of £*, and the amount of
broadening is proportional to the imaginary part of £,

GR () ~

(7.31)

7.3 Tunneling in solids

As a final example, we calculate the tunneling current between two semi-infinite
metal electrodes separated by a thin insulating layer. A current flows upon the
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(a)

Figure 7.3 Two metallic electrodes separated by a thin insulating layer (usually
metal oxide). In (a) no bias voltage is applied; the system is in equilibrium and the
chemical potentials on the left and right sides of the tunnel junction are equal. In
(b) a bias voltage V is applied; eV = u; — ug and a tunneling current flows.

application of a bias voltage which raises the chemical potential of one electrode
relative to the other (see Figure 7.3). We assume that the electrodes are metals
in the normal state; at sufficiently low temperatures all states below the chemical
potential are occupied. The treatment, however, could be generalized to allow either
one or both electrodes to be superconductive. For a detailed treatment of tunneling
in solids, the reader is referred to the book by Duke (Duke, 1969).

The model Hamiltonian for the tunnel junction is written as

H = H; + Hr + Hr,

where H; (Hpg) is the Hamiltonian for the left (right) electrode, and Hy is the
tunneling Hamiltonian. In general, H;, may include the interparticle interactions in
the left electrode, and Hz may include those in the right electrode. The tunneling
Hamiltonian takes the form:

Hr = Z (qubi,(,cka + Vl;chl]:(rbqo) : (7.32)
kqo

where clTw (cko ) creates (annihilates) an electron in the left electrode in the single-
particle state |ko), and b&, (bqo) creates (annihilates) an electron in the right elec-
trode in the single-particle state |qo’). We assume that the creation and annihilation
operators in the left electrode anticommute with those in the right electrode.

The first term in Hy describes tunneling of an electron from the state |ko') in the
left electrode to the state |qo’) in the right electrode; the amplitude for this process
is the matrix element Vjq, which is assumed to be spin-independent. The second
term in Hy describes tunneling in the opposite direction. We assume that no spin
flipping takes place during tunneling, which is generally true if the metal electrodes
and the insulating layer are nonmagnetic. In general, a tunneling process is either
elastic, in which case the energy of the electron does not change, or inelastic,
whereby electron tunneling is accompanied by an excitation in the insulating layer.
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(a)

Figure 7.4 In (a) the left and right electrodes are separated: Hy = 0. In (b) the
electrodes are brought into contact with an insulating layer: Hy # 0.

In an experimental setup, the system is initially in equilibrium, both chemical
potentials ©; and g being the same. Current flows in response to a bias voltage
which raises the chemical potential on one side relative to the other. The external
perturbation thus corresponds to a constant upward shift in the energies of the
electrons on only one side.

Our approach to the calculation of the current, however, will differ. We assume
that the left and right electrodes are initially in equilibrium at their own chemical
potentials, such that u; = g + eV, but that no tunneling takes place. The initial
Hamiltonian is Hy = H; + Hpg; the left and right electrodes are separated. The
two electrodes are then brought into contact with the insulating layer at ¢ = 7, and
tunneling is switched on:

Hy=H H t<t
H:{O LR <t (7.33)

Hp, +Hp +Hr =1

The external perturbation is Hy, and the current flows in response to this perturba-
tion. This is illustrated in Figure 7.4.

The electron current is obtained from the rate of change in the number of
electrons in one of the electrodes, say the left electrode,

I = —e(NyL) (7.34)
where N, is the number of electrons operator for the left electrode,

Ne=) elytho (7.35)
ko
The rate of change of Ny is given by the Heisenberg equation of motion,

: i I
NL = _E[NL’ H() + HT] = _E[NLv HT] (736)

The last equality follows since N, commutes with H; and Hg. The commutator
on the RHS is easily evaluated,

M=) (Viablo o = Vigelobar ) - (7.37)
kqo
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According to linear response theory (see Section 6.6), (NL(f))ext IS given by Kubo’s
formula

(NL(D)ext = (NL(1))o — ;Tl/ dt' ([N (1), Hr(t)])o. (7.38)

To

The zero subscript means that the operators evolve according to H,
NL(Z,) — eiHot/hNLe—iHot/h , HT(I) — eiHot/h HTe_iHot/h. (739)

Since (clt(,bq(,)o = (bjlackg)o =0, it follows that (N;(t))o =0, which merely
expresses the fact that, in the absence of tunneling, the current is zero. Hence,

(NL())ex = —%/ dt’ ([N(t), Hr()])o. (7.40)

To

To express the RHS of Eq. (7.40) as a retarded correlation function, we need to
rewrite the Heisenberg operators N, (¢) and Hr(¢) as modified Heisenberg operators
that evolve according to Hy = Hy — ;1. N;, — g Ng. Care must be exercised, since
N; and Hr do not commute with N; and Ng.

Since both N; and Hy are linear combinations of bgackg and clabqg, we first
rewrite these as modified Heisenberg operators. We note that

eiHof/h — eiﬁot/ﬁ ei(MLNL"Fl/LRNR)t/h‘
This equality is valid because [Hy, N.1 = [Ho, Ng] = 0. Now consider
bl, (ke (t) = &bl oy e o/

”'_101‘/71ei(MLNL-HLRNR)f/hb:[lJCk —i(MLNL+MRNR)1/h€—iHOt/h

=e oy
— oiHot/h X(t)e—iﬁot/h
where we have defined the operator
X)) = e WL NL+IRN R /N b:;U Cko et NL+prNR /R
To determine X (¢), we take its derivative with respect to time,
. i By
X(t) = ﬁeszLwRNR)t/h [MLNL + 1rNg, b, Cka] ¢~ HLNLARRN R
The evaluation of the commutator on the RHS is straightforward; we find
X(t) = —(ieV/R)X(t) = X(1) = XO0)e V" = bl crge V"

where eV = pu; — ug and V is the bias voltage. Therefore,

b:;(r(t)cka(t) — pieVi/h ,iHot/h b:;(, Crg ¢~ 0t/



7.3 Tunneling in solids 139
Taking the adjoints on both sides of the above equation, we obtain
Clﬂ(t)bqo (t) — eith/h eiHot/h C[L, bqae—iﬁot/h'

The expression for the current now becomes

t
[(V.T) = —e(N,) = 7%/ dt’< 3 (e*“’”/h Vigbly (D i (1) — H.C.) ,
1o

kqo

> (e_iew/ " Vigblo (1 ko (1) + H.C.> >

kqo 0

where H.C. stands for hermitian conjugate. The current depends on the bias voltage
V and temperature 7' (from thermal averaging). In the above expression, the time
development of the creation and annihilation operators is governed by Hy = H; +
Hg — pp Np — g Ng. Defining the operator A(¢) by

At =) Vighl, () cro (1), (7.41)
kqo

the expression for the current takes the form:

t
I(V.T) = ; / dﬂ([e‘iew/h A — €V ATy

)
e—ieVi'/ A + plevi'/ AT(Z/)D .
0
Since the electrodes are normal metals, (A(1)A(t'))o = (AT(£)AT(1"))o = 0, because
quantities such as (cfm (t)c;i(I (#"))o and {ck, (t)cks (")) vanish; however, this is not
true if the electrodes are superconductors, as we will see in Chapter 12.
We are interested in evaluating the current long after the external perturbation
has been turned on: ¢ >> 1, (steady state); equivalently, we set fy = —oo. Under this
assumption, the current is given by

t
I — %/ dt/ {e—iev(l—[’)/h <[A(t), AT(I/)]> _ eieV(l—[’)/h <[AT(Z), A(t/)]> } .
heJ_so 0 0
A simplification of the above expression results from noting that
%
[A'@), A0 = —[A®). AT = (14t ac) = = (140, ala) .
The expression for the current thus reduces to

t

2 .
I(V.T) = h—iRe / At e~ieV it W<[A(z), AW)])

0 .
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Since H, is time-independent, the ensemble average on the RHS of the above
equation depends on ¢ — ¢’ and not on ¢ and ¢’ separately. Moreover,

t 0 [e's] 00
/ dt/---z—/d(t—t’)---:/ d(t—t/)---:/ dit —t)o@E —1t)---.
—o0 00 0 —0o0

Relabeling ¢+ — ¢’ as ¢, we obtain

oo

dt 6(t) eV <[A(t), AT(O)]>0 .

e
I(V,T) = h_2 Re/

Finally, introducing the retarded correlation function

D) = =i6() (1A, at0)). (7.42)

the following is obtained:
2e R
I(V,T)= —h—zlm Dy (@) =—ev /n- (7.43)

We have succeeded in expressing the tunneling current in terms of a retarded cor-
relation function. We stop here, since the evaluation of this function is most easily
carried out by evaluating the corresponding imaginary-time function, followed by
analytic continuation. Imaginary-time Green’s functions will be discussed in the
next chapter. In one special case, however, the retarded function can be evaluated
directly. If we assume that tunneling is elastic, and that the electrons in the left and
right electrodes are noninteracting, the evaluation of the current is not difficult (see
Problem 7.4).

Further reading

Bruus, H. and Flensberg, K. (2004). Many-Body Quantum Theory in Condensed Matter
Physics. Oxford: Oxford University Press.

Mahan, G.D. (2000). Many-Particle Physics, 3rd edn. New York: Kluwer Academic/Plenum
Publishers.

Problems
7.1 Equation of motion for GX, . Derive Eq. (7.18).
7.2 Equation of motion for TX . Derive Eq. (7.20).

7.3 The dot and metal. For a single-level quantum dot in contact with a metal,
assuming that £ is independent of @ and that | £ % | <« U /h, derive Eq. (7.31).
Calculate the spin resolved density of states and show that it consists of two



Problems 141

Lorentzians. Calculate the width of each Lorentzian. What is the physical
interpretation of this result?

7.4 Tunneling currentat T = 0. In Section 7.3, the tunneling current was obtained
in terms of a retarded correlation function. Assume that

Hy = Z Ekcl(rckg + Z Eqb:rl(,bqa
ko qo

where operators with k-subscript are for electrons in the left electrode, while
those with g-subscript refer to electrons in the right electrode. Creation and
annihilation operators with k-subscript anticommute with creation and anni-
hilation operators with q-subscript.

(a) Show that the current is given by

_ dre

I = TZ|vkq|2(fq—fk)s(@q—ék—ev)
kq

where €k(q) = €k(q) — ML(R)> Jk = (eﬂgk -+ 1)_1 , fq = (e’%‘l + 1)_1.

(b) Now assume that 7 = 0, and that the bias voltage is small so that only
electrons near the Fermi surface are involved in tunneling. Replace ),
with D/ (0) [ d&, and > With Dg(0) [ déq; D1 (0) and Dg(0) are the
densities of states at the Fermi energy in the left and right electrodes,
respectively. Assume that Viq is independent of k and q, and is given by
V. Under these conditions, show that the current in the tunnel junction
obeys Ohm’s law: I = V/R, where

47
h

7.5 Magnetic impurity in a metal host. An impurity with a single level is embedded

2
1/R = =5V 12D,,(0) DR (0).

in a metal host with Fermi energy €. The model Hamiltonian is given in
Eq. (7.12). The equations of motion for GX (1) and Gy, (1) are given in
Egs (7.16) and (7.18). However, instead of writing an equation of motion for
r lfa (t) and then resorting to mean field approximation, as we did in Section 7.2,
let us apply the mean field approximation directly to '} (1),

TR (1) = —i0(t) ({ns(1)d, (1), A1 (0)}) = —i6(t)(ns) ({dy (1), d1(0)})
= (n5)GX (1).

(a) Show that, with this approximation

G (0) = [0 — e/h — U/ ns) — =R ()] .
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(b) Ignoring Re L% (w), and assuming that A = —i Im %% (w) is independent
of w, show that, at zero temperature

I _,e+U(ns)—er
= —cot .
(ng) JTCO A

(c) Let m = (n4) — (n,). Find the transcendental equation satisfied by m.
Under what conditions is m # 0?
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Imaginary-time Green’s and correlation functions

No white nor red was ever seen
So amorous as this lovely Green.
—Andrew Marvel, The Garden

In studying the properties of a many-particle system at finite temperature, one
usually calculates the system’s free energy, from which its equilibrium properties
may be derived. If interactions are present, we need to use perturbation theory, since
an exact solution is generally not possible. It often turns out that a perturbation
expansion to lowest orders is insufficient, mainly due to the occurrence of divergent
terms; we saw an example of this in Chapter 4. In general, we must carry out
perturbation theory to infinite order. Clearly, however, a straightforward application
of perturbation theory is not feasible (to appreciate the difficulty, try to write down
the third and fourth order terms in the perturbation expansion). The Feynman
diagram technique offers us a way out, since it allows for systematic study of the
structure of perturbation terms of any order. At finite temperature, the diagram
technique can be constructed for a particular quantity, the imaginary-time Green’s
function.

Real-time Green’s or correlation functions, which were discussed in the previous
two chapters, involve the ensemble average of the product of two operators at
different times. Consider

(A()B(0)) = Z(_;] Tr [e_ﬂﬁeiﬁl/hAe—in/hB]’

where Zg = Tr[e #H] s the grand canonical partition function. The main problem
arises from a mismatch in the exponents; whereas —B H is real, &i Ht /i is imag-
inary. This renders a perturbation expansion of the RHS a most difficult task. To
circumvent this difficulty, we replace it — 7 (hence the name “imaginary time”)
and treat T as areal quantity. As a result of this replacement, perturbation expansion
becomes possible. Once the imaginary-time function is calculated, a simple recipe

143
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will yield the real-time functions that are more intimately connected to experi-
ments. Not only that! We will find that the imaginary-time Green’s function is not
merely a means to an end, but that it stands on its own as a quantity of intrinsic
significance: it yields the equilibrium thermodynamic properties of the system.

A perturbation expansion is also possible for the real-time Green’s function
at zero temperature. At T = 0, the ensemble average of A(¢)B(0) reduces to the
expectation value of this quantity in the ground state; the factor e PH disappears,
and, along with it, the problem noted earlier of the mismatch of exponents.

8.1 Imaginary-time correlation function

Given two operators A(c, ¢ and B(e, ¢f) expressed through fermion or boson anni-
hilation and creation operators, we define the imaginary-time, or finite-temperature,
or Matsubara correlation function as follows

chp(t. T) = —(TA@)B(") (8.1)
where
A(T) — EHT/hAe_HT/h, B(T/) — eHI//ﬁBe—HT//h (82)

are modified Heisenberg operators, H = H — uN, 1 is the chemical potential, N
is the number of particles operator, and (- - - ) stands for a grand canonical ensemble
average. In Eq. (8.1), T is the time-ordering operator introduced in Chapter 6,

TAMB() = A(T)B(T)) ift >t/ 8.3)
| +B)HAG) ift <7 '

The lower (upper) sign refers to the case when A and B are fermion (boson)
operators. As discussed in Chapter 6, A(c, ¢) is considered a boson operator if the
annihilation and creation operators ¢ and ¢! are boson operators, or if A consists
of an even number of creation and annihilation operators (e.g., if A = cfc, then A
is a boson operator).

From the definition of the T-operator, we may rewrite Eq. (8.1) as

chp(t. ) = —0(t — T)A@BI)) FO(r' — 1)(B(THA(T)),  (84)
where 6(t — t’) is the step function,

, 0 <7
(t —1) =
1 7>1.
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8.1.1 Time-dependence

If H does not depend on time, as is often the case, the imaginary-time correlation
function depends on 7 — t’, not on t and t’ separately. The proof of this statement
is as follows:

ch(r, )=—0(r — 1) Z(_;1 Tr [e_ﬂHeHT/hAe_H(T_T/)/hBe_HT//h]
:F 9(1_/ _ T) Z(_;l TI' [e—ﬂHeHT’/hBeﬁ(f—f’)/hAe—H‘E/h]‘
Using the cyclic property of the trace, we move e~ H7/M in the first term to the

leftmost position, and then commute it through e P 1In the second term we
commute ¢”7'/" with e~ then move it to the rightmost position; we obtain

At 1) = —0(t — 1) ZG! Tr [e PH A=)/ g~ A=)/ B
FO@ —1) Zg" Tr[e P BT A= HE=TIM)
= —0(t — ) {A(x — T)B(0)) FO(r' — 1)(B(0O)A(x — 1))
= —(TA(r — t)B(0)) = ¢l y(r — 1)).
Thus, we may set " = 0 and consider ¢’ ; to depend only on t:

chp(t) = —(TA(T)B(0)). (8.5)

8.1.2 Periodicity
Now suppose that T > 0. Then
Tyt > 0) = —(A()B(0)) = —Z5' Tr [e P/ Ae— T/ g

where A = A(0) and B = B(0). Now perform the following three steps in succes-
sion: (1) move B to the leftmost position, (2) introduce 1 = etPHe=PH at the far
right, and (3) move e ## from the rightmost to the leftmost position. We end up
with

CgB(t >0)=— Z(*;l Tr [e—ﬂgBeﬁ(r—ﬂh)/hAe_H(f_ﬁh)/h]
= — 7' Tr[e P B(0)A(r — Bh)]
— — (B(O)A(x — Bh)). (8.6)

To make use of the above result, we assume that t is restricted to vary between
—pBh and Bh: t € [—pBh, Ph]. Then, if t > 0, T — Bh will be negative, and the RHS
of Eq. (8.6) will be :|:C£B(T — Bh). Hence, if T > 0,

chp(m) = £l g(x — ). (8.7)
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The lower (upper) sign refers to fermions (bosons). Since —gh < v < gh, we can
decompose ¢’ 5(7) into a Fourier series

1 .
ch('L') = ,3_71 ZcﬁB(a)n)e_’w”r. (8.8)

The constraint imposed by Eq. (8.7) implies that

e*iwnr 4o~ iwy(t—ph) :>elwn/3h +1

_ {anr/ﬂh n €7  bosons (8.9)

Q@n+)r/Bh neZ fermions.

‘We can obtain ci 5(@y) in terms of cg 5(7): multiply Eq. (8.8) by e and integrate
over T from —Bh to fh,

i
zwmr T l(wm wy)T
cyp(n)dt = E et (wy) / drt.
/_ﬁh AB ﬁh AB

Since w,, — w, = 2(m — n)x/Bh, the integral on the RHS vanishes unless n = m,
in which case it is equal to 284. Hence,

1A :
() = 3 / i el (e dr. (8.10a)

This is true for both fermions and bosons. We proceed further,

17 [° . ph .
clp(w,) = 5 [ / . cl (et dr + /0 ch(r)elwnfdr] :

Making use of ¢! ,(t < 0) = £c! z(z + Bh) and " = £ 1, we can write

0 ' 0 ) ph ‘
f chp(D)e T dT = / Chp(T + BRY T = / chp(D)e T dr.
—ph —ph 0

In the last step, we have made a change of variable: T — 7 + Bh. Hence,

Bh )
clp(wy) = / ch (e dr. (8.10b)
0

8.2 Imaginary-time Green’s function

The imaginary-time Green’s function, also known as the finite-temperature Green’s
function, or Matsubara Green’s function, is defined as

grot, Yo't = (T\IJg(rr)\IJi,(r’r/)) (8.11)
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where the t-dependent field operators are given by
W, (rr) = "W, @) e T W) =MWl e T

The imaginary-time Green’s function is a special case of the imaginary-time cor-
relation function ¢ 4(z, t’), obtained by setting A = W, (r) and B = lIJi,(r’). We
note that \Il; (r7) is not the adjoint of W, (r7).

From the definition of the 7T -operator, we can write

—(\Il(,(rr)\lli,(r’r/)) T>7
W, T)) T <T.

grot, Yo't =

(8.12)
The lower (upper) sign refers to fermions (bosons). For T > 1/, g(rot,r'o’t’) is
the probability amplitude of finding the system with one extra particle of spin
projection o at position r and time t if a particle with spin projection o’ was added
to the system at position r’ at an earlier time t’. For 7 < 1/, g(ro1,r'o’t’) is the
probability amplitude of finding the system with one less particle of spin projection
o’ at time 7’ if one particle with spin projection o was removed from position r at
an earlier time 7. We note the following:

1. In the absence of spin-dependent interactions that could flip a particle’s spin, o
and o’ must be the same.

2. Since H is time-independent, g(roz, ¥'o’t’) dependson t — 7/, noton 7 and 7’
independently.

3. For a translationally invariant system, g(ro 7, r'o’t’) does not change if r —
r+ R, r - ' + R; hence, g(rot,r'o’t’) depends on r — r’, not on r and r’
independently.

With these thoughts in mind, the imaginary-time Green’s function is written
g(r — r'o, 1), and we consider its spatial Fourier transform g(ko, 1),

1 ) ,
gr—rio, 1) = v Xk: ok, 7) (8.13)

where V is the system’s volume, and
g(ko, 1) = —(T ek (D)), (0). (8.14)

This expression for g(ko, ) is obtained by expanding the field operators:
1 : 1 .
U,rt) = — Y (), Wier)=—Y e ™ (1) (8.15)
v e

and using the translational invariance property, exactly as we did in Chapter
6 when we found G®(ko, ). Equations (8.11) and (8.14) are the definitions
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of the imaginary-time Green’s function in the position and momentum repre-
sentations, respectively. We may consider a more general definition using the
v-representation,

gt V') = —(Tey(t)ch ()

where {|¢,)} is a complete set of single-particle states, v stands for all the quantum
numbers that characterize the states, and cI (cy) creates (annihilates) a particle in
the single-particle state |¢,).

8.3 Significance of the imaginary-time Green’s function

Once Green’s function is determined, the thermodynamic equilibrium properties
of the system can be found. Let 7+ = 7 + 0™, and consider

Z gror, roth) = — Z(T W, r)Wireh) = F Z(\yj(rr*)qfa(rr))

o

= :{:ZE] ZTr [e_ﬁgegr/h \Ili(r)lllg(r)e_gr/h].

g

The lower (upper) sign refers to fermions (bosons). Using the cyclic property of
the trace, we move e 7/7 to the far left and commute it through e PH

Y gror.rorh) =FZ5' > Tr[e P W)W, (1))

=FZ5' Tr (e’ ) WiV, 0] = Fn@)  (8.16)

where n(r) is the particle-number density operator. The ensemble average of the
number of particles in a system of volume V is

N(V,T, u)z/(n(r))d3r ::F/ Zg(ror, rotHd>r. (8.17)
14 Ve

The dependence of N on T and p results from SH = B(H — wN) in the ensemble
average of n(r). We can solve the above equation for u(N, T, V) and determine
the Helmholtz free energy F' from the relation

oF

=N (8.18)

n

n%
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Once F is found, the thermodynamic properties of the system can be derived. For
a translationally invariant system, we can also write

N(V.T, 1) = Y (ehyoko) = Y (e, 0o (0) = £ > (T o (0)c, (01)

ko ko ko

=S NV.T.wy=FY gho t=0) (8.19)
ko

where g(ko, 7 =07) = —(T¢cks (O)CLT (0™)). In this case, the dependence of N on
V results from the replacement ), — V/ (2n)? f d’k.

In general, we can express the ensemble average of any one-body operator, such
as the number density n(r), in terms of Green’s function. Consider a one-body
operator F = ), f(i). Its second quantized form is

F =Y (pulfls)che, (8.20)

where v stands for all the quantum numbers that characterize the single-particle
state |¢, ). Taking the ensemble average, we obtain

(F) =Y (@l fleu)(chen). (8.21)

The matrix element, a c-number, has been moved outside the ensemble average.
Writing ¢, as ¢, (r)|o), where n represents the orbital (spatial) quantum numbers,
and denoting (o’| f|o) by fy(r), Eq. (8.21) becomes

(F) =33 [ & 6,0 e @s0cl

= Z/d3r }/i_)lllrfg/(;(l’)(\pl,(l‘/)\l’g(l‘)>.

We have used the relations connecting the field operators to the creation and
annihilation operators,

Vo(r) =Y du(Dcns, Wi =) ¢rr)c],. (8.22)

Note the necessity of introducing ¥ and taking the limit ¥ — r: f,,(r) is an
operator that acts on ¢, (r); by introducing r’, we make it possible for f,,(r) to act
on the product (w;(r’ )Y, (r)). For any two operators A and B,

(A 1)B(rr)) = Z5' Tr[e Pt/ A(')B(r)e 7/

= 7' Trle P A(r)B(r)] = (A(X)B(r)).
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—Ht/h

In the penultimate step, e was moved to the left and commuted through e—# H

It follows that

(F)=Y" f d*r im for (000, )W (r, ©)

=3 / d*r lim lim_ Fora WL, T, (x, 7))

r—>rit—rt

r—>ri’—t

=+y / & lim Tim forq(r) (TW,(r, Dl 7))

=F / d*r lim lim+z foro(®)g(rot, r'o't)). (8.23)

r-r1'—t

As an example, the ensemble average of the kinetic energy is

. n?

(T) = :F/d3r lim <——v2) grot,rott).
r'—r 2m

Likewise, we can express (V), the ensemble average of the potential energy

(assumed to arise from pairwise interaction), in terms of Green’s function; it is

1 CHE
)=y [t tim (g4 594 Datrorror). @20
The internal energy E(N, V,T) of a system of interacting particles, given by
(T') 4+ (V), can be expressed as
EN,V,T) = :{:l d*r lim lim —hi - EVZ + Zg(rat rot’)
T 2 r-rt’—tt 0t 2m = ’ '

(8.25)
The thermodynamic potential, (7T, V, w), is given by

r-rt—tt 2m

U ftar 5 . d R _,
AT V. )= QT V. F 5 | = [ drlim fim (—hi—+ -V +
0 T
x Y gror, r'ot)) (8.26)

where g*(ro 1, r'o1’) is Green’s function for a system with Hamiltonian H(A) =
Hy + AV, and Q is the thermodynamic potential for a system of noninteracting
particles. In Problems 8.1 and 8.2, the method used to derive expressions for
(V), E,and 2 is outlined.
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8.4 Spectral representation, relation to real-time functions

Our next task is to derive spectral representations of imaginary-time Green’s and
correlation functions. We shall obtain the real-time functions from their imaginary-
time counterparts.

8.4.1 Imaginary-time Green’s function

To evaluate g(ko, w,), we proceed as follows. From Eq. (8.10b),

Bh . Bh )
gko, w,) :f gko, 1)e'""dt :/ g ko, 1)e'"Tdt (8.27)
0 0
where
g7 (ko, 1) = g(ko, T > 0) = —Z5' Tr[e P 1, (T)cf, (0)]
_ _Z(—;l Tr[e—ﬂHeHr/h Ckae—Hr/h Clta]
=-Z;! Z(n|e_ﬂﬁem/hckg|m)(m|e_m/hclg|n)
= 275"y e PErem BBt ey m) (m] ., In)
o de
= / P> (ko, €)e F — (8.28)
o 2w
where

_ 1 _ _
P> (ko,€) = 21 Zg' Ze—f‘En \(mlc)_|n) %8 (e — fl(Em - En)> . (8.29)

n,m

This is exactly the same function which we obtained in Chapter 6 (see Eq. [6.31])
when we developed the spectral representation of the retarded Green’s function.
Equation (8.27) now becomes

* de [P"
g(kaa a)n) = / P>(k0—, 6)2— / e(’wn_é)l’dt
- 0

0 T
o) d (o, —e€)T ph oo 1 —Bhe d
:/ P™(ko, e)o£ ¢ - —/ P (ko, o) LT ¢ ) d€
oo 2w iw, — €|y oo iw, —e€ 2w

_ / = Ako, €) de (8.30)

o W, — € 21

where

A(ko, €) = —P” (ko, €)(1 F e P€) (8.31)
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is the spectral density function, and the lower (upper) sign refers to fermions
(bosons). The P-greater function can be written as

P>(k0, E) — (832)

—A(ko, €) . —(1 +n.)A(ko, €) bosons
lFe e | _(1— f)A(ko,e) fermions.

Using the periodicity/antiperiodicity property of the boson/fermion Green’s func-
tion, we can also write for g=(ko, 7) = g(ko, T < 0),

0 d
¢<(ko, T) = / P=(ko, e)e_”i (8.33)

o0

where

- —n.A(ko, €) bosons
P=(ko,¢) = ] (8.34)
feA(ko, €) fermions.

On the other hand, the retarded Green’s function is given by Eq. (6.36),

R *©  A(ko,e) de
G"(ko, w) = _—
oo W — € +i0T 27

Assuming that g(ko, w,) is found for all positive values of i w, (these form discrete

points on the upper half of the imaginary axis in the complex w-plane), how do we
construct G®(ko, w)? Consider the function F(ko, z) of the complex variable z,

defined by
> A(ko, €) de
F(ko,z) = .
oo Z—€ 2m

This function is analytic everywhere except on the real axis. Furthermore,
GR(ko, w) = F(ko,z = w +i0™), gko, w,) = F(ko, z =iw,).

Therefore, both G® and g can be found once F is known. From knowing g(ko, w,),
we can know F(ko, z) only on a discrete set of points along the imaginary axis.
To obtain F(Kko, z) everywhere in the upper half-plane, we need to analytically
continue F(ko, iw,) from the discrete set of points onto the entire upper half-
plane. If we succeed in doing that, replacement of z in F(ko, z) by @ + i0" will
produce G*(ko, w). In other words

GR ko, 0) = g(ko, i®y)li, - wyior - (8.35)

This is the analytical continuation recipe for obtaining the real-time retarded
Green’s function from its imaginary-time counterpart. We note that the advanced
real-time Green’s function is obtained from the imaginary-time Green’s function
by a similar recipe: iw, — o —i0™.



8.4 Spectral representation, relation to real-time functions 153

The construction of G® from g hinges on the ability to analytically continue g,
from a discrete set of points on the upper half of the imaginary w-axis, onto the
upper half w-plane. Although there is no definite algorithm for doing so, in practice,
we first calculate g(ko, w,), then replace iw, with z; if the resulting function is
analytic in the upper half-plane, then we have found F(ko, z), and GX(ko, o) is
obtained by replacing z with @ + i0*. If this procedure fails, we can still obtain
the retarded Green’s function by analytically continuing the Feynman diagrams of
the imaginary-time Green’s function. This is discussed in Chapter 9.

8.4.2 Imaginary-time correlation function

The imaginary-time correlation function and its Fourier transform are given by
Eqgs (8.1) and (8.10b),

Bh .
cTo(1) = —(TAMBO)), & p(wn) = _/0 (ABO) e dr.

In writing ¢’ ;(w,) we dropped the T-operator since T > 0, the integration over t
being from 0 to Bh. We rewrite the ensemble average, introducing a resolution of
identity,

(A(T)B(0)) = Z5' Tr [e PH AT/ g o=HT/h B

= 75"y (nle PH ™" Alm) (m|e /" B|n)

n,m
= 25" Y e PEe EnmEVT (1) Alm) (m| B|n).
n,m
Therefore,
B
cl (o) = -2 ‘Z n|A|m)(m|B|n)/ elion=En—En/hT g0
0
Since e/“#" = 41, the above expression reduces to

ﬂE’l ﬂEm
12 (n|Alm)(m|B|n)(e""" F e~ ""m)

(8.36)
la)n (Em - En)/h

T
cyplw,) =

n,m

Comparing this expression with that for CX,(w), Eq. (6.47), and bearing in mind
our discussion in the previous subsection regarding analytic continuation and its
possible complications, we deduce that

Chplo) = C.Z;B(a)”)|iwn:w+i0+ : (8.37)
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Therefore, in order to calculate C f (), we first calculate cg 5(wy) and then replace
iw, with v +i0%. As a final cautionary remark, we note that Eq. (8.37) is valid
only if (A) and/or (B) vanish (see Problem 8.8).

8.5 Example: Green’s function for noninteracting particles

As an example, let us calculate the imaginary-time Green’s function for a system
of noninteracting particles. The Hamiltonian is given by

H = Z(Eka - M)Clgcka = ngaclgcka- (8.38)
ko k
€0 1s the single-particle state energy relative to the chemical potential.

8.5.1 Derivation from the spectral density function

The spectral density function for noninteracting particles is given by

A'(ko, €) = 27 8(€ — &y /R) (8.39)

(see Eq. [6.55]). Thus, the imaginary-time Green’s function for a system of nonin-
teracting particles (bosons or fermions) is given by

[e¢) 0 00 =
g’ (ko, w,) :/ Md_e :/ MdG

oo Wy —€ 21 o lw, —€

1
= g'ko, w,) = - (8.40)

iw, — & [l
The retarded Green’s function, obtained from g°(ko, w,) through the replacement:
iw, = o+ i0f, is

1
® — &g /h + 0T

GR ko, w) = (8.41)

This is in agreement with the expression obtained in Chapter 6.

8.5.2 An alternative derivation

Hr/hckae—Ht/h

Starting from ¢k, (7) = e , we find

d 1l
Eck(x(f) = ;Tl[ » Cko (T)].

For the noninteracting system, H = Hy. It is easily verified that

[I'_I(), Cka(f)] = _Ekacka(f)- (842)
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Therefore,
d €ko —&oT/h
—Cko(T) = ——Cko (T) = Cko(T) = Cko(0)e™ (8.43a)
dt h
Similarly,
ol (1) =l _(0)ef". (8.43b)

Note that cld(t) is not the adjoint of ¢k, (7). The imaginary-time Green’s function
is given by

g%(ko, 1) = —(T e (1)), (0)) = —6(7) (ko ()c) (0)) F O(—=7) (el (0)ers (7))

= [~0(0) (e (0)c,, (0)) F O(—0)c}, (O)cko (O] e

1+I’lkg Nko —
=| -0 O(— ekar/h.
|: (T){l_fka}:l: o {fkg”e

The Fourier transform g°(ko, w,) is

Bh ) 1 gL
ko, w,) = / ko, yeondr = — | T / elion— 10 g
0 1— fkcr 0

14+ne| 1 —Béo 1
= K .:Fe—_ =>80(k0,60n)= -
1 — fio | iwn — &o /N iw, — &g /h

8.6 Example: Green’s function for 2-DEG in a magnetic field

In Chapter 2, we considered a two-dimensional electron gas confined in the x—y
plane in the presence of a uniform static magnetic field B that is in the z-direction.
We showed that the single-particle states are described by three quantum numbers:
n, k, and o. The spatial functions are given by

Bui(x, ¥) = j—z_xel’” Hy(a(y — yp))el =012,
L, is the sample length in the x-direction, k =0, £27/L,, +47 /L, ..., n =
0,1,2..., H, is the Hermite polynomial of degree n, A, is a normalization
constant, a = (mw/h)'/?, m is the electron mass, w = eB/mc is the cyclotron
frequency, and y, =hck/eB. The corresponding single-particle energies are
€ne = (n + 1/2)hw + gup Bo, where g is the gyromagnetic factor for the electron
spin, i p is the Bohr magneton, and o = —1/2, 4+1/2. The field operators are given
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by
Vo) =Y guenio. W@ =D dhmch,.
nk nk

Assuming that the electrons are noninteracting, the imaginary-time Green’s func-
tion g’(ro 7, r'c’0) = —(T\IJU(rr)\IJi,(r’O)) is given by

2o, ¥o'0) = =3 Y G ) (T Cuto (1)) (0))

nk n'k’
=3 bu(r)gnkot, n'k'c'0) g}, (r')
nk n'k

where
g (ko t,n'k'6'0) = —(T o (T)C) 0 (0)) = —e M [O(T) ko € )
— O(=T)(C s Cnko )] = =IO = fake) = O(—T) fuko ] Sum Skt Soror-

Hence,

grot, ¥'o’0) = =850y _pu(™Pi (e M [O(T)(1 = fuko) — O(—T) frko ]

nk

The Fourier transform of the Green’s function
Bh )
g'(ro, r'o’, wy) = / g'(rot, r'o’0) e dr
0

is readily obtained; we find

Gur () (X))

ror'c’, w,) = 844 )
g( ) Z ia)m - El‘lko'/h

nk

The presence of a magnetic field breaks the translational invariance of the two-
dimensional electron gas; Green’s function in this case does not depend onr — r’,
but rather on r and r’ separately.

8.7 Green’s function and the U-operator

In Section 8.5 we calculated Green’s function for a system of noninteracting parti-
cles. In the presence of interactions, it is generally true that the Schrodinger equation
is not exactly soluble, and it would be too much to hope that Green’s function would
be exactly calculable; we must resort to perturbation theory. Before applying per-
turbation theory, however, Green’s function must be recast into a different form.
Towards that end we introduce the interaction picture and the U-operator.
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8.7.1 The Interaction picture
Consider an interacting system with a time-independent Hamiltonian,
H=Hy—uN+V =Hy+V (8.44)

where V represents the interaction terms. We have already introduced the modified
Heisenberg picture where an operator A(t) is given by

A(T) — eHl’/hAe—I:I‘[/h.
In the interaction picture, the operator A(t) is defined by
A(r) = eoe/h po=Hoe/h, (8.45)

Note that a hat “A” above an operator identifies it as an interaction picture operator.
This definition differs from that of the standard interaction picture of quantum
mechanics (see Problem 1.11) in that it — 7 and Hy — Hy. In a way, A(T) is
a modified interaction picture operator, but we will refer to it as an interaction
picture operator. Since the imaginary-time Green’s function is defined in terms of
a product of two Heisenberg operators, we consider the product

A(r)B(t') = HT/h pp—Ht/h HT 1 g ,~HT' [

— th/he—Hor/hA"(_[)eﬁor/he—ﬁ(r—r/)/he—ﬁor’/hB’B(T/)eﬁor’/ﬁe—ﬁr’/h‘

We have used Eq. (8.45) to express A and B in terms of A() and B(7).

8.7.2 The U-operator

The above equation motivates the definition of the U-operator,
O(t, 1) = efot/hg= A=/l p=Fot' /i, (8.46)
The product of the Heisenberg operators, then, reduces to
A(T)B(t") = U, )A()U(z, T)B(HU (', 0). (8.47)
The following two properties of the U-operator are easily verified

Ut,7) =1 (8.48)

O, )0, ") = Uz, ). (8.49)
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We can express a Heisenberg operator in term of the interaction picture operator
as follows:

A(T) — eHT/hAe—I:]‘[/h — el:l‘[/he—l:[[)‘[/hA(T)el:lof/he—[:lf/h
= U(0, )A(t)U(x, 0). (8.50)

From the definition of U(z, '), Eq. (8.46), we find

ilj(t, )= l1'-_1017(r, ') — leH(’r/h1’-_Ie_ﬁ(f_’/)/he_ﬁ"f//h.
ot h h

Writing H in the second term as Hy + V, and noting that Hy commutes with e7/?,
the above equation reduces to

iﬁ(r )= Loty == =i
ot ’

— _lel'—lo‘[/h Ve—]‘_lo‘f/heﬁo‘[/he—[‘_l(r—‘[’)/he—l-_[()r//h — —%V(T)U(T, T/).
Integrating both sides from ¢’ to 7, we find

T 8 R , 1 T R R ,
—U(t, t)dtny = —— | V()U(t1, t)dr
7 8'171 h P
N N 1 7. N
=U(r,)-UGE, 1) = _ﬁf V(U (t, ThHdt
o
T

A 1 N A
=U(r,7)=1- 5/ V(t)U (11, T)dT. (8.51)

T

This is an integral equation for U; we solve it by iteration,

N 1 [F A 1 [ . A
Ur,7)=1— ﬁ/ dn V() [1 - fl/ V(1)U (12, r/)drz]

1 T . 1 2 T 7 A R A
=1—- /%/ dTlV(ﬂ)‘i‘ <—£> / dTl/ d-[z V(TI)V(Tz)U(Tz, 'L'/).

We continue to iterate in the same fashion; we find
. L[ . 1\? [° o A
Ut, ) =1- —/ dnV(t) + (——) / dn/ dn V(t) V(1)
h T/ h -L-/ .L,/

1 3 T T 12) . R )
+(_ﬁ) / dn/ drzf do; Va)V(@)V(n) + -+ . (8.52)
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Let us consider the double integral on the RHS of the above equation,

T 7 T T
I= f dr, / dt, V(e (52) = f dr, f dv, V@)V (m)8(n — 1)
T/ T/ T/ T/

T T
_ / dr, / dt, V(1) V (21)0(5s — 7).
T/ T/

The step function 6(t; — 1) ensures that 1, < 7;. The last equality is obtained by
interchanging the variables of integration t; and 7,. Therefore,

1 [° T ~ N N N
I = 3 //dfl / do [V(t)V(12)0(t1 — 1) + V(1) V(71)0(12 — 11)]

1 (7 t N A
= —/ dl’l / dl'2 TV(‘E])V(‘L’z).
2 r/ .[/

where T is the time-ordering operator.
Encouraged by the above result, we consider the n'” order term,

/ d, / dry - | do, V)V - V()
= / dt / dry - f dr, V(t) - V(T,)0(t — 1) 0(ta — 13) - - - 0(T_1 — T)

T T T
= /dﬁ/dfz-“/dfn V(zpa) V(tr) - V(Trm)
r/ r/ r/

x 0(tpy — TP) O(TP) — TP3)) - - O(TP(Li—1) — TPM))-

P(1), P(2),..., P(n) in any permutation of 1,2, ..., n. The last equality holds
because the last integral is obtained from the preceding one by relabeling the
integration variables: 1, 12, ..., T, = Tp(1), TP2), ..., TP(n)- Since there are n! per-
mutations of 1, 2, ..., n, we can write

T T Th—1 . . R 1 T T
/drl / dty--- dt, V(t)V(r) ... V(t,) = —'/ drl.../ drt,
T’ T T/ n. Jg <

Z V(tpm) - .- V(Tpw)0(Tpa) — Tp@) - - - 0(Tp(u_1) — Tpn)
P

T T

= l' dry ... / dt, T[V(t)... V()]
n:Jo T/

Note that when the time-ordering operator 7" rearranges V(rl), ey V(r,,) in ascend-

ing time order, from right to left, no minus sign is introduced whenever V (;) and

V(r ;) are interchanged, even if V describes interactions among fermions. This is

because V, when expressed in second quantized form, consists of an even number
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of operators; i.e., V is a bosonic operator. The U-operator now has the following
perturbation expansion:

o]

N 1 \" [~ ’ n N
U(r, ) = Z ] <_}Tl) / dry... f/ dt, T[V(r))... V()] (8.53)

n=0 T

8.7.3 Green’s function and the U-operator

The U-operator was defined by
O(t, 1) = Mot/ g= A=)/ = Hot

If we set T = Bh (Bh and T have the same units) and T’ = 0, we obtain

U(Bh, 0) = ePToe=PH — o=FH — =PRI (BR, 0). (8.54)
We may thus write the imaginary-time Green’s function as follows:

g(ko, 7) = —(T i (D)l (0)) = = 25" Trle ™ Ty (1), (0)]
= —Z:' Tr[e PO (R, 0) T ey (v)cf, (0)].

Using Eq. (8.50), the Heisenberg operators ck,(7) and clg (0) are written as

ko () = U (0, T)éke (MU (1, 0), ¢l _(0) =2l _(0). (8.55)
First, consider the case T > 0,

gko, T > 0) = —Z " Tr[e PP U (BR, 0)U(0, 7)o (1) U(x, 0)é] (0)]
= —Z:' Tr[e PP U (Bh, 7)o (1) U (T, 0)E]_(0)] (8.56)

where Eq. (8.49) is used to establish the second equality. Consider the following
expression:

T LU (Bh, 0)éks (1)él ()] = TLU(BR, 1)U (1, 0) & (T)E] (0)].

Equation (8.53) shows that all operators V in the expansion of U(z, 0) occur at
times between 0 and 7, and all operators V in the expansion of U(Bh, T) occur at
times between t and Sh (recall that T < Bh); hence,

TLU(Bh. 1)U (1, 0) ek (1)EL_(0)] = U(Bh, T) k0 (1) U(x, 0)E].(0).

No minus signs are introduced in the above reordering because V consists of an
even number of creation and annihilation operators. Thus, Eq. (8.56) may be written
as

gko, T > 0) = —Z5' Tr[e P T U(Bh, 0)éx, (1)él_(0)]. (8.57)



8.7 Green’s function and the U -operator 161

Next, we consider the case when 7 < 0,
g(ko, T < 0) = —(T o (D), (0) = Fcf, (0) ko (7))
= FZ5' Trle P 0 (Bh, 0)cf,, (0) ko (T)]
= FZ' Tr[e PO T U(BR, 0) ¢l (0)cro (T)].

The introduction of the T operator is justified by the fact that in the product
U (Bh, O)clTw(O)ckg (1), the operators are already ordered in increasing time order
from right to left (recall that T < 0). Thus

gko, T < 0) = —Z5 ' Tr[e T U(Bh, 0) o (T)c)., (0)]

where the interchange of the creation and annihilation operators brought about
a minus sign in case they were fermion operators. Expressing the creation and
annihilation operators in the interaction picture, we obtain

gko, T <0)=—Z; ' Tr[e PP TU(BR, 0)0(0, 1)éwo (1) U(z, 0)2]_(0)].

Since the operators V that appears in U(0, t) are bosonic, we can interchange
17(0, 7) and Gk, () without incurring a minus sign. Using U(O, r)U(r, 0) =
U (0, 0) = 1, the above expression reduces to

g(ko, T < 0) = —Z5' Te[e T 0 (Bh, 0)éw, (1)EL, (O],

which is the same expression as in Eq. (8.57).
In summary, we found that the imaginary-time Green’s function can be expressed
in terms of interaction picture operators as

g(ko, 1) = —ZZ' Tr[e P T U (B, 0) 6, (1)L, (0)].
The grand partition function is given by
Z6 =Trle P = Tr[e PPt o= FH] = Tr[e PP (B8R, 0)],
where we used Eq. (8.54). Therefore, we can write

 Tr[e P T O(Bh, 0)és (1), (0)]
Tr[e=BH U (R, 0)] '

gko, 1) =

Dividing the numerator and denominator by Zs o = Tr[e 0], we arrive at the

following formula, which is the main goal of this subsection,

(T O (B, 0)0k0 (1), (0))o
(U(Bh, 0))o

gko, )= — (8.58)



162 Imaginary-time Green'’s and correlation functions

The subscript “0” indicates that the ensemble average is over the noninteracting
system,

Tr[ePHo ...
() = —
Tr[e—#Ho]
Finally, we note that in Eq. (8.58) we can move (g, (7) to the left, or move the

product (i (t)élg(O) to the left, without incurring a minus sign because the 1%
operators in U (M, 0) are bosonic. Hence, g(ko, T) is also given by

(T &ko (T)E) (0) T (BR, 0))o

. (8.59)
(UBh, 0)o

g(kav T) = -

8.7.4 Perturbation expansion of the imaginary-time Green’s function

Using the perturbation series for the U-operator, Eq. (8.53), we can write

Yoo (=8 T [ AT T o (D, OV (1) - V(z)o
Yo (=) M an . [ an T V). V@)
(8.60)
Although the denominator appears to make the above expression unwieldy, it actu-
ally makes matters simpler. As we will discuss later, it cancels out the disconnected
Feynman diagrams in the numerator.

g(ko, 1) = —

8.8 Wick’s theorem

In order to evaluate g(ko, ), Eq. (8.60), we need a method to determine the
ensemble average, over the noninteracting system, of the time-ordered product of
interaction picture operators. This is provided by Wick’s theorem (Wick, 1950). In
the following discussion, we assume that the operators in the time-ordered product
are fermion operators. The theorem is valid for both fermions and bosons (the proof
in the case of bosonic operators is left as an exercise for the reader). In the following,
we proceed in a series of steps leading to the proof of this important theorem.

8.8.1 Contractions

Given two interaction picture operators A and B, we define a contraction of A and
B by

1 _ _

A B = (T AB)y = Tr[e #™T AB]/Tr[e #™].

For example,

LA n oA Al 0
Cio (7) G, (0) = (T Cio (T)E4,(0))0 = —g (ko 7).
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We note that g°(ko, 7) is the single-particle imaginary-time Green’s function for a
noninteracting system. For such a system, the Heisenberg and interaction pictures
coincide; hence, the above replacement of the time-ordered product of interaction
picture operators by —g° is certainly valid. Since the expectation value, in any
eigenstate of H,, of two annihilation or two creation operators, is zero, the ensemble
average of two annihilation or two creation operators is zero. Hence,

— [ —

o (11) o (12) = 8, (71) &5 (72) = 0.

8.8.2 Statement of Wick’s theorem

Wick’s theorem states that the ensemble average over a noninteracting system of
the time-ordered product of interaction picture operators is equal to the sum over
all possible contracted pairs,

MM — [ —
(TTABCD...),=ABCD .- -+ ABCD---+ ABCD---+---. (861)
[ L
—
If A, E, C , D ... are fermion operators, a term such as A A ACA‘ D ... is to be inter-
M
preted as —ACBD - - -, since we need to interchange B and C.

We can write Wick’s theorem in a more compact way. Clearly, for the ensemble
average of the time-ordered product of operators to be nonzero, there must be
an equal number of creation and annihilation operators. Assuming that the total
number of operators is 2n, Wick’s theorem states that

2n
(T H ai)o =Y (=D T (T a;a1), (8.62)

where 4; is a creation or an annihilation operator, and the sum is over all possible
ways of picking n pairs from among the 2n operators. On the RHS of the above
equation, P = 1 if the permutation of fermion operators required to arrange the
pairs as they appear on the RHS, starting from the arrangement on the LHS, is odd;
otherwise P = 0. Each summand on the RHS consists of a product of n contracted
pairs.

8.8.3 An example

Let us use Wick’s theorem to evaluate

A = (T &, (D)2l (00, (t1)ews (T))o
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where 0 < t; < 7, and the operators are fermion operators. Excluding pairs of
annihilation or creation operators (their ensemble average in zero), we are left with
two possible ways to pick pairs from among the four operators,

A = (T & (D& (0))o(T &}, (11)éwer (1))

— (T o (D)E](T))o(T &L (0o (7))o,

The minus sign in the second term arises from the interchange of the second and
third operators in the original time-ordered product. The first term on the RHS is
somewhat problematic: it involves a time-ordered product of two operators with
equal time arguments, a case for which time ordering is ill-defined. How should we
interpret (Tél,a,(tl)ék/a/(tl))o? We note that when an operator of a many-particle
system is written in second quantized form, creation operators always occur on the
left of annihilation operators. When this operator acts on any state, annihilation
operators act first, followed by creation operators. We therefore assign to creation
operators a time that is infinitesimally later than the time assigned to annihilation
operators. We thus interpret (T@L(r/(rl)ék/g/(rl))o as follows:

(T el (T (7))o = (T &, (1) (T))o = (65 (T1)ks (T1))o
= (T éor (T (10 = g°K'0", 07).
With this in mind, we can write
A =—g%ko, )¢ Koo', 07) + ¢°(ko, T — 1)) ko, T1)8ki S0

We have used the fact that an expression such as (@kg(r)él,g,(rl))o vanishes unless
k = k' and 0 = o’; this is easily verified by writing the trace as a sum over diagonal
elements and introducing one resolution of identity.

8.8.4 Some useful results

(a) First we prove that the anticommutator of two interaction picture single-particle

fermion operators is a number. Since ¢k, (t) = efot/n ckoe_Hof/ k.
d | 1 .t . .
i (®) = . Gio (D] = = [ Y ol (0 (1), G4 (0) |

The commutator is given by Eq. (8.42). Hence,
() = OO 2L () = 2L, O
Thus,
(@i (71), G (1)) = {8, (1), € (220} = 0 (8.63)

(ko (1), &, (1)) = B @505, . (8.64)
k'o



8.8 Wick’s theorem 165

(b) Let B be any operator; e.g., B could be a product of fermion creation and
annihilation operators. Consider the ensemble average of the anticommutator

({ekor BYo = Zg o Tr [e P00y, B + P By, ]

=75, (Tr[e_ﬁﬁoékgf?] + Tr[ékae_ﬂHOB]> . (8.65)

The second equality results from the invariance of the trace under cyclic per-
mutations. We now evaluate &, e #0. Since [¢ko, Hol = ko Ckos

é\ko' I:IO = (I:IO + gko‘)éka
ko Hy = ko HyHy = (Hy + &0 )oxo Hy = (Hy + &0 ) 0ko
éko HY = (Hy + &xo)" Cko -

Consequently,

& n o n
- B
bhoe Pl =" 1 ke Hy = > 7 (Ho + &) "o
=0 ) n=0 ’
— e_ﬂ(Ho""éka)@ko_ — e_ﬁgk"e_ﬁHO@kg.

A+B A_B

The last equality follows from the relation e = e”e”, which is true if

[A, B] = 0. In our case, 8 H, commutes with B&,, since the latter is simply a
number. Equation (8.65) now becomes

{ekos BY)o = Zg\\Trle PPéye B + e oo =Py, B

= (1 + e P8 ) (&5 B)o. (8.66a)
Following exactly the same steps as above, we can show that
(L, Bho = (1 + P)e, Byo. (8.66b)

(c) Let by, by, ..., by, be interaction picture fermion operators. We want to find
the anticommutator {by, b,bs ... b,,}. First consider the case n = 2,

{b1, bab3bs} = b1byb3bs + bybsbsby = (b1, ba}bsbs — byb1b3bs + bab3byb.
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We have replaced b,b, with {by, b} — byb;. Next we replace b;b; with
{b1, b3} — b3bu,
{b1, Dab3bs} = (b1, ba}b3by — Da{by, b3}by + bob3b1by + byb3baby
= {b1, b2}b3bs — ba{D1, b3}bs + bab3{by, bs}
= {b1, b2}b3bs — (b1, b3}babs + (b1, ba}babs.
In the last step we used the result from (a) above, namely that the anticommu-

tator is a number, so that we could move it to the left.
We can generalize the above result to any positive integer n,

2n 2n 2n
{bl, ]‘[bk] =) (=D"br b} [ b (8.67)
k=2 m=2 k=2

where the prime on [ [ means that k = m is excluded. The general result given
above is proven by mathematical induction. The result is true for n = 2 as
shown above (and trivially so for n = 1). We assume that it is true for n = r,
and show that it is true for n = r 4 1. We thus consider

I ={b1,by...byboi1bori2} = {b1, Pbori1bor12}

where P = b, ...by,. Using {A, BC} = {A, B}C — B[A, C],and [A, BC] =
{A, B}C — B{A, C}, we can write,
I = {b1, P}byr11byr 12 — P[by, bory1b2r42]
= {b1, P}by11b2r 42 — P{b1, bor1}boryo + Pbyri1{by, by 12}
= {b1, P}byr11b2r 12 — {b1, b2y 41} Pborysr + {D1, bor 2} Pbor 4.

Since the result is assumed to be true for n = r, it applies to {b;, P}. Therefore,

2r
{b1,by...by 2} = Z(—l)m{bl, bitby ... by 1byy1 - borbyr 1Dy

m=2
—{b1, by 1}ba . . . borborya + (b1, bori2}by . Doy by
2r4+2 2r+42

= > 0o b ]
m=2 k=2

which shows that Eq. (8.67), if assumed to be true for n = r, will be true for
n=r-+1.
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8.8.5 Proof of Wick’s theorem

We prove Wick’s theorem by mathematical induction. For n = 1,

2
(r Hai>0 = (T aiaz)o.
i=1

Wick’s theorem is true in this case since there is only one pair. We now assume
that the theorem is true forn — 1, 1.e.;

2n—2

(T [T ado=>D (=D [[(Taia;)
i=1

and we prove that the theorem is true for n.
Let by, by, ..., by, be a permutation P; of ay, ay, ..., az, such that by, by, ..., by,
are arranged in descending time order from left to right. Then

2n
T]_[al Jo = (=1)" ]_[bk Jo = (=1 (b ku
2n
Using Eq. (8.66) with B = 1_[ by, we can write
k=2

2n

(T ] Jai)o = (=D" (1 +¢*F%)” {bl,]'[bk}

i=1
= (_I)Pl( +eiﬁ€k <Z( 1" {b, bm}l_[ bk> .

In e*P% the —(+) sign is for the case when b; is an annihilation (a creation)
operator. In the last step, we have used Eq. (8.67). Since {b;, b,,} is a number, it
can be moved outside the ensemble average,

2n
(T[Jado = (=D (1 +*%)" Z( 1" (b1, b} ku
i=1

Being a number, {b;, b,,} may be replaced by its ensemble average,

(b1, bu} = ({b1, bu})o = (1 4+ %) (b1by)o = (1 + eP4) (T biby)o



168 Imaginary-time Green'’s and correlation functions

where use is made of Eq. (8.606), and the fact that b,, b,, ... are arranged in descend-
ing time order. Thus,

2n 2n 2n
/
(T [ Tado = (DD (=1™(T biby)o{T [ ] bio- (8.68)
i=1 m=2 k=2
The introduction of T into the last factor is justified, since b, ..., by, are arranged
in descending time order.
2n

Note that (T 1_[/ by), is the ensemble average of the time-ordered product of

k=2
2n — 2 operators (recall that k = m is excluded by the prime on [ ]). By assumption,
2n
Wick’s theorem is true for such a product. In other words, (T 1_[/ bi), 1s the sum

k=2
over all contracted pairs that can be formed from the 2n — 2 operators. By summing

over m in Eq. (8.68), we exhaust all pairs that can be formed from the 2n operators.
Therefore, Wick’s theorem is true for n, assuming that it is true for n — 1, as
long as the sign of each term in the sum over m is the right sign. To show that
(—1)P1(=1)" is the right sign in each term, consider the original arrangement
ai, ap, ..., az,. First we rearranged the operators to &‘ b, ..., by,, which brought

about (—1)”'. Then, in order to form the contraction b; b,,, b; must be moved m — 2
steps to the right (or b,, moved m — 2 steps to the left), which brings about a factor
(—=1)"=2 = (=1)"™. Thus, (—1)"1(—1)" is indeed the correct sign in each term in the
summation.

8.8.6 Some remarks on Wick’s theorem

We state without proof the following remarks regarding Wick’s theorem:

(a) We have proved the theorem for the case when each of aj, ay, ... is either a
fermion creation or annihilation operator. It is not difficult to extend the theorem
to the case when each of a;, as, ... is a linear combination of a creation and an
annihilation operator.

(b) Although the proof is given for fermion operators, the same steps may be
followed to show that Wick’s theorem is also valid for boson operators; in that
case, one has to replace anticommutators with commutators.

(c) The theorem is also valid if some of the operators aj, a;, ... are fermion oper-
ators while the rest are boson operators; in this case, the permutation P in the
factor (—1)” is the permutation of the fermion operators.
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P
@

T ko ko 0 T ko
(a) (b)

Figure 8.1 (a) A particle is created at time O in state |ko), and a particle in state
|ko) is annihilated at time 7. (b) go(ka, 7) is represented by a solid line directed
from point 7 to point O.

[

oe

8.9 Case study: first-order interaction

As an example, let us use Wick’s theorem to calculate the imaginary-time
Green’s function, to first order in the interaction, in a translationally invariant
system of fermions interacting via pairwise interactions. The interaction term is
given by

. 1
_ At Af A A
V@) =222 D vl g0 (D, g0, (D0, (D10, (7).

q ko kyoy

In the perturbation expansion for Green’s function, Eq. (8.60), let us first consider
the numerator. The zeroth order term, n = 0, gives

—(T o ()2} (0))0 = (Ko, 7).

We can give a graphical representation to g°(ko, ). In the time-ordered product
—(T 6k0(r)éla (0))o, the time arguments O and 7 of the ¢-operators are repre-
sented by two points arranged horizontally, where the point with time t is on
the left. At time 0O, a particle is created in state |ko); this process is represented
by an arrow entering the point with time argument 0. At time 7, a particle in
state |ko) is annihilated; this is represented by an arrow leaving the point with
time argument t. These processes are depicted in Figure 8.1a. The noninteracting
Green’s function, go(ka, 7), can then be represented by a solid line directed from
point T to point 0, as shown in Figure 8.1b. We note that another convention is
sometimes used where g®(ko, 7) is represented by a line directed from O to 7;
here we follow the convention used by Abrikosov, Gorkov, and Dzyaloshinski
(1963).
The first-order term, n = 1, gives

I 1
nglld)m:ﬁ 0 dnzzzzvq

q kjo; kyop

X (T 8 (el OOy g0 (T g (T (1)1, (7))
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where the superscript and subscript on §g indicate that this is the first-order cor-
rection in the numerator. Applying Wick’s theorem, we find

(T 2o (D)L, (0], 4 g0, (TDEL g0, (T80 (7)1, (T1))0 =
— (T e (DL O)0(T &L 4o (Tkar (0o (T 2L, g, ()i (T1))0 - (@)
+ (T ko (D O)0(T &4 40, (1)1 (TN(T & _ 0 (T8 (T ()
— (T o (D)0, (T1))0(T &L (0, (01T 2L o, ()1 (D)0 (€)
(T ek (D2, 40, TN0AT el 0k, (1)) (T L, _ . ()i (7))o (d)
— (T (D2 g0, TN0(T 8 (0,0, (T)T 8L, ()l (TD)0 ()

(T ek (12,0 (T)0(T & (01,0, (1)) (T L, 4 40, (T (70 ()

= g°(ko, 1)g°(kz02, 0)g" (K101, 0)86,0, 0k, k,+q (8.692)
— g%(ka, 1)g°(k 01, 0)g°(ky02, 0)84,0 (8.69b)
+ ko, T — 11)g°(ko, 11)8° (101, 0).0,kk, 3q.0 (8.69¢)
— g'(ko, T — 11)g°(ko, 71)g (K161, 0050, 80, Ok Ky +qOkk, (8.69d)
+ ¢ ko, T — 11)g°(ko, 71)8° (K202, )., Skk, 3q,0 (8.69%)
— g%(ko, T — 11)g°(ko, 71)g° (K202, 080,850, Ski, Sk ky—q- (8.69f)

We can represent the above terms graphically. The time arguments t, 7, and O are
arranged from left to right. At time O, a particle is created in state |ko). At time
7, a particle in state |ko) is annihilated. At time 7|, two particles in states |k;o1)
and |k,o0,) are annihilated, while two particles are created in states |k; + qo;) and
ko — qos). These processes are depicted in Figure 8.2. The interaction process
at time 71, is represented by a dashed line carrying wave-vector q, two solid lines
going out, and two solid lines coming in. A contraction of an annihilation operator
and a creation operator corresponds to connecting an arrow that is leaving a point
to an arrow that is entering the same or a different point, forming a directed solid
line. The line represents a noninteracting Green’s function. Wick’s theorem tells
us to sum over all possible ways of picking pairs for contraction, from amongst
all the operators. Each possible way corresponds to connecting arrows in pairs. A
pair consists of one arrow leaving a point and one arrow entering a point. Each
possible way thus results in a particular diagram, known as a Feynman diagram
or a Feynman graph. Representation of perturbation theory in terms of diagrams
was originally developed by Feynman in his work on quantum electrodynamics
(Feynman, 1949a, 1949b). Hence, we can restate Wick’s theorem pictorially as
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ks — qoy koo
T ko . ko O
71
ki +qoy kioy

Figure 8.2 A particle is created in state |ko) at time O, while a particle in state |ko')
is annihilated at time 7. At time t;, two particles in states |k;o;) and |k,0,) are
annihilated, while two particles are created in states |k; + qo) and |k, — qo?3).

follows: connect all arrows in pairs (an arrow leaving a point to an arrow entering
a point), and do so in all possible ways; each possible way produces a diagram,
then add all the diagrams. Contemplation of Figure 8.2 reveals that we can form
six Feynman diagrams (see Figure 8.3), corresponding to the six different ways of
contracting the pairs.

In Chapter 9, we will develop rules for translating the diagrams into algebraic
expressions. For now, we only note the following:

o Eachdiagram in Figure 8.3 contains three solid lines; hence the analytical expres-
sion for each diagram contains a product of three noninteracting Green’s func-
tions. This is in conformity with Eq. (8.69).

o The Kronecker deltas which appear in Eq. (8.69) can be directly read off the
diagrams, since each solid line may contain only one wave vector and one
spin projection. For example, looking at Figure 8.3c, the following product of
Kronecker deltas can be read directly off the diagram: 8k k,—qSk k, Ok, k, +q%0,0, =
Sk k,0q,085.,0, -

« With the products of the three Green’s functions and the Kronecker deltas deter-
mined, the six terms in Eq. (8.69) can be written directly from the diagrams. The
only remaining question is the sign: diagrams a, ¢, and e produce a positive sign,
while diagrams b, d, and f produce a negative sign. For now, we state without
proof that the sign is given by (—1)"*, where n is the perturbation order (n = 1
in this case) and F' is the number of closed fermion loops: (=D = +1 for
diagrams a, ¢, and e. Diagram b has two fermion loops, and diagrams d and f
have zero fermion loops; hence their negative signs.

o Diagrams a and b are disconnected, whereas diagrams c, d, e, and f are con-
nected.
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ko — qoa koo

kooo ks — qoa

g
ki +qoy k01 k; +q01©k101
(b)

T1

T ky—qoz Tt keop 0 T ko Ty

ko A ko

7 ki+qor 11 kior 0
(e) (f)

Figure 8.3 The six Feynman diagrams corresponding to the six terms in Eq. (8.69).

In the remainder of this section, we will show that, to first order in the interaction, the

contribution of the disconnected diagrams to 8g'}) is cancelled by the denominator
in Eq. (8.60).

To first order (n = 1), the numerator NV in Eq. (8.60) is given by

N = ¢%ko, r)—l——/ d‘clzZqu

q ko koo

X (T 8o (00} (DEL, 4o, (TEL s (70 (1)1 (7))o
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We have already seen that the time-ordered product decomposes into six terms, the
first two of which correspond to disconnected diagrams:

= ¢(ko, 7) + —/ dri Y > ) g [ (T &k (T)EL_(0))o ]
q ko koo
o L R N C D Y A R L
(T 2L 4o (k10 (TD)OAT & _ g, (1) (71 ))0} + connected diagrams
_ gO(ko )| 1+ —/ dr ZZquI(k k,qo07, 71) | + conn. dgs.
q ko ko

We have explicitly written the first two terms that correspond to the disconnected
diagrams, lumped together the remaining four terms as “connected diagrams,” and
denoted the term in braces by I (k;k,qo05, 11). It is clear, using Wick’s theorem,
that

1(kik2qo102, 71) = —(T &}, | o0 (T2 _ 0, (70 (1)K, (7))o

We thus deduce that

1 N
oy 2 2. 2 vl (Kikageoa, 1) = —(TV (z))o.

q ko ko

Noting that, to first order in the interaction, the denominator is given by
1 (A .
Do1- —/ dy (TV (1),
i Jo
we conclude that, to first order in V
N, .
gko, 1) = ) = g (ko, t) + connected diagrams. (8.70)

Dividing the connected diagrams (which are already first order in V) by the denomi-
nator gives the same connected diagrams plus diagrams of higher order in V; hence,
to first order in V, Eq. (8.70) is exact.

Thus, to first order in the interaction, the denominator cancels out the discon-
nected diagrams in g(ko, t). As we show in the next section, this cancellation
persists to all orders in the perturbation expansion.
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I
' A A A

Figure 8.4 External points at times t and 0, and internal points at times 7y, 72, ... T,.
It is assumed that V is a two-body operator.

— O

Figure 8.5 A connected Feynman diagram.

T : : 0
Figure 8.6 A disconnected Feynman diagram.

8.10 Cancellation of disconnected diagrams

All Feynman diagrams (graphs) are either connected or disconnected. For the n'"
order term in the expansion of g, we draw points representing time coordinates.
There are two external points, one at time t on the far left, and one at time 0 on the
far right. In between are internal points at times 7y, 2, ..., T,. A line starts at the
external point T and a line ends at the external point 0. At each internal point, one
line goes in and one line goes out if V is a one-body operator. If V is a two-body
operator, two lines go in and two lines go out at each internal time. This is depicted
in Figure 8.4 for the case when V is a two-body operator.

By a “connected” diagram we mean a diagram in which every internal point
is connected, via a series of connected lines, to the external points. A connected
diagram looks like Figure 8.5, while a disconnected diagram looks like Figure 8.6.
In a connected diagram, é(t) is paired with a ¢7(z;), a é(%;) is paired with a ¢7(z;),
a ¢(t;) is paired with a &1(1y), and so on, until we reach éf(0) without missing
any internal T-point. The diagrams in which one or more internal points are not
connected to the external points are “disconnected.”
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Regarding the order-n correction to Green’s function, diagrams in which m
internal points are connected to the external points, while n — m are not, arise from
the following expression in the numerator of Eq. (8.60)

1/ 1} R .
2 (—73) /drl.../drm<T@kg(f)@]t”(0)V(n)...V(fm»o,c

n!
X /drm+1 . /dt,, (TV (Tt ... V(T))o.

The subscript ¢ means “connected.”” We have chosen the internal points
71, T2, ..., T to be the ones connected to the external points. However, had we
chosen any other set of m internal points, the expression above would not change,
since it would simply amount to a relabeling of the integration variables. The
number of such identical expressions is equal to the number of ways of picking m
points out of n points; this is n!/m!(n — m)!. Hence, the n"" order correction in the
numerator of Eq. (8.60) is

" I 1\" [ p
sgi) =y ————— [ —= /d.../d
. %m!(ﬂ—m)!( h) A

A A ﬂh ﬁh A A
X (Téka(f)élg(o)v(fl)---V(tm»O,c/ dfm+1---/dfn(T V(1) ... V(m))o-
0 0

Diagrams in which all internal points are connected to the two external points corre-
spond to m = n in the above sum, while diagrams in which only one internal point
is not connected to the two external points correspond to m = n — 1. Diagrams in
which none of the internal points are connected to the external points correspond
to m = 0. Summing over m from O to n generates all the diagrams, as required by
Wick’s theorem.

The summation over m in the above expansion may be rewritten as

n 1 00 00 1
Zm!(n_m)! =Zz(gmﬂ.m... ,
m=0 m=0 j=0

The Kronecker delta ensures that the summand is nonvanishing only when j =
n —m and m < n. Summing over all orders, the numerator in Eq. (8.60) becomes

00 00 00 1\" Bh Bh
) Ip I (_ﬁ) [Can [,

n=0 m=0 j=0

X (T e (02 OV (@) ... Vo, f dr . / de, (T V(D). V().
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We relabeled 41, ..., T, as 71, ..., T;, a step made possible by the fact that in sum-
ming over j, only terms with j = n — m make a nonzero contribution. Summing
first over n amounts to removing the Kronecker delta and replacing n by m + j, so
that (—1/A)" = (—1/h)"(—1/h)’; thus

— 1 ( 1\ A .
N==> —(-+ dry ... drm<Tcka(r)ck(,(0)V(n) V(@)
0

— m! h
® 1 1 J rBh Bh R R
x> —(—= / dt; .. / dt(TV(t1)...V(z))o.
20 J! h 0 0
But the second factor, Zjo:o - -+ is simply the denominator in Eq. (8.60); hence
gko, 1) =—-) — (——)/dn /dfn T e (D2, OV (71) ... V(T))o.c
(8.71)

We have proven that the denominator in Eq. (8.60) cancels out the disconnected
diagrams of the numerator. Importantly, we have shown that Green’s function is
obtained by summing over all connected diagrams. Of course, there remains the
question of how to translate Feynman diagrams into analytical expressions. We
will take this up in the next chapter.

Further reading
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Mills, R. (1969). Propagators for Many-Particle Systems. New York: Gordon and Breach
Science Publishers, Inc.

Problems

8.1 (V) and (E). For a translationally invariant system of interacting particles,
assume that v(r; — ry) is spin-independent. The Hamiltonian is

2
H= Z/ wi(r) <—§—mv2 — u) w, (r)d’r

5 / & f B raW] ()W ()0(E) — 1)U (1) Wi ().

0102
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(a) Using the Heisenberg equation of motion, show that
ad
ha\lfg(rt) = A(r, 1)V, (r7)

where
A _| 7 v? Wi v a3
D)= | =Vt =) [ WLmoue — ), nod'r |
(<5}
(b) Using the result from part (a), show that

<Z/d3rlw§(r/r)\p; (r v — )W, (rlt)\IJU(rt)>

, 9 B, -
=F lim | A —+ =V +u|)gor,rot).
ot 2m

(c) Take the limit r' — r, sum over o, multiply by 1/2, and integrate over
d’r. Show that the result is Eq. (8.24):

1 3 . . 8 h2 2 / /
(V) = :FE/d r lim Jim (—hE + oVt u) ZU:g(rot, rot)).
(d) Using the result from part (c), derive Eq. (8.25).

8.2 Thermodynamic potential. Define H(A) = Hy— uN + AV = Hy+ AV,
Zo(l) = Tr [e—ﬂﬁm], Q) = —kTInZo(L).
(a) Show that

ad = n 7 n—1
5T [(Hy+AV)'] =nTr[(Hy+21V)""'V].

0
(b) Using the above result, show that B_AZG(A) = —BZsz(A){V), where
V), = Tr [e—ﬂf?@)v] 1Z60).

3 1
(c) Show that —-Q() = (V) = —(AV);.

(d) Integrate both sides over A from O to 1 and use the result of the previous
problem to derive Eq. (8.26).

8.3 Discontinuity in g°. For a system of noninteracting electrons, plot g°(ko, T) asa
function of T. Show that g* is discontinuous at T = 0 and that the discontinuity
is equal to —1.

8.4 Equation 8.66b. Verify Eq. (8.66b).

8.5 Wick’s theorem: bosons. Prove Wick’s theorem for bosons.
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8.6 Wick’s theorem. Using Wick’s theorem, evaluate (N(®)N(t))g, where N is
the total number of particles operator in the interaction picture.

8.7 An equation for g°.
(a) Show that, for a translationally invariant system

d hz 2 0 / / / /

—— 4+ —V'+ulgr—ro,tv—1)=8r—r)ir—1).
ot 2m

(b) By Fourier transforming, deduce the expression for g’(ko, w,).

8.8 Analytic continuation. Given two operators A and B, let A=A—(A) and
B =B — (B). Let

CRy() = —i0@)([A@), BO)]), chp(r) = —(A(r)B(0)).

Itis clear that C{5(1) = CX (1) and CJp(w) = C§ ().
(a) Starting from the spectral representations of C ff g(w) and C g B(a)), show
explicitly that

Chp(w) = CEo(w).

(b) Show that, if (A) and (B) do not vanish, then ciB(r) *+ c/Tw(t).
(c) Find the relation between cﬁ p(w,) and cg g(wn). Show that

R T
Ci5@) = i@ _piio- -
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Diagrammatic techniques

So without these we all in vain shall try
To find the thing that gives them unity—
The thing to which each whispers, “Thou art thou”—
The soul which answers each, “And I am 1.”
—Titus Lucretius Carus, No Single Thing Abides
Translated by W. H. Mallock

We now consider in detail the rules for the construction and evaluation of Feynman
diagrams. At the end of the previous chapter, we expressed the imaginary-time
single-particle Green’s function as a perturbation series in connected diagrams,

gko, 1) = —Z (——)/ dr; .. /dr,, Tcka(r)cka(O)V(rl) V(r,,)>0€

9.1)
To simplify notation, the hat “A” above the operators is dropped. Additionally,
throughout this chapter, all operators are interaction picture operators, unless stated
otherwise. We show how to write g(ko, t) as a sum of Feynman diagrams, and
develop rules for translating diagrams into algebraic expressions.

To develop diagram rules, we begin by investigating, in sufficient detail, the
second-order correction to g(ko, 7) in a system of fermions, where V is a two-
particle interaction. We determine diagram rules, and later derive them for any
order in the interaction.

9.1 Case study: second-order perturbation in a system of fermions

The second-order contribution to g(ko, 7) is given by

5¢@(ko, -L—)_—— (——) f dtlfdrz Tckg(r)ckU(O)V(‘r])V(rz)> . 9.2)
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d / h J

N
A A

c e g )

Figure 9.1 External fermion lines at T and 0, and internal ones at 7; and t,. Dashed
lines are interaction lines. a and b represent the coordinates (ko), ¢ = (k3 + qoy),
d = (ky — qo2), e = (k101), f = (K202), g = (ks +q'03), h = (kg — q'0y), i =

(k303), and j = (k404).
hOj
OiQs Q]
! ! ! gOi

T e . ! o() T e ! o()
a ¢ T1e g T2 4 D a ¢ T1 e b

Figure 9.2 Connected and disconnected diagrams. The diagram on the left,
denoted by (ac)(eg)(fd)(ib)(jh), is connected. The diagram on the right, denoted
by (ac)(eb)(fd)(ig)(jh), is disconnected.

where, for a system of volume V,

1 1
Vi =< Y3y 5t 4o oD o DD 9.3)

kio) kaon  q

We need to evaluate
() G I () DO )

.|.

.|.
SN TR Y LA oA T Co3)

0,c

The evaluation proceeds by using Wick’s theorem: we sum over all possible con-
tractions that result in connected diagrams. Referring to Figure 9.1 and its descrip-
tion, this corresponds to summing all connected diagrams obtained by connecting
the directed fermion lines: one line leaving a vertex to another line entering the
same, or a different, vertex. For example, one diagram (see Figure 9.2) results from
connecting atoc,eto g, f tod,ito b, and j to h; this diagram is denoted by
(ac)(eg)(fd)(ib)(jh). On the other hand, a diagram such as (ac)(eb)(fd)(ig)(jh)
is disconnected and should not be counted.
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Table 9.1 Connected diagrams that can be drawn
in Figure 9.1 by connecting a to either c or d.

L. (ac)(eb)(jd)(fh)(ig)
2. (ac)(eb)(jd)(fg)(ih)
3. (ac)(eb)(id)(fh)(jg)
4. (ac)(eb)(id)(fg)(jh)
5. (ac)(fb)(jd)(eh)(ig)
6. (ac)(fb)(jd)(eg)(ih)
1. (ac)(fb)(id)(eh)(jg)
8. (ac)(fb)(id)(eg)(jh)
9. (ad)(eb)(fh)(jc)(ig)
10. (ad)(eb)(fh)(jg)(ic)
11. (ad)(eb)(f&)(jc)(ih)
12. (ad)(eb)(f&)(jM)(ic)
13. (ad)(fD)(eg)(jh)(ic)
14. (ad)(fb)(eg)(jc)(ih)
15. (ad)(fb)(eh)(ic)(jg)
16. (ad)(fb)(eh)(ig)(jc)
17. (ac)(ib)(ed)(fh)(jg)
18. (ac)(ib)(ed)(fg)(jh)
19. (ac)(ib)(eg)(fd)(jh)
20. (ac)(ib)(eg)(fM)(jd)

21. (ac)(ib)(eh)(fd)(jg)
22. (ac)(ib)(eh)(fg)(jd)
23. (ad)(jb)(fc)(eh)(ig)
24. (ad)(jb)(fc)(eg)(ih)
25. (ad)(jb)(fh)(ec)(ig)
26. (ad)(jb)(fh)(eg)(ic)
27. (ad)(jb)(fg)(eh)(ic)
28. (ad)(jD)(fg)(ec)(ih)
29. (ac)(jb)(fd)(eh)(ig)
30. (ac)(jb)(fd)(eg)(ih)
31. (ac)(jb)(fh)(ed)(ig)
32. (ac)(jb)(fh)(eg)(id)
33. (ac)(jb)(fg)(ed)(ih)
34. (ac)(jb)(fg)(eh)(id)
35. (ad)(ib)(fc)(eh)(jg)
36. (ad)(ib)(fc)(eg)(jh)
37. (ad)(ib)(fh)(ec)(jg)
38. (ad)(ib)(fh)(eg)(jc)
39. (ad)(ib)(fg)(ec)(jh)
40. (ad)(ib)(fg)(eh)(jc)
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What is the total number of connected diagrams that can be drawn in Figure
9.1? The external line a can be connected to ¢, d, g, or h, and line b can be
connected to e, f, i, or j. We start by counting all connected diagrams that can
be obtained by connecting a to either ¢ or d; there are 40 such diagrams, listed in
Table 9.1.

What about diagrams that can be obtained by connecting a to g or A? It is
clear that there are also 40 such diagrams, which can be obtained from the 40
diagrams listed in Table 9.1 by the following interchanges: t; <> 12, (kj01) <
(k303), (kp07) < (kq04), and q <> (/. Since 1; and 1, are integrated over, and
kio1, ka02, k303, kgo4, q, and ' are summed over, the 40 diagrams obtained by
connecting a to g or 7 make exactly the same contributions as the 40 diagrams
enumerated in Table 9.1. Hence, we may consider only the 40 diagrams in Table
9.1 and cancel the factor 2! in the denominator of Eq. (9.1).

Next, we observe that when we draw the 40 Feynman diagrams listed in Table
9.1, we find that there are only 10 generically different (topologically distinct)
diagrams. Each of these 10 diagrams occurs four times. The ten connected, topo-
logically distinct diagrams are shown in Figure 9.3. The diagrams in Figure 9.3 are
sometimes drawn in a different but equivalent way (see Figure 9.4). Table 9.2 lists
the diagrams from Table 9.1 that are topologically equivalent to the diagrams in
Figure 9.3.
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Q
< P .0

(a) (b) © O (@)
0o £
(2) (r)

()

Figure 9.3 The ten connected, topologically distinct diagrams that arise in second
order perturbation theory. Solid lines are fermion lines, while dashed lines are
interaction lines.

(a) (b) (c) Q (d)
e . Q90 —
(e) () (g) (r)
Q PSRN /’ - :A: ) \
(i) (i)

Figure 9.4 An alternative way of drawing the diagrams from Figure 9.3.

Our next observation is that topologically equivalent diagrams make the same
contribution to §g®, since they differ from each other only by virtue of a
relabeling of their internal time, wave vector, and spin coordinates, which are
integrated over. For example, diagram #20 in Table 9.1 makes the following
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Table 9.2 Topologically equivalent
diagrams listed in Table 9.1.

Diagrams in Table 9.1 Diagram in Fig. 9.3

1,4,13, 16
2,3,14, 15
5,8,9,12
6,7, 10, 11
17,24, 33, 35
18, 23,31, 36
19, 25, 29, 39
20, 26, 34, 40
21, 28, 30, 37
22,27,32, 38

SmmOQTMmoQwW>

contribution to §g®:

e () e () () EEEE

kio1 kaos k3os kqoy

|-‘~ [ -|- |-|- |

T
(T cko Tk(r €k, +q01 Sk —qor Ck202Cki1 01 Cy g 03 Cky — /oy CRa0 Ck30|3 )o- 9.4)

The time arguments of the operators are not shown explicitly: the first operator has
argument t, the second has 0, the next four have 7y, and the last four have 7,. We
have ignored the factor 1/2!, since, as noted earlier, this factor cancels out if we
restrict ourselves to the 40 diagrams listed in Table 9.1. The ensemble-averaged
term gives

()0 = (T (Dl 4o TNAT (Tl )0 (T € (T2, g0 (T1)0
(T oL - TN 0AT € (TDEL 4 o720
Using the relation

_<Tcka(f)cl/gf(f/))0 = Sk So0' go(ka, T —1),

we find
@) R 1 0 0
88urp = — (_ﬁ> / dr / dr, Z quv_q Zg (ko, T —11)g (ko, 7o)
0 0
q Ko’

Ko, 1 — 1)K +qo’, 71 — 1) gk — qo, T — 12). 9.5)
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k'o’

K + qo.l
q

[ S

at

Te °()
ko 1 k—qo T2 ko

Figure 9.5 Diagram (R), a ring diagram.

Upon evaluating Sg%)ét, as an illustrative example, we obtain the same expression
as above, except that vé replaces vqv_q. Since v(ry — rz) = v(ry — ry), it follows
that vqg = v_q; hence, diagram #34 makes exactly the same contribution to §g® as
diagram #20. The fact that topologically equivalent diagrams yield the same alge-
braic expression means that we may sum only the topologically distinct diagrams
and drop the factor 1/4 in front of v(zl. In other words, we sum only connected,
topologically distinct diagrams, but we replace a dashed line carrying a wave vector
q with (vq/ V) instead of (1/2)vq/ V. Thus, diagram (R), reproduced in Figure 9.5,
is given by

1 \2pph pph
R) = — (—ﬁ> [an [ 4 Y Y vttt - gtk - a0 - )
0 0

q Ko’

QKo 1 —1)g"K +qo’, 11 — 1) g ko, o). (9.6)

This expression may be written from Figure 9.5 if we adopt the following
rules:

(1) To each fermion line with coordinates (Ko ), running from 7; to 7;, assign the
noninteracting single-particle Green’s function g°(ko, 7; — 7).

(2) To each dashed line with wave vector q, assign the factor vq/ V.

(3) Conserve wave vector and spin at each vertex.

(4) Sum over all internal coordinates (in Figure 9.5, these are kK, ¢/, and q).

(5) Integrate over internal times from O to B7 (t and O are external times).

(6) Multiply by (—1/4)", where n is the order of the interaction (n = 2 in Figure
9.5).
A factor of —1 is needed to reproduce Eq. (9.6). We note that diagram (R) has
one closed fermion loop. The last rule is:

(7) Multiply by (—1)¥, where F is the number of closed fermion loops.
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We are usually interested in calculating g(ko, w, ). To find the contribution of
diagram (R) in Figure 9.5 to §g®(ko, w,), we write

1 .
dgic (ko 1) = 22 ;%ffkka, w)e T, w, = Q2n + D/
On the RHS of Eq. (9.6), we also Fourier-expand the Green’s functions,
NN/ 1\’ va\2 [P P .
RHS=—(—-) [ — <_‘1> / d f d ko, w,)e ' T~™
(-4) () Z G [amf o0 E 0o

x D8k —qo, @, )e T Y L g0k, et

np na
X Z 'K 4 qo’, w,,)e oM™ Z ko, w,,)e " mm,
ns ny

Collecting the exponentials, we find
ph Bh
[ = g~ionT / dr £ (@n=@n F0n —wi3)T) f dr, £ (@ —@ny Ty =0 )02
0 0

Since the frequencies are odd, w, — w,, + wy,, — Wy, and w,, — wy, + Wy, — Wy,
are both even; hence

4

_ 2 —iw,T
I = (Bh)ye "™ 5wn+wn2, ©n, +ny 5wn4+wn2, wn, F@ny *

Thus, I = 0 unless w,, = w,. Setting w, — w,, = w,, (w,, is even), we find w,, =
wy, — wy and w,, = w,, + w,. Relabeling o, as w,/, we obtain

_1 2 v 2
Sgr (ko w,) = — (W) > (Vq) > ko, )8k — qo., w, — wy,)

qk'c’
x §'(K'o’, 0,)g"(K + qo’, wy + w,) g ko, w,). 9.7)

In Figure 9.6, we redraw diagram (R), this time in momentum-frequency space.
The above expression for 8gf{2 )(ko, w,) can be read off Figure 9.6 if we adopt the

following rules:

(1) Assign coordinates (ko, w,) to the two external fermion lines. To each inter-
action line, assign a wave vector and an even frequency.

(2) To each internal fermion line, assign wave vector, spin, and frequency coordi-
nates. At each vertex, conserve wave vector, spin, and frequency.

(3) To each fermion line with coordinates (Ko, w,), assign g°(ko, w,). To each
interaction (dashed) line with coordinates (q, w,,), assign vq/V. Form the
product of all the g”s and (vg/ V)’s.
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! !
k'o! wp

/ /
k' + qo’, Wy + wm,

q? w?n

e, - — -

|
1
1
1
q? wm;\
1
1

ko, w, k — qo,w, —wn ko, w,

Figure 9.6 Diagram (R) in momentum-frequency space.

(4) Sum over all internal coordinates (wave vector, spin, and frequency).
(5) Multiply the resulting expression by (—1/pA%)" (—1)¥, where n is the order of
the interaction and F is the number of closed fermion loops.

9.2 Feynman rules in momentum-frequency space

For a system of fermions with spin-independent two-particle interaction, the order
n correction to g(ko, 1) is

Lo\ o
(n) —
g (ko, ‘r)_——‘ (——) /dtl.../d‘cn
n. h 0 0

(T () €l (0) VTV (1) ... V(t,1)>0 - (9.8)

We make the following observations:

(a) Each connected diagram results from a particular set of contractions, e.g.,

cl(r)cl*T(rl), cl(tz)clT(O),. N c'*(r—lm)cT(tn). Let iy, is,...,i, be a permutation of
1,2, ..., n. The diagram which results from the set of contractions c,’(Tl)cT(ril ),
c(t'TI)cT(O), ey c(rl,'—ml)cT(ri”) is topologically equivalent to the first diagram
mentioned above, since the two diagrams differ only by a relabeling of their
time indices. The two diagrams have the same numerical value since the contri-
bution of the second diagram differs from that of the first only by a replacement
of the product V(7))V(1y)...V(t,) by V(7;,)V(z;,) ... V(z;,) in the integral,
and the dummy time variables are integrated over. Furthermore, no minus sign
is incurred by this rearrangement since V contains an even number of fermion
operators. Because there are n! permutations of 1, 2, ..., n, we conclude that
there are n! topologically equivalent diagrams which differ only by the permu-
tation of their time indices, and that all of them have the same algebraic value.
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Therefore, we consider only one diagram from this set and cancel the n! factor
in Eq. (9.8).

Going back to the example used in Section 9.1, we note that the 40 diagrams
listed in Table 9.2 are divided into ten groups, each of which contains four
diagrams. The four diagrams in each group are topologically equivalent and
have the same algebraic value. Consider, for example, these four diagrams:
#20, #26, #34, and #40, which are all of type (R). Diagram #34 is obtained
from diagram #20 by interchanging the two vertices of the interaction line at
71. Diagram #40, in turn, is obtained from diagram #20 by interchanging the
two vertices of the interaction line at 7,. Diagram #26 is obtained from #20
by interchanging the two vertices at 7; as well as the two vertices at t,. The
four diagrams make the same contribution to g(ko, 7) because they differ only
by a relabeling of their internal momentum and spin coordinates, which are
summed over.

Similarly, at order n, any interchange of the two vertices of a given interaction
(dashed) line yields a diagram that is topologically equivalent to the original
diagram, with the same algebraic value. Since there are n interaction lines,
each of which has two vertices, there are 2" topologically equivalent diagrams
with the same algebraic value that differ only by a relabeling of their internal
momentum and spin indices. If we were to construct a table of these order n
diagrams, similar to Table 9.2, we would find that each of the groups consists
of 2" diagrams (in Table 9.2, n = 2). Since a factor (vq/2V') appears for each
interaction line of wave vector ¢, we may consider only one diagram from each
group and assign vq/ V to each interaction line, rather than (1/2)vg/ V.

Let

Py = —(Tck(,(r)cla(O)cIcI,cl«cl "'C,];Cl/cn’cn>0,c-

Here, we have dropped the internal momentum, spin, and time coordinates, and
the notation adopted is as follows. The interaction line at 7; has two vertices,
denoted by i and i’. The creation (annihilation) operator associated with vertex
i is denoted by c}L (ci). The operators can be rearranged such that

Py = —(Tckg(f)c:rclc];,clr e c;[ Cn cl, Cn’CL,(O))o,c-

In applying Wick’s theorem to evaluate P,, we sum over all possible ways of
contracting pairs of operators. Let us consider the following particular way:
every annihilation operator is contracted with the creation operator immediately
on its right side (cg, is contracted with C}L, ¢y is contracted with cf,, and
so on). This way of contracting operators produces a term in P, which is
a product of 2n 4+ 1 g%s with an overall positive sign; the corresponding

Feynman diagram has no loops. Other diagrams without any closed loops can
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be obtained by interchanging two internal vertices and following the same
contraction procedure. For example, if we interchange cir,clr and c;c2 and
contract every annihilation operator with the creation operator immediately to
its right, we obtain another diagram without any loops. Since no minus sign
is introduced by interchanging of one pair of operators with another, every
diagram without loops that is generated by applying Wick’s theorem to P, is
a product of 2n + 1 single-particle Green’s functions with an overall positive
sign.

A closed fermion loop is formed if a fermion line leaves a vertex and then
reenters the same vertex, possibly after entering and leaving a number of other
vertices. For example, let us consider again the time-ordered product P,, and
let us interchange c; and cy-. This interchange introduces a minus sign; hence,

Py = (Tckg(f)c:rclrci,cl . -c;[ ol Ci, Cn’CL,(O))o,c-

We now follow the same contraction procedure outlined earlier: every annihi-
lation operator is contracted with the creation operator immediately on its right
side. This way of contracting pairs of operators produces a term in P, which
is a product of 2n + 1 g%’s with an overall negative sign. The corresponding
Feynman diagram contains one fermion loop which results from contracting
¢y with clf,. As another example, if we interchange ¢, and c¢; and follow the
same contraction procedure as above, we end up with a Feynman diagram with
one loop, where a line starts at vertex 1/, runs to vertex 2, and back to 1. Once
again, the corresponding term in P, contains a product of 2n + 1 g°’s with an
overall negative sign. Thus, a factor of —1 is assigned to each closed fermion
loop.

If a fermion line closes on itself or is joined by the same interaction line, it
corresponds to the contraction clt,a,(r’ )ckror(T'). Since a contraction at equal
times is ill-defined, and since in V(7’) the creation operators always occur to the
left of the annihilation operators, the contraction at equal times is interpreted
as

/ / / /
o (D)o (T) = 0o (T + 0 )i (1) = (T el (T + 07)cp 0 (T))o
= _<Tck”(7”(r/)cl’(,’(r/ +01))0 = 857078k g’ (K'a’, 07).
When Fourier-transformed, it yields

B Y 8K w)e " = (B Y g w)e

Each interaction (dashed) line of wave vector q, occurring at time t’, has two
vertices. At each vertex, one fermion line enters and another one leaves, such
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Ta 7—/ Te

Figure 9.7 Two fermion lines, coming from vertices at 7, and 7}, enter the inter-
action line at T’ and then leave to vertices at 7. and 7.

that momentum and spin are conserved. Let us represent the two fermion lines
entering vertices 1 and 2 of the interaction by g°(t, — t’) and g%z, — 7'),
respectively, for some 7, and 7. The two fermion lines leaving vertices 1 and 2
of the interaction are represented by g°(z' — 7,) and g°(t" — 1)), respectively,
for some 7, and 7, (see Figure 9.7). In terms of frequency, we write

g, =T = (BN ) (e

ni

'@, — )= (B Y g @y e

na

gO(T/ . _[C) — (ﬁh)_l ZgO(a)n3)e—ia)n3(r/—rc.)

n3

g — 1) = (B Y g (wp,)e T

ng

Since 7’ is integrated over, we obtain a factor of

ph
1 i@y, F0py —@py —wp )T
/ dt e "2 " " - ﬂh8w111+wn2s wn3+wn4'
0

Setting w,, — w,, = wy, (even), we find that w,,, = w,, — o, and w,, = w,, +
. Thus, we can associate a wave vector q and an even frequency w,, with an
interaction line, and demand momentum, spin, and frequency conservation at
each vertex, as shown in Figure 9.8.

Each diagram occurring in the expansion of g (ko, T) has 2n + 1 fermion
lines and 7 interaction lines at 7y, T,..., T,. Each fermion line, when
Fourier-transformed, produces a factor of (8%)~!, while the integration over
7, T2, ..., T, produces a factor of (B7)". Hence on the RHS of the expres-
sion for 8g™(ko, ), there is a factor of (Bh)™"~'. Since 8™ (ko, T) =
(Bh)~! > 8¢ (ko, w,)e T, the expression for §g"(ko, w,) contains the
factor (Bh)~". Combining this factor with the prefactor (—1 /)" which occurs in
the expansion of §g"(ka, T), we conclude that the expression for g™ (ko, w,)
contains the factor (—1/ ,3h2)".
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k2027 Wno k2 + qo2, Wn, + Wm
\
q, Wml
k1017w711 ki — qQo1,Wn, — Wm

Figure 9.8 Momentum, spin, and frequency conservation at each vertex of an
interaction (dashed) line.

We are now in a position to state Feynman rules, in momentum-frequency space,
for the construction and evaluation of diagrams that contribute to the correction
1) g(")(ka, wy,), in order n, to Green’s function g(ko, w, ). The rules for two-particle
interaction are as follows:

1. Draw all connected, topologically distinct diagrams with z interaction lines and
2n + 1 directed fermion lines. Two of the fermion lines are external lines, and
the rest (2n — 1) are internal lines.

2. The two external fermion lines have coordinates (ko, w, ). With each internal
fermion line, associate momentum, spin, and frequency coordinates. To each
interaction line assign a direction, a wave vector, and an even frequency. Con-
serve wave vector, spin, and frequency at each vertex.

3. Assign g’(ko, w,) to each of the two external fermion lines. To each internal
fermion line of coordinates (K'o’, w,), assign g°(k'o’, w,). For each fermion
line with frequency w,  that closes on itself or runs from one vertex of an
interaction line to the other vertex, insert the factor elen0"

4. Assign to each interaction line with wave vector q and frequency w,, the factor
vq/V, where V is the system’s volume.

5. Form the product of all the g®’s and all the (vq/V)’s, and then sum over all
internal wave vectors, spins, and frequencies.

6. Multiply by the factor (—1/81%*)"(—1)F, where F is the number of closed
fermion loops.

Finally, we consider the following question: when we draw the connected,
topologically distinct diagrams, how do we know whether we have exhausted them
all? To restate the question, what is the number Crp(n) of connected, topologically
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distinct diagrams that contribute to §g™(ko, 7)? According to the discussion above,
two diagrams are topologically equivalent if one is obtained from the other either
by a relabeling of internal time indices, or by interchanging the two vertices of one
or more interaction lines; therefore,

C(n)
nl2r

where C(n) is the number of connected diagrams of order n. In calculating
8g™(ko, T), the ensemble average is taken over a product involving 2n + 1 cre-
ation operators and 2n + 1 annihilation operators. In forming contractions, an
annihilation operator is contracted with a creation operator. Each possible way of
contracting the 2n + 1 annihilation operators with the 2n + 1 creation operators
produces one diagram. The first annihilation operator can be contracted with any of
the 2n + 1 creation operators; the second annihilation operator can be contracted
with any of the remaining 2n creation operators, and so on. The total number of
diagrams, connected or not, is therefore equal to (2n + 1)!. A disconnected dia-
gram is obtained if the operators in one or more V-operators are contracted among
themselves.

Consider the case where the creation and annihilation operators in m V -operators
are contracted among themselves. We note the following:

Crp(n) = 9.9

(a) In these m V-operators, there are 2m annihilation operators and 2m creation
operators. The number of diagrams formed by contractions of these operators
is 2m)!.

(b) The number of connected diagrams formed by the remaining 2(n — m) + 1
annihilation operators and 2(n — m) + 1 creation operators is C(n — m); it is
simply the number of connected diagrams of order n — m.

(c) There are n!/m!(n — m)! ways of choosing m V’s from among n V’s.

The number of connected diagrams is thus given by the recursion formula

n

Cn) = (2n + 1)! —Z

m=1

n—!(Zm)!C(n —m) (9.10)
m!(n —m)!

along with
c) =1. 9.11)

Equations (9.9-9.11) determine the number of connected, topologically distinct
diagrams. Forn =1,

c
C(1)=3!=-2!1C(0)=4, Crp(l)= - = 2.
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(a) (b)

Figure 9.9 The two first-order connected, topologically distinct diagrams arising
from the correction to g(ko, w,) in first order of the interaction (n = 1). (a) is a
direct interaction diagram and (b) is an exchange interaction diagram.

Forn =2,

C(2)=5! 2!2'C1 2!4‘C0—80 C 2——80—10

(2) = -—m-()—m-()— : TD()—222!—

For n = 3, we find Crp(3) = 74. Clearly, the number of connected, topologically
distinct diagrams grows rapidly with increasing perturbation order.

9.3 An example of how to apply Feynman rules

Consider the correction to g(ko, w,) in first order of the interaction (n = 1). There
is one interaction line and three fermion lines, two of which are external lines
with coordinates (ko, w, ). There are two connected, topologically distinct dia-
grams, shown in Figure 9.9. Using the Feynman rules, we can readily write the
contributions of these two diagrams:

-1 .
58 (ko, wy) = — (W) ”—V" (8o, 0,1 ) D (Ko, )™ (9.12)
kKo’ n
_1 v .
58} (Ko, w,) = (W) [8°ko, @) ) 71k = o, @y — e’ 7"
qm
8¢V (ko, w,) = 88V ko, w,) + 825" (ko, w,). (9.13)

The first minus sign in §g{" results from the existence of a closed fermion loop in
diagram (a). The convergence factor e’ @ 0F
coordinates (k'o’, w,) closes in on itself. On the other hand, the convergence factor
e@n om0 in §¢V arises because the fermion line with coordinates (k — qo, @, —
;) is joined by an interaction line. These convergence factors are important;
without them, the summation over frequencies would diverge (see Problem 9.3).

1s inserted because the fermion line with
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Frequency sums, as in the above expression for § gél)(ka, wy) and & gl(,l)(ka, wp),
often arise in applications of the finite temperature Green’s function. Here we
record the following formula:

i elon0” —pBhn: bosons ©.14)

S iwy —E/h N Bh f= fermions

(see Problem 9.3). In the above equation, n; and f; are the Bose—Einstein and
Fermi—Dirac distribution functions, respectively.

9.4 Feynman rules in coordinate space

The perturbation expansion for Green’s function, derived in the previous chapter,
applies to both momentum and coordinate space; hence

© ph ph
grot,r'o’'t)y = — Z m(—l/ﬁ)" /drl ... /drn
—n 0 0

(T, (xT)W], (' THV(T) ... V(T))ow. 9.15)

All operators are interaction picture operators. For two-particle interactions (see
Eq. [3.53]),

1
V(o) =5 >3 / d*r / &Pl (D)W (1 T)v 0 (0 P, (F D)W (r D)
AN !

where A, A, u, and p' are spin projection indices and v;, (1, 1) =
(Aplv(ro, r'o’)|A'n'). If v is spin-independent, v, , v (r, ¥') = v(r, ¥')831: 8,0 . Let
U(rot,r'o’t’) = v(ro,r'o’)é(t — t'),where 0 < 1, v/ < Bh. V() may be written
as

1 o
V(t) = 5 Z /d3r/d3r//0 dt’\IJI(rt)\IJlTL(r/r/)UM,AW(rr, r't)
AN

X W, (X't )Wy (ro). (9.16)

The interaction is depicted in Figure 9.10. The two vertices of the interaction line
are assigned coordinates (rt) and (r't’). The first-order correction is given by

1 Bh Bh
8¢ V(rot,ro't) = > /d% /0 dt /d%{ /O dtl'ZZ(T\lfJ(rr)\Di,(r’t')

A

U T )W O T U (010, TV (8 ) 0 (R 7))o 9.17)
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W
T

A

//(1'7')\\

Figure 9.10 Graphical representation of the two-particle interaction in coordinate
space.

The notation can be simplified by introducing the four-dimensional coordinate
x = (r, 7). Setting [ d°r Oﬁh dt = [ dx, Eq. (9.17) reduces to

Sei e, x') = (1/20) [d [dxi 32 T vl 6wl e Wi

AN !
Uku,)\’u’(xly xi)"pu’(xi)\pk’(xl))o,c-
Similar to the momentum space, the following observations apply:

(a) Diagrams that differ from each other by a permutation of 7y, 1, . . ., T, are topo-
logically equivalent; they make identical contributions to Sg((r";/(x, x"). There
are n! such diagrams. We select one diagram from this set and cancel the factor
1/n!in Eq. (9.15).

(b) In order n, there are 2" topologically equivalent diagrams that differ only by
some interchange of the interaction vertices (r;7;) <> (ri7/), along with the
corresponding spin indices. These diagrams make identical contributions to
8g™, since the interaction is symmetric under such an interchange:

U)\;L,)Ju/(-xi’ x,/) = U)\./I)L/,)Lll«(xl{’ Xi).

The symmetry occurs because the particles comprising the system are indistin-
guishable: since the particles are identical, interchanging the position and spin
coordinates of any two particles does not change the interaction between them.
Hence, it is sufficient to count each topologically distinct diagram only once,
assigning to each interaction line with vertices x and x the factor U, , ;v (x, x”)
rather than (1/2)Uj w0 (x, X7).

(c) For each fermion loop, a factor of —1 is assigned.

Following these observations, we write below the Feynman rules for calculating
the correction, of order n, to the Green’s function g(roz, r'o’'t’):

(1) Draw all connected, topologically distinct diagrams with 2n vertices (i.e., n
interaction, or dashed lines) and two external fermion lines. At each vertex,
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TrTo xl x/o./

Figure 9.11 Connected, topologically distinct diagrams that contribute to the first-
order correction to Green’s function.

one fermion line enters and another one leaves. If the interaction is spin-
independent, conserve spin at each vertex.

(2) To each fermion line directed from (ro7) to (r'c’t’), assign g’(ro 1, r'c't’).

(3) Toeachinteraction line with vertices (r; 7;) and (r} J/ ), assign the matrix element
U)LM,)J,L/(I',' T, I’; Ti/)'

(4) Integrate over all vertex coordinates (2n space and 2n time integrations).

(5) Sum over all internal spin indices.

(6) Multiply the resulting factor by (—1/4)"(—1)F, where F is the number of
fermion loops.

(7) Any Green’s function at equal times is interpreted as g’(ro 7, ¥'o’t ™).

As an example, consider a system of fermions with spin-independent two-
particle interaction: Uy, y (X, X") = Uj (X, x)85,:8,,,0. The first order correc-
tion gV (ro T, r'o’t’) is obtained below. There are two connected, topologically
distinct, diagrams (see Figure 9.11). Using the diagram rules,

sgVor, Yo'ty = Sg(l),(x, x) = Sg(l) (x, x")+ Sgy;,’b(x, xXY=A+B

oo oo’,a

1
A=7 /d’”/dxi > 80,0 xD)Un i Gt X)gp, (61, X180 (x1, x')
Ap

1 / /
= oz / dx; / dx] 3 80, (6, 1)U, X80 (5 X%, (1, 1)
m

(9.18)

+
where Uy o, (x1, x]) = v(ry, 1))8(7) — 7)) and ggu(xi, X)) = ggﬂ(r’l‘cl/, riTh).

—1
B=— / dx, / dx) 3 80, X0z (1, X021, X)) (], )
A

-1 / / / ’ /
= do0'—— / dx, / dx182, (x, x)Usg00 (X1, X180y (X1, X80y (x1, x). (9.19)
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O
(]]:[]) :Q+ }+© ©+(23+7+©+ ©+

Figure 9.12 Graphical representation of Green’s function in terms of the self
energy. The directed solid double-line represents g(ko, w,), the directed solid
single line represents g°(ko, w, ), and the dashed line is the two-particle interaction.
The hatched circle represents the self energy X (ko, w,).

9.5 Self energy and Dyson’s equation

It is clear from our previous analysis that every connected diagram in the per-
turbation expansion for Green’s function contains two external particle lines
at its ends. Thus, every connected diagram has an algebraic value given by
2%ko, w,)B(ko, w,)g"(ko, w,), for some B(ko, w,) that is determined by the
structure of the diagram. Hence, we may write

g(ko, w,) = g°(ko, ®,) + g°(ko, w,) (Ko, w,)g" (ko, ®,)

where X (Ko, w,), known as the particle’s self energy, is obtained by summing
B(ko, w,) over all connected, topologically distinct diagrams of all orders in the
perturbation. Graphically, the equation for g(ko, w,) is represented in Figure 9.12,
where the self energy X (ko, w,) is written as an infinite sum of terms, called
self-energy terms.

An examination of the diagrams appearing in the expansion of X (ko, w,) reveals
that there are two types of diagrams: those that can be separated into two pieces
by cutting a single-particle line (third, fourth, and fifth diagrams), and those that
cannot. If we add up all the self energy diagrams that cannot be separated into two
pieces by cutting a single-particle line, we obtain what is known as the proper, or
irreducible, self energy X*(ko, w,). It is clear that

S (ko, w,) = T*(ko, w,) + T*(ko, w,)g ko, w,)T* ko, w,) + - - - .

This is depicted graphically in Figure 9.13. It follows that Green’s function may
be written as

g(ko, w,) = g'(ko, »,) + g°(ko, ,)Z*(ko, w,)g’(ko, w,)
+ ¢%(ko, w,)T*(ko, w,)g ko, w,)T*(ko, w,)g ko, w,) + - - -
— g(ko, w,) = ¢°(ko, w,) + g°(ko, w,) T*(ko, w,)g(ko, w,). (9.20)
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R e e e

Figure 9.13 The shaded circle is the proper self energy X*(ko, w,), while the
hatched circle is the self energy X (ko, w,).

This is Dyson’s equation (Dyson, 1949a, 1949b). An exact expression for Green’s
function, in terms of the proper self energy, follows:

8" (ko, w,) B 1
1 — g%ko, w,)T*(ko, w,) g% ' (ko, w,) — T*(ko, w,)
1

= - — . 9.21)
iw, — &s/h — *(Ko, w,)

g(kav a)n) =

where €, = €x, — (. We should note that even though the above expression is
exact, the calculation of ¥*(ko, w,) is generally a formidable task; in practice,
Y *(ko, w,) is approximated by a few diagrams.

9.6 Energy shift and the lifetime of excitations

We recall, from Section 8.4, that the retarded Green’s function is obtained from its
imaginary-time counterpart by using the replacement iw, — w + 0. Therefore,
1

GR ko, w) =
ko, ) ® — &gy /I — ReX*R(ko, w) — i ImZ*R (Ko, w)

where 2*R(ko, w) = 2*(ko, iw, — w + i0") is the retarded proper self energy.
We assume that /m X *%(ko, w) is nonzero so that the additional 0" in the denom-
inator can be neglected. The spectral density function, equal to —2Im G® (see Eq.
[6.42]), is given by

—2 ImX*R(ko, w)

Ako, w) = [w — & /i — ReZ*R(ko, )2 + [ImZ*R(ko, w)]*

For fermions, A(ko,w) >0 (see Eq. [6.35]). Hence, ImX*R(ko, w) <0 for
all values of w. While A(ko, w) is a Dirac-delta function for a noninteract-
ing system, the above expression shows that, in the presence of interactions,
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w — plane

Figure 9.14 The contour C in Eq. (9.22) consists of the real axis, from —oo to
400, and a semicircle at infinity in the lower half-plane.

A(ko, w) is a Lorentzian with a shifted center and half-width at full maxi-
mum given by (1/2)ImX%(ko, wg), where wy is the solution of the equation
w — & /I — ReX*R(ko, w) = 0.

Going next to the time domain,

1 [ , 1 [ e “dw
GR(ko, 1) = — / GR(ko, w)e " 'dw = — / —

27 J_ oo 27 J_so 0 — € [+ iy
where €, >~ &, +h ReX}(Ko, é, /) and y =~ —Im¥%(ko, ¢ /h) > 0. Since
t > 0 (GR(ko, t) vanishes for t < 0), the above integral vanishes if taken over the
semicircle at infinity in the lower half w-plane. Hence,

1 7ia)td

GRko, 1) = — / L - (9.22)
2r Je w — €, /A +iy

where C is the closed contour shown in Figure 9.14. The position of the pole is

given by .. = €/l — iy. By the residue theorem, we obtain

GR(ko, 1) = —i0(t)e MoV

The minus sign arises because we go around the contour in a clockwise direction,
and the step function ensures that the retarded function vanishes for ¢+ < 0. In fact,
ift < 0, we consider a contour consisting of the real axis and a semicircle at infinity
in the upper half-plane. The contour integral then vanishes, since the pole is outside
the contour. Furthermore, for ¢ < 0, the integral over the semicircle at infinity in
the upper half-plane also vanishes; hence, the integral along the real axis vanishes,
and GR(ko,t < 0) = 0.
The retarded function of the noninteracting system is given by

G*Oko, 1) = —if(t)e "'

(see Eq.[6.61]). A comparison of the expressions for GR(ko, t) and GRO(ko, 1)
shows that the effects of the interaction are shifting the energy of the single-
particle excitation by /i Re X% (ko, €, /li) and causing a damping of this excitation.
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k'’
' k' £ qo’ k'o’
A vd . -
T 1 1 0 T L 2 O
ke Tt k—qo mn ko ko ko
k —qo
(a) (b)

Figure 9.15 Two equivalent drawings of the ring diagram.

The lifetime of the excitation, t, is defined by yt = 1/2; hence,
-1
T= .
2 ImX3 (Ko, €, /h)

9.7 Time-ordered diagrams: a case study

For a system of interacting fermions, let us consider the ring diagram again, shown
in Figure 9.15. Diagram (b) is an equivalent way of representing the ring diagram
if we assign vq/V to each filled circle. Its contribution is given by

Bi B )
5g? = c(2)/ d‘q/ d‘L’zZ V—ngo(ka, 7 — 11)g%ko, )F(KK'qoo’, 1) — 1)
0 0 woq

where ¢(2) = —(—1/h)?, and
F(kK'qoo', 11 — 1) = g%k — qo. 71 — 1)g"(K'o’, 1 — 11)g’ (K + qo’, 11 — T2).
Fourier-expanding the external Green’s functions,

ko, T — 1)) = (Bh)"! Z g (ko, w,, e on T

ni

g'ko, 1) = (B ) ko, )",

na

we obtain

2
v, .
5% = e Y 5 ) 8" (ko )8 (Ko, )T

k'c’q niny

ph Bhi ) )
I = / dr / dt, e'“nMe ' “n 2 F(KK'qoo’, 11 — o).
0 0
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Noting that

Bh T ph (7
/ d‘f]f d‘[z / d‘L’]/ de"'+/ dT2f d'L’]...,
0 0 0 0

the expression for / is written as

I'=hL+1L

I] /dfl/df2 elwnl‘fl —1w,1212F><>
:/ dTZ/ df] ela),,lrl tw,,2r2F<><

FF=" =g k—qo, 11 —0)g" Ko/, 1o — 11)g” (K + qo', 11 — 1)

where

F""=g""(k—qo, 11 —1)g"” Ko, 12 — 1)g" (K + qo’, 71 — 7).

Here, g0>(ka, T)= go(ka, T > 0) and g0<(ka, T) = go(ka, T < 0).
We recall some results from Chapter 8,

o0
d
" ko, 7) = / PO (ko e 55, PP (ko) = ~(1 — f0)AKo, ©
. T

o0
d
g"~(ko, 1) = f P0<<ka,e>e—“—26, P~ (ko, €) = f.AKo, €)
_o T

(see Eqgs (8.28) and (8.32-8.34)). A°(ko, €) is the spectral density function for the
noninteracting system. Using the above expressions for g% and g°<, we can write

I, = / ﬂ 2 €3 P0>(k qo, 61)P0<( ,€2)P0>(k/+q0/, €3)
00 2T o 21 ) o 27

ph T
% / d-’:]e(iwnl_el"rGZ—ES)Tl / Idtze(—iwn2+61—éz+63)12. (9.23)
0 0
The time integrals are easily evaluated,

Bh T
/ drle(i“’”l —€1t+e—63)T) / d.[ze(—iwn2+€1—€2+63)fz
0 0

Bh ph elion —€1+€2—€3)7)

= S 0n, — / dt)— . (9.24)
—lwy, +€ —€+e 0 —iw,, +€ —€ + €
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Therefore,
N B
02T o2 ) o2 —iw,, €1 — €2+ €3
X de; [FCdey [P de ph elion —@rte—e)n
_/;002_711 _002_7: _002_7133/0 dn —iwy, + €1 — e+ 6 ©-25)
where

B = P”(k — qo, €))P*<(K'o’, &) P (K + qo’, €3). (9.26)
Similarly, defining D by
D = P'<(k — qo, €)) P> (K'o’, &) P~ (K' 4+ qo’, €3) (9.27)

we can write an expression for I,

Oodé] OOdEz Ood63 D
b= pidoe, | | | 5
00 2T ) 0o 27 ) o 27 iw,, — €1 + €2 — €3

®dey [Pdey [ de; B eCionta—ata)n
_ / dey [~de [Tdes / dr,- . (9.28)
00 2T ) oo 2 ) oo 2 0 lw, —€ +€ —€3

The expression for §g® now becomes

58P (ko 1) = 8P (ko 7) + 8g; (ko 7)

_ — *de

552 (ko 7) = c(2)(Bh)"" MZ‘;(U"/ vy an[g%ka, onPe /_ e
/<oo d62 o0 d63 |: B D :|

| = 52| + -
_0027'[ _0027'[ —lw, + €1 — €+ €3 lw, — €] + € — €3
(9.29)
8¢y (ko, T) = —cQ)BR) 7 Y _(vg/ V)* ) 8°(ko, w,,)g (Ko, wy,)e "
k’o"q niny

/Oo dey [ dey [*de; [B /ﬂhd elion—arta—a)n
x| = = = TI—
o0 2T ) _oo 2 ) oo 2 0 —iwy, + €1 —€+ €3

Bh e(—iwn2+6]—€2+63)fz
4D / d1s- } , (9.30)
0 lwy, — €1+ € — €3

Denoting the term in brackets in Eq. (9.30) by J, we find
B[l + efit-ata—a)] 4 D[] + efila—ate)]

(ia)nl — €1+ € — 63)(—ia),,2 + €1 —€ + 63)

X
7
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To arrive at this expression, we used exp(iw,, Bh) = exp(iw,, i) = —1.Replacing
B and D by their values given in Eqs (9.26) and (9.27), we find
X =P¥(k—qo,e)P'"(Ko', &) P (K + qo’, &3)[1 + £ -1+27]
+ P<(k — qo, )P (K'o’, ) P'<(K' + qo’, €3)[1 4 efc17eFe)]
= A%k — qo, €)A’K'o’, &) A’ (K + qo’, €3)

X A= fa) fer(1 = fe) T+ AT = f (1= fo) o [1 4 Pt
(9.31)

Miraculously, the term in braces vanishes, which can be easily verified. In fact, the
vanishing of this term is not coincidental; it follows from general considerations:
only the term in §g® which is proportional to 8w,, w,, should survive. We conclude

that 8g\” = 0 and 8g® = 5¢2). Fourier-expanding g,

5g(2>(ko, T) = (,371)_1 Zag(Q)(ko,wn)e—iwnt’
n

we finally obtain
o0 d€1 o déz o d63

00 2T J oo 2 J_ o 2

882 (ko, ) = c(2) Y (vg/ V)’[g°(ko, )] /

kKo'q

P% (k — qo, €)) P’ (K'o’, &) P*> (K + qo’, €3)
X[ —iw, + € — €+ €3
PY<(k — qo, €)) P> (K'o', ) P'< (k' + qo’, €3)
+ iw, — €1+ € —€3

] . (9.32)

We recall the spectral representation of g(ko, w,) and GR(ko, w):

*© A(ko, €) d ©  A(ko,e) d
g(ko, ,) = / Ak )D€ R ke, ) = / _Ako.©)_de
oo Ly — € 27 oo W —€+10T 27

G®(ko, w) is analytic and well-defined everywhere in the upper half w—plane; it
is also well-defined on the positive imaginary axis. Thus,

GRko,iw,) = gko, w,), w, > 0.
Now consider the function F(ko, w) defined by
F(ko, ) = 8gP ko, iw, — w+i07).

This function is analytic everywhere above the real axis, as can be seen from Eq.
(9.32). Furthermore, it coincides with §G® @ (ko, w) on an infinite sequence of
points, along the positive imaginary axis, whose limit lies in the region of ana-
lyticity (the limit point is at infinity on the positive imaginary axis). A theorem
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/ /
k—qo,e; T1 k' +qo’, e

ko, iw,

(a) (b)

Figure 9.16 The two time-ordered diagrams corresponding to the diagram in
Figure 9.15: (a) 11 > 1. (b) o > 13.

to that effect, in the theory of complex functions, assures us that the functions
F(ko, w) and 8GR @ (ko, w) coincide everywhere in the upper half-plane. There-
fore, the expression for & GR@(ko, w) is obtained from §g®(ko, w,) by simply
replacing iw, by @ + i0". We conclude that by using the approach outlined in this
section, resolving the problem of analytic continuation, which was mentioned in
the previous chapter, is straightforward: obtain g(ko, w,) as a sum of time-ordered
diagrams and replace iw, by @ + i0" to obtain GR(ko, w).

There remains the problem of how to develop a set of rules for writing the
algebraic expression that corresponds to any particular diagram. It took a great
effort to arrive at the expression for 8g'®(ko, w,), and this approach becomes
worthless if a similar effort is required for the evaluation of each diagram.

We observe that the expression for §g® (ko, w,) can be written directly if we
redraw Figure 9.15 as in Figure 9.16, and if we adopt the following rules. Arrange
the time coordinates of the vertices so that they decrease from top to bottom.
Consider all possible time orderings; in this case, there are two time orderings:
71 > 1o (Figure 9.16a) and 1, > 71 (Figure 9.16b). The two external lines are
drawn vertically. To each external line, assign g°(ko, w,) and frequency iw,. To
each vertex which corresponds to an interaction with wave vector q, assign vq/ V.
To each internal line, assign the coordinates (k;o;, €;) such that momentum and spin
are conserved at each vertex. Draw a horizontal dashed line, called a section, which
separates one vertex from the one below it. To each internal line with coordinates
(k;0;, €;) which crosses a section, assign P%> (k;0;, ;) if it is directed downward
and P%<(k;o0;, €;) if it is directed upward. To each section, assign a denominator
equal to the sum of the frequencies of the lines that intersect the section, with each
frequency carrying a plus sign if the line is directed downward and a minus sign if
it is directed upward. Sum over the internal momentum and spin coordinates and
integrate over €;’s, the internal frequency coordinates. Finally, multiply the resulting
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expression by c(n), which is determined by the original Feynman diagram (here,
n=2).

9.8 Time-ordered diagrams: Dzyaloshinski’s rules

We indicated in the example given in the previous section that the vanishing of
8 g,(jz) is not coincidental. In fact, it follows from the general property that Green’s
function, along with all Feynman diagrams, depends only on a difference of time
coordinates. Consider any Feynman diagram, denoted by I'y, of order N. One
external line runs from 7 to ty, and another runs from 7; to /. The algebraic
expression corresponding to this diagram is

(SgFN(t ) = /dtl /drNg (t — rN)g (r1 = HA(1q, ..., TN)

where A(ty, ..., Ty) is some function of the internal time coordinates, and the
wave vector and spin arguments are suppressed. Fourier-expanding the external
lines,

8gFN(T’ (,371)228 (w n)g (wn )/dfl /d‘f}ve ion(1=1y) p—iwy (0 —T))
1 ) o )
X A(Tl, ey ‘EN) = — go(a)n)go(a)n,)e—lwn(f—f )e—l(wn_a),,/)f
e
/d‘[l /drNelwan l(Uy,’TlA(Tl, e s TN). (9.33)

Since 8g"" depends on T — 7’ and not on T and 7’ separately, it follows that

/drl /d‘L’ N eTIONT ATy TN) OC S

That is, since T and 7’ do not appear in the above integral, the integral must vanish
unless w, = w,/; if it did not, then §g"¥ would depend on 7’ because of the term
exp[—i(w, — wy)7’']. In other words, the frequencies of the two external lines,
along with their momentum and spin coordinates, have to be the same; we have
assumed this all along.

The derivation of the rules for the time-ordered diagrams is given below. These
rules were enunciated, but not derived, in a paper by Dzyaloshinski (Dzyaloshinski,
1962). A similar set of rules were derived by Baym and Sessler (Baym and Sessler,
1963). An alternative derivation is provided in the remainder of this section. The
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Figure 9.17 A general Feynman diagram, of order N, denoted by I"y. The external
lines, directed from 7 to ty and from t; to 0, have momentum and spin coordinates
denoted by «. An internal line, directed from 7; to 7;, has momentum and spin
coordinates denoted by «;;.

reader who is interested only in applying the rules may go to the end of the section,
where the rules are listed.

Consider any Feynman diagram "y of order N. We can represent it as in Figure
9.17. An external line is directed from t to some vertex, whose time coordinate we
call Ty. A second external line is directed from some vertex, whose time coordinate
we call 171, to T = 0. Inside the circle, there are N interaction time vertices, and
internal lines run between these vertices. The total number of internal lines depends
on the system under consideration and on the type of interaction involved. For a
system of fermions with two-particle interaction, the total number of internal lines
is 2N — 1. For other types of interactions, such as scattering due to impurities, or
for other kinds of systems, such as interacting electrons and phonons, the number
differs from 2N — 1.

The algebraic expression corresponding to the diagram in Figure 9.17 is

Bii Bii
5" (1) = CFNZM{Z@}/drN . ./dtlgg(r — ) [ | Floun (@i — T))-
0 0

{aij} i,j

cr, 1s a counting factor that depends on the structure of the diagram, and it
is determined by the Feynman rules. M{I;NJ ; is the product of the interaction
matrix elements (determined by the types of interactions at the vertices), and
it depends on internal momentum and spin coordinates, denoted collectively by
{a;j}, which are summed over. The quantity M, {l;”l_’,_} contains Kronecker deltas that
express momentum and spin conservation at the vertices. In the above expres-
sion, Fjy,1(7; — 7;) is the product of Green’s functions corresponding to the lines
directed from 7; to 7. If only one line with coordinates «;; is directed from 7; to 7,
then Fig,\(zi — 7;) = ggij(ri — ;). If two lines, having coordinates «;; and o] ; are
directed from 7; to t;, then Fy, (7 — 7;) = ggij(ri — rj)ggl{,_(ti — 7;). If no lines
are directed from t; to 7, then Fjo,,1(t; — 7;) = 1. Fourier-expanding the external
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lines, we can write

88" (1) = er, (B2 Y MY Y (@, )80 (en,)e T (9.34)
{a!j} nina
pi o .
I, = / dty .. / dry el g 1_[ FlaijJ(Ti — 'Ej). (9.35)
0 0

i,J

Next, I; is written as a sum of N! integrals corresponding to the N! permutations
of 11, 10, ..., Ty:

Try
L = Z/ dtpr dtp, / dtp e ™e ’w”zr‘l_[F[app 1(Tp, — Tp))

P, P;

where Pj, P, ..., Py is a permutation of 1, 2, ..., N, and the sum over P is a
sum over all such permutations. Now we make use of the following:

o d o d
g0>(t) — / P0>(6)efer_6 , g0<(t) — / P0<(6)efer_6
_ 2w o

o 2

where, for bosons (B) and fermions (F),

— 0 _ 0
P0>(E):{ (14+n)A%) B Po<(€):{ neAO B o

—(1— f)A%e) F feA%e€) F.

ne and f, are the Bose and Fermi distribution functions, respectively. To each
internal line directed from 7; to 7; we assign a frequency ¢;; and replace 82,;,- (ti — 1))
by an integral over ¢;;, as in the above expressions for g"> and g°<. We obtain

dfep,p;} ey
I = Z/ /Oo (27‘[)NL {fzpp}({GPP })/ dTPN/O d‘EpN_l

x / drpelontetontt [T emenntenn) (9.37)
0

P,',Pj

where N; is the number of internal lines, and

Fogopdere) =TT\ T1 Por, ene) T] 25, )

P, | Pj<P, P;>P,
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I, may now be written as

o° 0 d{EPin} P
I = XP:/_OOM/—OO WF{W,.P,,}({GHP,})QP

Bh TPy 125 . .
Lp = / dTPN/ dTPN_l - / d_L_Pletwnere—la),,ztl 1_[ e—GP[P/(TPi—TPj)
0 0 0

P, P;
ﬂh TPN TPZ
:/ d‘L’pNeE”NTPN/ dtp, en-17n-1 / dtpeh™ (9.38)
0 0 0
where
€p = — E €pp;, + E €p,p + iwy, dp, N — iwy,0p, 1. (9.39)

J J

Notice the form ep,: it involves a sum over all the lines that enter or leave vertex
tp,.. If a line leaves 7p,, it carries a negative frequency; if it enters 7p,, it carries a
positive frequency. Also note that

Y en =iwy, —iwy,. (9.40)
P;

Since the N integrands are all exponentials, the evaluation of I, p is straightforward.
The evaluation must begin with the integral on the far right, then move left, one
step at a time. The integral on the far right gives

Tp) eép] Py 1
f dtpeh™ = ———
0 €p

The next integral is

TPy o s TP, - el€p Ter, )Ty

dtpe 2™ dtpeh™™ = ————— 4 other.
0 0 €p(€p, +€p)
Continuing in this fashion, and using Eq. (9.40), we obtain
eBhtep tep,+tepy) _

b = + others
€p(€p, +€p,)...(€p, +€p,+ -+ +€py)

eBhion —ion) _ |

+ others.

B (iwnl - iwl’lz)éP] (GP] + EPz) L (EP] + GPZ + e + GPN,I)

The first term in /,p is obtained by keeping only the upper limits when integrating
over tp,, Tp,, ..., Tp,_,. The second term, called “others,” consists of the rest of the
terms. If w,, # w,,, then M@ ~i®n) _ 1 =, and the first term in I>p vanishes.
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For w,, = w,,, U'Hopital’s rule gives

eﬂh(iwn]_iwnz) — 1

= pBh
(ia)ﬂ] - lwnz) ﬁ :>

ﬁhSm,nz
€p(ep +€p)...(ep +€p,+---+€p,_)

Lp = + others.

We showed in the previous section, by explicit calculations, that the terms repre-
sented by “others” combine to give a vanishing result. We can show that this is true
in general, for any order of the interaction (see Appendix B). For now, we assume
that this is indeed the case. I, p is then given by

ﬁhsnl ny ~ l
Lp = 0mm =N e (9.41)
" [Tionépi } Z "

The final expression for the Feynman diagram of Figure 9.17 can now be written.
Fourier expanding: §g"¥(v) = (1/B1) Y, 88" " (w,)e ', we obtain

F{§P<P<}({6Pipf}) d{epp.}

58" (@n) = [¢2ner, Y MEY, S / i) )
{Oll}} P l_[i<N €Pi (27{)NL

The rules for time-ordered diagrams follow directly from Eq. (9.42). Before writing
the rules, however, let us clarify the meaning of € p,. Note that

€p = E €pj = E - E €p,p + E €p.p; T iwydp; N — Iwydp, |

Jj=1 Py Py
Since } p - =) ;= S oy 4 o, the expression for &p, reduces to
ép = —ZZGP P, +Zzepkp +zwn25p N — m,,zfsp . (9.43)
j=1 k>i j=1 k>i

Let us now arrange the time vertices vertically such that time decreases as we move
down. Since tp, > Tp,_, > --- > Tp,, the resulting arrangement is that shown in
Figure 9.18. A horizontal dashed line, called a section, is drawn between 7p,,, and
Tp,.

Regarding the above expression for €p,,

(1) The first term is the sum of the frequencies of all internal lines that start at
Tp, Tp_,, ..., Tp, and end at the vertices above tp,. That is, it is the sum of the
frequencies of the internal lines that are directed upward and that intersect the
section. These frequencies carry a minus sign.
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® Tp,

Figure 9.18 Arrangement of time vertices such that time decreases from top to
bottom. A horizontal dashed line between 7p,,, and 7p, is a section.

The second term is the sum of the frequencies of the internal lines that start at
TP, s TP s ---» Tpy and end at Tp, Tp,_,, ..., Tp,. That is, it is the sum of the
frequencies of the internal lines that are directed downward and that intersect
the section. These frequencies carry a positive sign.

The third and fourth terms relate to the external lines. One external line enters
at Ty and one leaves at 7;. We draw these two lines vertically as in Figure 9.16.
Note that if both lines enter and leave below the section, the combined contribu-
tion of the third and fourth terms is i w,, — iw, = 0. Similarly, if both lines enter
and leave above the section, the contribution of each of the third and fourth terms
is zero. If one external line enters below the section (ty € {tp,, Tp,, ..., Tp,})
and the other line leaves from a vertex above the section (71 € {tp,,, ..., Tp,}),
the combined contribution of the third and fourth terms is iw,. On the other
hand, if one external line enters a vertex above the section and the other line
leaves from a vertex below the section, the combined contribution of the third
and fourth terms is —iw,,.

ese observations can be summarized as follows. If we assign a frequency i w, to

each of the two external lines, and a frequency €p, p; to each internal line directed
from vertex tp, to vertex tp,, then €p, is the sum of all the frequencies of the
lines (internal and external) that intersect the section between tp,,, and 7p,. The

fre

quency carries a plus sign if the line is directed downward and a minus sign if

the line is directed upward.

We are now in a position to state Dzyaloshinski’s rules for time-ordered

diagrams:
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(1) Construct N! time-ordered diagrams corresponding to the N! permutations of
71, T2, ..., Ty. In each diagram, time decreases as we go downward. External
lines must always be drawn vertically. Assign coordinates (ko, i, ) to each of
the two external lines, and coordinates (k;0;, €;) to the i*" internal line. Draw
a horizontal dashed line (a section) that separates each vertex from the one
below it (there are N — 1 sections for each time-ordered diagram).

(2) Assign to each vertex a matrix element M that depends on the momentum and
spin coordinates of the lines that meet at the vertex. Conserve momentum and
spin at each vertex.

(3) Assign g°(ko, w,) to each of the two external lines. To each internal line with
coordinates (K;o;, €;), assign (1/2m)P° (k;0;, ) if it is directed down and
(1/2m)P°<(k;o0;, €;) if it is directed up.

(4) To each section assign a denominator equal to the sum of the frequencies of
the lines intersected by the section; line frequencies carry a plus sign if a line
is directed down and a minus sign if a line is directed up.

(5) Multiply all the factors in rules 2, 3, and 4, sum over all internal momentum
and spin coordinates, and integrate over the frequencies (¢’s) of the internal
lines.

(6) Sum all the contributions of the N'! time-ordered diagrams.

(7) Multiply the resulting expression by cr,, the counting factor that corresponds
to the original Feynman diagram.

Further reading
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York: McGraw-Hill.

Mahan, G.D. (2000). Many-Particle Physics, 3rd edn. New York: Kluwer Academic/Plenum
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Problems
9.1 A vanishing sum. Show that
00
Z e = 0.
n=—0o0

9.2 Thermodynamic potential. Using Eq. (8.26) for the thermodynamic potential,
show that, for a system of interacting electrons,

1 [lax =
AT V. m)=(T. V. Wt 75 / — D 2 ¢S ko, on)gt (Ko, o).
0

ko n=—00
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o0 eia),,()'*'
9.3  Frequency sums. This problem shows how to evaluate > —————.
n=—oo iy — €[N
Consider the contour integral

. et dz
I = lim —
n—0t Jo z —€/hePz £ 1

where C is a circle of infinite radius centered at z = 0. As |z] — oo, if
Rez > 0, the absolute value of the integrand is of order (1/|z|)e~ " Rez If
Rez < 0, the absolute value of the integrand is of order (1/|z|)e"®¢. The
integrand is thus exponentially small as |z| — oo; therefore, I = 0.

(a) For the case of bosons, consider

) e dz
I = lim - =
n—0+ Jo z — E/h ePiz — 1

The poles of the integrand occur at z = 2nmwi/Bh, n € Z,and atz = € /h.
Use the residue theorem to show that

S iw,0"

e
S P
2. iy —en P

n=—oo

where w, = 2n7/Bh and n; = ("€ — 1)_1.
(b) For the case of fermions, consider

. e dz
I = lim — =
n—0+ Jo z — E/h Pz 4 1

The poles of the integrand are at z = (2n + )i /Bh, n € Z, and at z =
€/h. Use the residue theorem to show that

0 iw,0"

e
> o —e/h = ph fe

n=—00
where w, = 2n + D)t /Bh, and fe = (P + 1)

9.4 An alternative method. Noting that (clT«7 Cko )0 = Nko (fks) for bosons
(fermions), derive Eq. (9.14) for the frequency sum.

9.5 External potential. For a system of noninteracting particles in the presence
of a spin-independent static external potential, the Hamiltonian is

7 =t T
H = E €ko Oy Cko T E VqCtqo Cko-
ko kqo

(a) Using Wick’s theorem, evaluate g(ko, 7) to second order in the pertur-
bation.
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9.6

9.7

9.8

9.9

9.10

Diagrammatic techniques

(b) Calculate g(ko, w,) to second order in the perturbation.
(c) Deduce the Feynman rules in momentum-frequency space.

Impurity in a metal. Consider an impurity in a metal host. As a model
Hamiltonian we take H = Hy + H’, where

Hy=¢ Zd;dg + Zékclacko‘, H = Z (chlﬂdc7 + Vljdickg) .
o ko ko

We ignore the onsite Coulomb repulsion that results when two electrons

occupy the impurity orbital.

(a) Write, graphically, Dyson’s equation for the impurity Green’s function
8(do, 1) = —(T dy(1)d}(0)).

(b) By Fourier transforming, determine g(do, w,).

An exchange diagram. Using the Feynman rules in momentum-frequency
space, write the algebraic value of diagram J in Figure 9.3.

Time-ordered diagrams. Using Dzyaloshinski’s rules for time-ordered dia-
grams, write the algebraic value of diagram J in Figure 9.3.

A frequency sum. Evaluate the frequency sum over n’ in the expression for
the ring diagram given in Eq. (9.7).

Diagrams without loops. For a system of interacting fermions (V is a two-
particle interaction), show that, at order » in the perturbation, the number
of connected, topologically distinct diagrams without any closed loops is
2n)!/(n12M).
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Electron gas: a diagrammatic approach

A subtle chain of countless rings
The next unto the farthest brings

—Ralph Waldo Emerson
Nature: Addresses and Lectures

In this chapter we apply diagram rules to the study of an interacting electron gas
in the high density limit. We saw in Chapter 4 that, in this limit, the Coulomb
repulsion between electrons is small compared to their kinetic energy, and that it
can be treated as a perturbation added to otherwise free electrons. We now show
that perturbation theory must be carried out to infinite order to yield meaningful
results (we previously caught a glimpse of this notion in Chapter 4). This is due
to the long-range nature of the Coulomb interaction: even though the Coulomb
energy between two electrons, > /r, decreases with increasing distance between
the electrons, the number of electrons in a spherical shell of radius r and thickness
dr is proportional to r2dr, so the interaction of one electron with electrons far
away from it is still important. We then use perturbation theory to calculate the
linear response of an interacting electron gas to an external field, and apply this
technique to graphene.

10.1 Model Hamiltonian

Our model system consists of an interacting electron gas in the presence of a uniform
positive background, the so-called jellium model, which we first encountered in
Chapter 4. The Hamiltonian is

i} 1 1 4 e?

§ = T § § § T T

H = #ko Cho Cho + ﬁ q2 Ck1+qm ckz—qﬂzckl(’chlgl (101)
ko kjo1 koo q

213
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ET (kO’, wn) = q,Wn k — qo, Wy — Wm

I

Figure 10.1 Proper self energy of an interacting electron gas in first-order pertur-
bation theory.

where €k, = €xy — 4 = h2k? /2m — p is the energy of an electron in the single-
particle state |ko), measured relative to the chemical potential w, and V is the
system’s volume. The prime on the summation over q indicates that the q = 0
term is excluded. We exclude this term because of the background-background
and electron—background interactions.

10.2 The need to go beyond first-order perturbation theory

The thermodynamic potential of the electron gas at temperature 7T is given by

1
QT, V, 1) = Q(T, V, ) + % d% D 5 ko, w,)g" (Ko, w,)

0
kon (102)
(see Problem 9.2). Here, €2 is the thermodynamic potential of the noninteract-
ing electron gas, B = 1/kgT, **(ko, w,) is the proper self energy when the
interaction is Avg, and g*(ko, w,) is the corresponding imaginary-time Green’s
function. We have found in the previous chapter that, to first order in the interac-
tion, X*(ko, w,) is a sum of two diagrams (see Figure 9.13). However, one diagram
has vq—o, and since the q = 0 term is excluded in Eq. (10.1), we are left with only
one diagram, as shown in Figure 10.1.

The expression for X} is readily written using the diagram rules,

1
Br>V

ko, w,) = ( ) > g @ g0k — qo, 0, — ). (10.3)

qm

There is one internal wave vector q and one internal frequency w,,, and they
are summed over. The interaction line is replaced by vq/V, and the fermion line
by g°(k — qo, w, — wy). The factor /@~ arises because the fermion line
connects two vertices of the same interaction line, and the whole expression is
multiplied by (—1/812)", where n = 1 is the order of the interaction. Defining w,
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by v,y = 0, — w,,, we obtain

T¥(ko, a)n)=( TV )quz 0% 90Kk — qor, o).

The summation over n’ is given in Eq. (9.14); we obtain

Ti(ko, w,) = ——qu fiq (10.4)

where fx_q = = (ef®a 4 1)7! is the Fermi—Dirac distribution function. It follows
that

T ko, @) = — = qu fi-q-

Thus, to first order in the interaction, the thermodynamic potential of the electron
gas is

AT V.10 = 2T Vo~ o [ PY g Y k0
= (T, V, )= Z Vg fi furq (10.5)
k.q

where Eq. (9.14) is used again, and q is changed to —q, taking advantage of the
fact that v_q = vq. Note that in order to calculate (7', V, ) to first order in the
interaction, g*(ko, w,) in Eq. (10.2) is replaced by the non-interacting Green’s
function g°(ko, w,), since Efk(ko*, w,) 1s already of first order in the interaction.

What is the problem with stopping at first order in the interaction? It turns
out that doing so leads to some anomalous predictions about the behavior of the
electron gas at low temperatures:

(a) As T — 0, the proper self energy X} becomes

2 2

e“kp 1—x
1

mh [ *

1+x

Yi(ko, w,) = — T

In

] , (10.6)

X
where kp is the Fermi wave vector and x = k/kp (see Problem 10.1). Thus

dSikoiw,)  kp [1 1+x°

dx T T | x 2ee !

1+x
1—x

] (10.7)

which diverges logarithmically at x = 1, i.e., at the Fermi surface. Since the
energy is shifted byiReX] ., and X} isreal and independent of w,,, ReX} ., =

1,ret> l,ret —

7. Therefore, the derivative of the energy, d Ey, /dk, diverges logarithmically
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k — qo, Wn — W,

) B k—k'—q:
23(k0,00) = Ao wim k) — w — wp A k'o,wn
k — qQo,Wy — W
(D)
1t
k/O', W k' + qo, Wy + Wiy K7y
q, w1n: ! : :
A Ak —k+q 1K'+ Qo wnr £ W)
| :wn/ — Wn + Wm ,;\ qd, Wm q WmY

+ - ,

k — qo,Wn — Wm

() (R)

Figure 10.2 The three second-order diagrams that contribute to the proper self
energy of an interacting electron gas.

at the Fermi surface. It follows that the density of states at the Fermi surface
vanishes (see Problem 2.7). However, no such behavior is observed in metals:
the density of states at the Fermi surface of metals is actually nonzero.

(b) From the expression for the thermodynamic potential, Eq. (10.5), the specific
heat of the electron gas at constant volume, Cy, can be evaluated. It is found
that,as 7 — 0, Cy — TInT (Bardeen, 1936; Horovitz and Thieberger, 1974;
Glasser, 1981; Glasser and Boersma, 1983). The logarithmic dependence on
temperature of the specific heat, a measurable quantity, is not observed in

metals at low temperatures; in fact, the electronic specific heat varies linearly
with T

The above discussion shows that, to obtain meaningful results, it is insufficient
to expand g(ko, w,) to first order in the interaction; we must go to higher orders.

10.3 Second-order perturbation theory: still inadequate

The proper self energy X*(ko, w,) was given in Figure 9.13. Ignoring diagrams
that contain vq—g (the ¢ = 0 term is excluded from the Hamiltonian), we are left
with three second-order diagrams (see Figure 10.2). Using the Feynman diagram
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rules, we can write the algebraic expressions corresponding to these diagrams:

1y .
B ke o) =~z ) XY g™ £k - 40,0, ~ 0,)
qm Kk'n'

X go(k/a wn’)go(k —q0, W, — Wy)

5 ko, a’n):( ﬂh2 ) szqvk’ k+q 8 Ok — qo, Wy — wp)

qm K'n’

X go(k/a o) 8" K + qo, wy + W)

5 ko, @,) = — < oy ) Z Z vzg kK — qo, w, — wp)

qm Ko'n'

x g°(K'o’, wy) K + qo’, wy + wp). (10.8)

: + . . . .
ioy07 g inserted because the line with

In the expression for £ ), a factor e
coordinates (K'o, w,’) connects two vertices of the same interaction line. In E;" (R)>
a factor of —1 results from the presence of one fermion loop.

In the expressions written above, if summation over the frequencies were to be
carried out, it would result in Fermi and Bose distribution functions. Summations

over wave vectors are replaced by integrals; e.g.,
Vv
Z — / d’q.
: (2n)y

A close investigation of the integrations over the wave vectors, reminiscent of
the one carried out in Chapter 4, shows that ¥ (r) is divergent, while X7 ) and
23 o arenot. In 3 . there is a term v (47rez)2 /q* and one integration over
q [d’q = [q°dq [d cosO [dp. We are left with an integral [dq/q*..., and
as ¢ — 0, the integral can be shown to diverge. This situation does not occur in
diagrams (D) and (J), where the two interaction lines have different wave vectors.

The fact that 37 (ko, w,) is divergent (due to the divergence of the ring diagram)
means that it is insufficient to carry out a perturbation expansion to second order.
Were we to stop at second order, the energy of an electron in the electron gas would
be infinite, and this is certainly not true. In fact, many diagrams in higher order also
yield divergent contributions. Among the diagrams at a given order of perturbation,
the most divergent diagram is the most important one. In what follows, our approach
will be to classify the diagrams at each order in the interaction according to their
degree of divergence, select the most divergent diagram at each order, and sum
only those most divergent diagrams.
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d
a
0
o

() (d) (e) (f)

Figure 10.3 A collection of self energy diagrams.

10.4 Classification of diagrams according to the degree of divergence

Consider the self energy diagrams shown in Figure 10.3. How do we decide which
of these diagrams should be included in the proper self energy? We have seen
in the previous section that one criterion is the power of g in the denominator.
Diagram (a) is an integral [ d*q/q* ..., and diagram (b) is a similar integral with
the same power of ¢ in the denominator. If we include diagram (a) in X*, should
we also include diagram (b)? Diagram (c) is an integral [ d°q/q* ..., which has
g* in the denominator, but so does diagram (d). If we include diagram (c) in X%,
should we also include diagram (d)? We define the degree of divergence (DoD) of
a given diagram as the largest number of interaction lines, in the diagram, that have
the same wave vector q. Thus DoD(a) = DoD(b) = 1, DoD(c) = DoD(d) = 2,
and DoD(e) = DoD(f) = 3. The following analysis answers the questions raised
above.

We assume that the electron gas is in the high density limit, 7, — 0. The dimen-
sionless quantity r, is defined by the relation: 4 (ryap)’/3 = V/N, where V is
the system’s volume, N is the number of electrons, and ay is the Bohr radius. It is
easy to verify that ry = (97r/4)1/? /apkr, where k- is the Fermi wave vector (see
Section 4.3). We now look at the contribution of each diagram and determine its
dependence on ;.

Every self-energy diagram of order n has n interaction lines and 2n — 1 fermion
lines (the total number of fermion lines in §g is 2n + 1; the number of external
lines is 2). Each diagram of order n also has n internal wave vectors and » internal
frequencies. Denoting the contribution of the i’" self energy diagram of order n by

E;(i), we can write
2n—1
- 3 3 0 -
X5 i) < B ”/d pl.../d Pnvq Vg ---vq, > | ] &Kjoj @)).
Opy ooy j=1
Here, the internal wave vectors are denoted by pi,...,p,. The wave vectors
qi,---,qn,andKy, ..., ky,_; depend on the external wave vector k and the internal

wave vectors. Similarly, the frequencies @i, ..., @,—; depend on the external
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frequency w, and the n internal frequencies w;,,, ..., w,,. To find the dependence
of ¥ ;yonrs, werewrite X7 ;) as a factor that depends on r; times a dimensionless
integral. This is accomplished by the following changes of variables:

pj— ka}, q;— qu}, kj— ka}, 1/B— €r/B', &o— €Féy,, hw, — €rw),

where ep = hzk%/ 2m is the Fermi energy. The primed quantities are all dimen-
sionless. Thus,

B o kBT, /d3pj :k;/cﬁp;., vy, = kv

g'kjo;, @) = (id; — &0,) | X kfzgo(k/jaj, @}

= Iy o kP ke kD, 1) = k" (D. L.

The dimensionless integral (D. 1.) has no dependence on kr. Since r, k;', the
dimensionless integral is independent of r;. We conclude that

2

N _
b )ocrs".

n,(i

Thus, as ry — 0 (high density limit), given two diagrams with the same degree of
divergence (DoD), the diagram of lower order in the interaction makes a much larger
contribution to the self energy. For example, diagrams (a) and (b) in Figure 10.3 have
the same DoD, but X} oc 7!, while 25 ' oc r; hence, as ry — 0, [S} )| >
IE;(b)|. Similarly, |25 )| 3> |23 ;)| and |25 )| > |EI,(f)|' Thus, for any set of
diagrams with the same DoD, we retain only the one with the lowest order in the
interaction. From the set of diagrams in Figure 10.3, we retain only diagrams (a),
(c), and (e).

The above conclusion may be stated differently: at any order of the interaction,
only the diagram with the highest degree of divergence is retained. All diagrams
with the same order of interaction have the same r; dependence; hence, from among
these diagrams, the one with the highest degree of divergence makes the largest
contribution to the self energy.

10.5 Self energy in the random phase approximation (RPA)

On the basis of the above discussion, we can represent the proper self energy of an
interacting electron gas as an infinite sum of diagrams (see Figure 10.4). At each
order of the interaction, only the diagram with the highest degree of divergence
is retained. Besides the first-order exchange diagram, the proper self energy is
an infinite series of ring diagrams. Although each one of these ring diagrams is
divergent, the infinite sum turns out to be convergent. The expression for £* as
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U
O
0
Q.

Figure 10.4 The proper self energy of an interacting electron gas in the random
phase approximation.

a sum of the first-order exchange diagram and the ring diagrams is clearly an
approximation, since other diagrams are not included; it is known as the random
phase approximation (RPA).

10.6 Summation of the ring diagrams

Using the Feynman rules, the contribution of the ring diagrams to the proper self
energy can be readily written,

E:Hg(kﬁ wy) = — ( ) Z v go(k —qo, Wy — wy)B(q, W)

qm

pr*v

( ﬂhz ) Zv (k_qava)n_wm)Bz(qva)m)+"'

(10.9)
where
B(q, 0n) = ) g'Ko', 0,)g"(K + qo’, 0 + op).
Ko'n'
Defining the bare pair bubble 1°(q, w,,) by
n%q, wn.) = ﬁhz > Ko ) K +qo’ 0y + wn),  (10.10)
KkK'o'n’
we can write
1
(Ko, w, v2¢%(k — qo, @, — w,)T1 , Wm) s 10.11
Hnel )=~y % 'k —q )rea(q, @), (10.11)
where

Mrea(Q. @n) = T, @) + vg [0, @] + 02 [M0q. )]+ (10.12)
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Figure 10.5 The bare pair bubble, the dressed pair bubble in RPA, and the proper
self energy that results from summing over ring diagrams.

is the dressed pair bubble. Equations (10.11) and (10.12) are represented graphically
in Figure 10.5. The dressed pair bubble, in random phase approximation, is given
by
Mrea(q, @) = T1%(q, @) + 11%(q, @)V
x [M1°(q, @n) + vg[T1°(q, @) 4+ v2[M1%q, 0)] + - ]
= 1%q, @) + 1°(q, @) Vg TTreA(Q, @)

°%(q, o)
I - vqno(q7 a)m) ‘

= Ilrpa(q, @p) = (10.13)

The dressed bubble is also known as the polarizability of the interacting electron
gas, while the bare bubble is the polarizability of the noninteracting electron gas.
The nomenclature results from observing that a pair bubble represents a virtual
process (energy is not conserved) in which an electron—hole pair is created and then
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annihilated. An electron in state |k’c’) below the Fermi surface absorbs momentum
hq and moves above the Fermi surface; its absence from the Fermi sphere is
equivalent to the presence of a hole. The electron then surrenders the momentum
hiq, and recombines with the hole. The electron and the hole, being of opposite
charges, their creation is tantamount to the creation of a dipole moment, which
causes the medium to become polarized.

The bare pair bubble is given by Eq. (10.10); thus,

2 1
(q, wn) = —— .
(@ on) pRzvV Xk:;m (iwy, — & /R)iwy + iwy — Eiq/N)

The factor 2 results from summing over the spin index. As n — F00, the summand

— —1/w?; hence, the series is convergent, and we are justified in introducing a
convergence factor elen0” (redundant in this case). This allows us to evaluate
1°(q, wn) by the method of partial fractions:

elco,,OJr

0 _
n%(q, o) = ﬁhz > Z ‘ (iwy — a/M)iwy + iy — Exrq/h)

k n=

2 5 1
BV A i — (g — &/

twn ot eia)nOJr
X .
Z ( n — €x/h lwn+iwm—€k+q/h)

n=—0oo

The sum over n (see Eq. [9.14]) is now evaluated,

0 eiwn(ﬁ 00

iw,0F
e “n lgh
E — = Bh fx, E — _ : ’
. iw, — é/h Ph fi ; j ] = ePérag—ifhon 4 1

n=— ——00 Loy + 1wy — €k+q/h

e Phon — 1 (w,, = 2mm/Bh).

The polarizability of the noninteracting electron gas reduces to

2 fe — fx
Mg, on) =+ -

— oy + € — erq

(10.14)

This is the Lindhard function which we encountered earlier in Chapter 6.

10.7 Screened Coulomb interaction

The contribution of ring diagrams to the proper self energy may be written in a
way that differs from, but is equivalent to, the way presented in Figure 10.5. This is
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Figure 10.6 Ring contribution to the proper self energy of an interacting electron
gas in terms of the screened Coulomb interaction.

shown in Figure 10.6. The double-dashed line is known as the screened Coulomb
interaction V(q, wy,, ), while the single-dashed line is now called the bare Coulomb
interaction vq. The expression for V(q, w,,) can be read directly from Figure 10.6:

V(Qq, @) = vq + v ITRpA(Q, @) Vg = Vg [1 + vgTTrpa(Q, ©)]
UqHO((L @) . Uq _ VUq
1 - vqno(q, wm) 1-— ano(q, wm) 8((1, a)m) '
(10.15)

=vq|:1—|-

The expression for [1gpa(q, w,,) in Eq. (10.13) was used. £(q, w,,) is the dielectric
function; as we will show later in the chapter, it measures the response of the
interacting electron gas to an external electric potential.

10.8 Collective electronic density fluctuations

In Section 6.7 we introduced the retarded density-density correlation function

1 1
D"(q,1) = —i00)3 na(@, 0, ng(=q, O =—i0)([Aa(q, 1), (=g, O)))

where 7ig(q,t) = ng(q, t) — (ny(q, t)) is the deviation of the electronic density
from its ensemble average. In the above equation, the last equality follows since
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(ng(q, 1)) is simply a number, and numbers commute with operators. We have
already calculated D®(q, w) for the noninteracting electron gas (see Eq. [6.90]).
Note that

D*(q, w) =RTI(q, iwy, — o +i0T). (10.16)

In the presence of interactions, the retarded correlation function may be obtained
from the corresponding imaginary-time correlation function

DR(q, w) = D(q, iwy — @ +i07).

The imaginary-time correlation function D(q, 7) is given by
1
1
= —V<T{[nﬁ(q, 7) — (ng(q, D) [na(=9q, 0) = (ng(=q, O)1})

1 1
= —V<Tnﬁ(q, ng(—q, 0)) + V(”ﬁ(q, ))(ng(—q,0)) (10.17)
where use is made of the fact that

(Tng(@. 1) = Y (Teh, (Dekqo(D) = Y _ (el (Dekigo (D) = (n(q. 7).
K X (10.18)

In Eq. (10.18), the second equality holds because whenever a creation and an anni-
hilation operator share the same time argument, it is assumed that the time argument
of the creation operator is infinitesimally greater than that of the annihilation oper-
ator. This is because creation operators occur on the left in the Hamiltonian, while
annihilation operators occur on the right (see Eq. [10.1]). The correlation function
D(q, 7) is known as the collective electronic density fluctuations. Note that, in
order to obtain D from D by analytic continuation, D must be given in terms of
fig, as in Eq. (10.17), and not in terms of nz (see Problem 8.8).

Employing the perturbation expansion for the time-ordered product of modified
Heisenberg picture operators, we can write

1 1 =1 " [
D@, 7) = (1@ D) na(-q.0) == > > > — (—ﬁ) /0 dr, ...

ko KkK'o’ n=0
Bh . .
/ AT, (] (D) ekrqo (e, (002w _qo O V() ... V(T)o- (10.19)
0

The operators in the expansion are now interaction-picture operators. We have
used Eq. (3.25) to express the number-density operators in terms of creation and
annihilation operators. When we consider the connected, topologically distinct
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Figure 10.7 Connected but disjoint diagrams that arise from the perturbation
expansion in Eq. (10.19).

diagrams, we encounter two different sets. One set consists of connected but disjoint
diagrams (see Figure 10.7). We emphasize that these diagrams are connected, since
every solid line is connected to one of the exterior points at T and 0.

Upon inspecting any connected, disjoint diagram of order n, we observe that it
results from two sets of contractions. One set involves creation and annihilation
operators in 7i(q, ) and r V—operators V(‘L’i] ) PP V(t,-r) being contracted among
themselves. The other set involves contractions among 7i(—q, 0) and the remaining
s =n —r V-operators. For example, in diagram (b) of Figure 10.7, the operators
in A(q, 7) and V(t;) are contracted among themselves, while the creation and
annihilation operators in 7i(—q, 0) are contracted together. Thus, for diagram (b),
n=1,r=1, and s = 0. For diagram (c), n =1, r =0, and s = 1, while for
diagram (a), n = r = s = 0. Since all such diagrams must be summed, and since
there are n!/r!s! ways of choosing r V-operators from among n V-operators, the
contribution of all the connected, disjoint diagrams (cdd) on the RHS of Eq. (10.19)
is given by

Vv

n=0 r=

RN A AL A . A
cdd=—1 % _<_ﬁ> 2 [an . [anima@ v P,
*J0 0

ph ph . .
X/ drr+1---f dt, (TA(—=q, )V (Tr41) ... V(Ta))o.c
0 0

The above expression results from the fact that the arrangement of the density
and interaction operators in the time-ordered product is immaterial; since each
of these operators consists of an even number of fermion operators, no minus
sign is incurred upon any reordering of the operators. Since s = n — r, the above
expression may be recast in the following form:

oo oo o0

cdd = —~ ZZZ(——)nr, , ,,rﬂfdn fdr,

n=u r=0 s=

(Ti, DV @).... V(@) / dvi .. / dr, (TA(—q, OV (1) . .. V(2))o.c
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The Kronecker delta ensures that r + s = n, allowing the summation over r and s
to extend to infinity. Summing over r first has the effect of removing the Kronecker
delta and replacing (—1/A)" by (—1/h)"(—1/h)’. Hence,

1 1 " ph . N
cdd:—vzr—!<—fl> fodr].../o dt, (Ta(q, ) V(1) ... V(T))o.

;(__) /d-c] /drs T n(—q, O)V(‘Cl) ‘7(773»0,0

1 1
—y Tna@ ONT np(=q,0)) = =7 {na(q, D) ina(=q, 0)).
(10.20)

Thus, the sum over all connected, disjoint diagrams, which appears on the RHS
of Eq. (10.19), exactly cancels the second term on the LHS of that equation. We
conclude that D(q, 7) is the sum of all connected (c), nondisjoint (nd) diagrams that
result from the expansion on the RHS of Eq. (10.19). The zeroth order contribution
to D(q, 7) is thus

1
D7) = = D 3 AT 8 (1) ko (1) s (0) kg (00,

ko Ko’
1 \ \ \ \
= 5 2 D AT Crgo (D) (0)0 (T o ()2, (D)
ko Ko’
1
=5 28"k +qo, 0)g ko, —1).
ko

Going to the frequency domain,

Zgo(k + qo, wn’)go(ko, wn)e—i(w,,/—wn)f.

1 . 1
_ DO , O —lonT _
W’Zm: (q, wm)e V(,Bh)zkgnn,

Therefore, w,, = w, — w,, and

D°(q, wy) = ﬁhv ZZg (k + q0. 0, + ©n)g ko, w,) = ATI°(q, wy,).

(10.21)
As expected, (1 /M)D°(q, w,,) is the bare pair bubble, which is the zeroth order
connected, nondisjoint diagram. In order to calculate D(q, w,,), we sum over all
connected, nondisjoint diagrams. This is carried out in Figure 10.8. In the random
phase approximation,

D(q, wy) = hllgpa(q, @) (10.22)
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Figure 10.8 (a) The irreducible bubble is obtained by summing diagrams contain-
ing one bubble with all interaction lines connected to its legs. (b) In random
phase approximation, the irreducible bubble is replaced by the bare bubble.
(c) Collective electronic density fluctuations. (d) In random phase approxima-
tion, the collective electronic density fluctuations are given by the dressed bubble.

The retarded correlation function, in RPA, is thus given by

DR(q, w) = hllgpa(q, iwm — @ + i0™). (10.23)

10.9 How do electrons interact?

As we saw earlier, in first-order perturbation theory, the proper self energy arises
from the exchange term, while in higher orders (n > 2), the dominant contribution
to the proper self energy arises from direct processes involving n — 1 bubbles.
In higher orders, many diagrams involving only exchange interactions, or both
Coulomb direct and exchange interactions, make contributions to the self energy;
these contributions are dominated by those which arise from purely direct processes.
In order to come up with a reasonable classification scheme in which diagrams are
classified as either Coulomb direct or exchange diagrams, we take a closer look at
proper self energy diagrams of up to third order that involve one or more exchange
interactions (Figure 10.9). In third order, only diagrams containing a pair bubble
are retained, since these diagrams have a higher degree of divergence than diagrams
which contain three purely exchange interactions.

An examination of diagrams (a), (b), and (d), shows that they are parts of a
single diagram, similar to diagram (a), but with go(k — qo, w, — wy,) replaced
by g(k — qo, w, — wy,), as shown in Figure 10.10a. Even though this diagram
contains both Coulomb direct and exchange interactions, we classify it as an
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Figure 10.9 Proper selfenergy diagrams involving at least one exchange interac-
tion. In third order, we show only diagrams containing one bubble.
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Figure 10.10 Classification of diagrams: (A) and (B) are classified as exchange
diagrams, while diagrams in (C) are classified as Coulomb direct diagrams.

exchange diagram. Diagrams (c), (f), and (g) are also parts of diagram 10.10B, so
we classify them as exchange diagrams as well. However, diagrams (e), (h), (i), and
(j) are part of diagram 10.10C, so they are classified as Coulomb direct diagrams.

According to the above discussion, we may classify self energy diagrams of
an interacting electron gas as Coulomb direct or as exchange diagrams. This is
summarized in Figure 10.11.

Let us now take up the question of how electrons interact. The conventional
picture is that, since electron—electron scattering is a pairwise interaction, electrons
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(a‘) EEirect -

(b) X%, =

(C) = —

Figure 10.11 (a) Proper self energy resulting from Coulomb direct processes. (b)
Proper self energy arising from exchange processes. Replacing the dressed Green’s
functions with bare ones amounts to retaining only the dominant diagrams at each
order of interaction. (c) The dressed Green’s function.

scatter off each other directly and in a pairwise manner. Allowance is made, how-
ever, for the collective motion of a dense electron gas by assuming that the pairwise
scattering potential is screened by the electronic dielectric function. Figure 10.11,
however, suggests an alternative, more subtle picture, namely that, in the dominant
Coulomb direct interaction processes, an electron can scatter off the fluctuating
potential generated by the collective electronic density fluctuations. This scattering
is caused by the bare fluctuating potential, as seen in Figure 10.11. The conven-
tional picture also holds, but only for the exchange scattering processes of order
n > 2, as Figure 10.11 shows; these exchange processes constitute only a small
correction to the dominant form (Das and Jishi, 1990).

10.10 Dielectric function

The dielectric function was introduced in Section 6.8 as a measure of the response
of a system to an external electric potential. For an electron gas, we found that

-1
e(q, w) = [1 + %quR(q, a))i| (10.24)

where D%(q, w) is the retarded density-density correlation function. In random
phase approximation, D®(q, w) = illrpa(q, ®). Using Eq. (10.13),

veI1°(q, )

-1
_ =1—v,01%q, o). 10.25
I — vgll°(q, w)] Vol (@, ) (102

e®PA(q, w) = [1 +
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The screened Coulomb interaction, given in Eq. (10.15), is
Uq N Uq
L= vg1°(q, w) — eRPA(Q, @)

V(q, w,) = (10.26)
The dielectric function is thus a measure of both the screening of the Coulomb
potential in an interacting electron gas, and the response of an interacting electron
gas to an external electric potential

To obtain an expression in closed form for the dielectric function, we need to
carry out the sum over Kk in the expression for I1°(q, w), given in Eq. (10.14).
At high temperatures, this is very hard to do. At low temperatures (kT < €,
where € is the Fermi energy), an expression for I1°(q, ) is not difficult to obtain.
1°(q, w) is given by I1°(q, iw,, — © +i0"):

2 S — frr
M(q. ) = — q
(q @) VXk:ha)+€k—€k+q+iO+

2 2
:_Z Sk | +_Z firq .
|% " ho + € — €gyq +10T  V " —hiw + €xpq — €k — 0T

Replacing k by —k — q in the second term, and noting that f_x = fx and €_g =
ex = h2k?/2m,

2 Jx 2 fx
Mg, 0) = = = :
@ ) Vzhw+ek—ek+q+i0++VXk:—hw+ek—ek+q—iO+

k
(10.27)
First we evaluate the real part of I1°(q, ),
2 2
Rel'[o(q,a))=—z¢+—z Ji
\% " ho+ e —ékrq  V " —hw + €k — €xq
= A(q, 0) + A(q, —w). (10.28)

For kT < €, we may replace fx by the step function 6(ep — €y),

A(q, ®) = 2V fd3k !
o=y any fiw — (2 m)k - q — (B2/2m)q?

where the integration is over the Fermi sphere. Replacing k - q by kgcos6, [ d 3k
by 27 fOkF k*dk fll d cos @, and defining x = k/kp, the integration over cos @ is
first carried out; it yields

X+u_
X —U_

2 1
A(q,w):m—kF/ xIn
212h2%q Jo

‘dx
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where uy = w/qur = q/2kp, and vp = hkp/m is the Fermi velocity. Using

x2 — b? 1
/x In|x + b|dx = In|x 4+ b| — Z(x — b)?, (10.29)
we obtain
k 1 —u? 14+ u_
A(Q, ©) = d(ep)=E [u_ PR H , (10.30)
2q 2 1 —u_

where d(er) = mkp/m*h? is the density of states, per unit volume, at the Fermi
surface (see Problem 2.2). Equations (10.28) and (10.30) give

1 1—u? |14+u_
(10.31)

1 —u_

1—u? ‘1+u+

Rell’(q, w) = —d(er) [ 1q ke n

2_4q/kF“‘ T—uy

In the static limit, ® = 0, ux = £q/2kr, and Eq. (10.31) reduces to

1 4k% —qg? . |2k
Reno(q,0)=—d(eF)[§+ £ qln| rtq

H = —d(ep)g(q’) (10.32)

8krq 2kr —q
where ¢’ = q/2kr, and
1 1 — q/Z 1 +q/
== 1 . 10.33
8(q") 5T o n‘l_q/ ( )

Next, we evaluate the imaginary part of I1°(q, w). From Eq. (10.27), we find
Im T%(g, ) = Bi(q, ®) + Bx(q, ) (10.34)

where

27
Bi(q, w) = v Z Skdhw + ek — €krq),  Ba(q, w) = —Bi(q, —w).
k

(10.35)
In writing B;(q, w) and B>(q, w), we have used Im (xilw) = Fm5(x). The Dirac-
delta function is given by

h2 2q2
S(hw + €x — €xqq) = 6(iw — —kqcoshd — ——)
m 2m
m w q
=—94 — — —cosf |. 10.36
1’kgq (hkq Im 2k ) (10.36)

Replacing f; by 6(er — ex), and ), by (2%)327r [ k*dk fll d cost), we obtain

Bi(q, ) n / “edi / deoss (2 T _cosp). (10.37)
,w) = — - = = . .
1 21i2q Jo . likg/m 2k
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[0}
hkg/m

2
The integral over cosf vanishes if ( — 2’]—k> > 1, and is equal to unity if

2 2
<hk;"/m - 2%) < 1; hence, it is the step function |:1 - (hk;"/m - Z’J—k> i| Thus,

m ke [ w q 2
Bi(qw)=——>— [ kO |1— - — dk
2rnh=q Jo hkqg/m 2k

ke [ k2 2
- /ke 1——F(i—i> dk
Znﬁq 0 kZ qur 2]([:

k2 1
- _zmhg“ /x (1 — u® /x*)dx (10.38)
g Jo

where a change of variable from k to x = k/kp is made. If u> > 1, then certainly
u® /x* will be greater than 1 (since x varies from O to 1) and the integral will vanish.
On the other hand, if u> < 1, the integral is nonvanishing,

/1 01 — 12 xydx = |° ul > 1 (10.39)
X —Uu X X = .
0 - Joxdx =1 —u?)/2 u? <1.
Therefore,
Bi(q, w) = — mk (1 —u®)o( —u®) = —d(e )”—kF(l —u?)0(1 — u?)
@)= g - - T TRy - -
) (10.40)
By(q, w) = —Bi(q, —0) = d(eﬂ’l—;a —u?)O(1 —u?) (10.41)
k
ImT%q, w) = —d(eF)jl—qF [(1—u2)o(1 —u?) — (1 —u)o(1 —u?)].
(10.42)

In the static limit, @ = 0 and u? = u%r; hence, ImI1°(q, 0) = 0. To summarize,
we collect below the results for I1°(q, w) at very low temperatures:

1 1—u® |14u_| 1-—-u>2 |1

ReT(q. ) = —d(er) | = — —=1n |4 |~
2 4q/kr 1—u_ 4q/kr 1 —uy
1 42 —g* |2kr+qg

Rell%(q, 0) = —d - F 1

e o (GF)[2+ 8krq “‘21@—(1”

ImN°(q, 0) = —d(eF)%[u —u2)0(1 —u?) — (1 —u?)O(l — u?)]

ImTI1%q, 0) =0
us = w/qup £q/2kp, d(ep) = mkp/m’h.
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The static dielectric function is given by
dretd(ep) [1 4k% — qzl 2kp +q
—— | = n .
qZ 2 8qu 2kF —q
(10.43)

£(q,0) =1 —vgM1%q, 0) = 1 +

This is known as the Lindhard dielectric function (Lindhard, 1954).

10.10.1 Thomas—Fermi screening model

In the Thomas—Fermi model (Thomas, 1927; Fermi, 1927), the dielectric function
&(q, w) is replaced by its value in the static, long wavelength limit,

etr(q, ©) = lim £%7%(q, 0) = lim[1 — vgI1%(q. 0)]. (10.44)
q— q—
Since ImI1%gq, 0) = 0, T1%(q, 0) is real. Using lim,_,¢In|1 4+ x| = x, we find that
limg_,0 [1%(q, 0) = —d(eF). Hence,
sTF(q, a)) =1+ d(GF)Uq. (1045)

The screened Coulomb interaction in the Thomas—Fermi model is given by

Vir( ) 477 e? 477 e? (10.46)
,w) = = .
O Pl v aneden/a?l T ¢+
where
g = 4me*d(er) (10.47)

is the square of the Thomas—Fermi wave number. At low temperatures, where elec-
trons occupy the states below the Fermi surface, d(ef) = mkp /m*h* = kg /n2e?ay,
where aq is the Bohr radius. Thus, g3z = 4k /mag. Since kr ~ 1 A~! in metals,
we find that g, ~ 1 A=!,

In the Thomas—Fermi model, the screened Coulomb interaction in real space is
the inverse Fourier transform of Vg,

2

oy =) = ‘ et (10.48)
1 — 12

Suppose that an impurity of charge Ze is placed in a metal at the origin. The bare
Coulomb potential produced by the charged impurity is

Vore(1) = Ze/r = TZ¢ / L piargs (10.49)
ae(f) = Ze/r = —— | —e . .
bare (27_[)3 qz q

In writing the above equation, we have used 1/r = (1/V) Zq(4n /q*)e'9T. Since
the charge is static (w = 0), the screened Coulomb potential produced by the
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impurity is

Adm Ze elar
Vo (r) = d’q. 10.50
=0y / 72e(q,0)" 1 (10-50)

The difference between the two potentials is caused by the induced charge density
Pind in the medium; hence, Poisson’s equation gives

477 ind(r) = —V2[Vye(r) — Viare(0)]. (10.51)

Using Egs. (10.49) and (10.50), along with V2¢!9T = —g2¢/97, we obtain

(1) = Ze/ L] parg (10.52)
Pind _(271)3 £(q, 0) e q. .

The total induced charge is

! 1 iqr
Cina = fpind(r)d3r N Ze/d3q [s(q, 0 1} Qr)3 /e '

B X 1 B 1
= Ze/d q [S(q’ 5 1] 8(q) = Ze L(O’ 0 1] (10.53)

Since £(0, 0) = 1 4 d(€Fr)vq=0 = 00, it follows that Qin,q = —Ze; the screening of
the charge impurity is complete. This result is reasonable. However, there is a defect
in the Thomas—Fermi model, namely that p;,4(r) diverges at r = 0. Using V;.(r) =
(Ze/r)e 0", Viare(r) = Ze/r, and V2 = (1/r)3%/0r? r, Eq. (10.51) gives

Zer
Pind(r) = —ed(ep)——e 1", (10.54)
r

which is infinite at » = 0. Significantly, no such singularities are observed in
experiments that probe the electronic density near charged impurities. This defect
is remedied by using the Lindhard dielectric function (see Eq. [10.43]) instead of
the Thomas—Fermi dielectric function.

10.11 Plasmons and Landau damping

A dense electron gas is capable of supporting high-frequency longitudinal oscil-
latory modes known as plasmons. They can be observed when energetic electrons
scatter from a metallic crystal. When an energetic electron strikes a metal, it may
excite a plasmon, whose energy is ~ 10 eV; the scattered electron would then be
downshifted in energy by an equal amount relative to the incident electron.

A classical treatment illustrates how plasmons can be formed. In the jellium
model, consider a small time-dependent density fluctuation: each electron at r is
given a small displacement u(r, ¢). In an infinitesimal volume d>r centered on r,
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nd’r electrons are each displaced by u(r, t), wheren = N/ V is the electron number
density at equilibrium. The induced dipole moment in d°r is —neu(r, t)d>r; hence,
the induced polarization in the medium (the dipole moment per unit volume) is
P(r,t) = —enu(r, t). The induced charge density is

Oind(r, 1) = =V.P =neV.u(r, t). (10.55)

If we Fourier-expand u(r, ¢):
1 ‘e
u(r, 1) = v Xq: u,(1)e'd” (10.56)

then

i «
Vau= D qug(n)e't” (10.57)
q
which is nonzero for longitudinal modes (q||ug). The induced electric field is, by
Gauss’s law,
V.E =4npyg = 4nneV.u(r, t). (10.58)

The above equation is to be solved subject to the boundary condition that E = 0 if
u = 0; hence E = 4mneu(r, t). Newton’s second law now gives

mii = —eE = i = (—4mwne*/m)u. (10.59)
Thus, the motion of the electrons is oscillatory, with a frequency of
w, = (4ne* /m)'/?, (10.60)

which is the plasmon frequency. For metals, fiw, = 10—20 eV.

10.11.1 Plasmons

From a quantum mechanical point of view, the retarded correlation function is

n|Alm)(m|B|n)(e PEr e PEm)
hiw — (E, — E,) +i0*

Chy@)=hZ5' )" < (10.61)

(see Eq. [6.47]). The +(—) sign corresponds to the occurrence of fermionic
(bosonic) operators A and B. Setting

A=iig=ng—(ng), B=ii_q=n_q—(n_q)
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andnoting thatn_q =), cfw Ckeq = D ko cl +qCk = njl, and that the density oper-
ator is bosonic, we obtain the retarded density—density correlation function

mlitg|n)*(e=PEn — e=PEn)
hiw — (E,, — E,)+i0t

DRq.0)=hZg' )" A (10.62)

As this expression shows, the poles of D®(q, w) are the excitation energies of
the system. Note that these energies are not the excitation energies of an added
particle; 7iq represents electron density fluctuations, and it conserves the number
of particles. The poles of D®(q, w) are thus the excitation energies of the density
fluctuations of the electron gas. In the random phase approximation,

rI1%(q, w)
1 — vg1%q, @)
_ hI1%(q, w)
11— vqReTI0(q, w) — ivgImI1%q, o)

D*(q, w) = hllgrpa(q, ®) =

(10.63)

The imaginary part of I1°(q, ) gives rise to damping of the excitation modes.
To search for well-defined, long-lived excitations, we consider the region where
ImT1%(q, w) = 0. This occurs when w/qvr > 1 4 q/2kp (see Eq. [10.42]). The
poles are obtained by setting 1 — vqReI1°(q, @) = 0. We evaluate Re 1%q, o) in
the low temperature limit (kg7 < €F), long wavelength limit (¢ < kr), and high
frequency limit (o > qvr). The expression for ReI1%(q, w), given in Eq. (10.31),
can be written as

— — 2
Re TI(q, ) = —d(ef) [l 1 —(w/qvr — q/2kr) In ‘ 1+ x_
2 4q/kr

1 — (o/qvr +q/2kp)? ln‘l + x4
4q/krp

1—X+

] (10.64)

1 —x_
where

Xy = %(1 + q/2krp).

In the high frequency, long wavelength limit, x4 < 1. By expanding

x> X Xt X X

In|1 —y — — 4+ 4.
n|l+x|=x > + 3 1 + 5 G +
and carrying out tedious calculations, we find
2 3 2
Re@.o = (1) [1+ 2 (25 ] o
m \w

5V w

Another method for obtaining the above result is outlined in Problem 10.4.
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The poles of D®(q, w) are obtained by solving
4ne® 3 2
| dne [H_(w)}:()
mo SV o
3 2 3 2
:>w2:w2 1+_(qﬂ> + :a)z 1+_ qﬂ +
P 5\ w b 5\ o,

D P s e 10.66
= o(q) = w, +E(a)_,,)q 4+ . (10.66)

At ¢ =0, w = w,; the quantum mechanical treatment reproduces the classical
result, and, in addition, yields the dispersion of the plasmon mode.

10.11.2 Landau damping

The plasmon mode is damped if m I1°(q, w) # 0. From Eq. (10.42), this occurs

ifu? < 1lor ui < 1. Since ui > u?,itis necessary and sufficient that u* < 1 for

ImT1°%(q, w) to be nonzero:

2 2

) w q q°vr q°vr
<l=2-1<————<1= —qv <w<qu

‘- avr  2%kr Wrt S, SO srto

= (q/kr)* = 2q/kr <ho/ep < (q/kp)’ +2q/ke.

In the shaded region of the g-w plane (see Figure 10.12), ImT1°(q, ) # 0. The
plasmon mode dispersion is also shown. For ¢ > ¢, the plasmon mode is damped,
and it becomes difficult to observe due to its short lifetime. This damping is
known as Landau damping. The shaded region is the region of single-particle
excitations, whereby an electron below the Fermi surface is excited to above the
Fermi surface. Outside this region, it is not possible to conserve energy and wave
vector in a single-particle excitation process. We can understand the situation as
follows. Suppose an external field with wave vector q and frequency w impinges
on a metal at low temperature. Under what circumstances would it be possible for
an electron to absorb momentum 7iq and energy /i (supplied by the field) that
would allow it to move from beneath to above the Fermi surface? For any given
¢, the maximum energy that can be absorbed corresponds to a transition in which
an electron at the Fermi surface with wave vector k||q, |K| = kp, transitions to a
state with wave vector k + q, where |k + q| = k¢ + g (depicted in Figure 10.13a).
The absorbed energy isfiw = h2q?/2m + h*kpq/m. Ifho > h2q?/2m +h*kpq/m
(corresponding to points to the left of the left-hand parabola in Figure 10.12), then
conservation of energy is not possible for any single-particle excitation.
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hw
€r

2 + 2% 2 — 2z

€ER

qc/kr 2 r=q/kp

Figure 10.12 Plasmon damping: the shaded region is the region of w — g plane
where single-particle excitations are possible. For x > ¢g./kp, the plasmon decays
by exciting electron—hole pairs.

4 - /’

k
k +a k+q

() (b)

Figure 10.13 (a) A single-particle excitation in which maximum energy is
absorbed, and (b) a single-particle excitation in which minimum energy is
absorbed.

Similarly, for any given ¢, the minimum energy that can be absorbed in a
single-particle excitation corresponds to a situation where an electron at the Fermi
surface, having a wave vector k in a direction opposite to that of q, transitions
to a state with wave vector k + q, |k 4+ q| = g — k¢ (depicted in Figure 10.13b).
The absorbed energy is fiw = (7% /2m)(q> — 2kpq). X ho < B2q%/2m — W’kpq/m
(corresponding to points to the right of the right-hand parabola in Figure 10.12),
then no single-particle excitation is possible. Clearly, if ¢ < 2kp, the minimum

energy absorbed is zero.
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We conclude that if an external field with wave vector q and frequency w were
to strike a metal, where the point (q/kr,hw/€F) lies outside the shaded region
shown in Figure 10.12, then the energy and momentum carried by the field could
not be absorbed through single-particle excitations. If the field’s wave vector and
frequency were to match those of the plasmon mode, then the plasmon mode would
be excited.

10.12 Case study: dielectric function of graphene

In this section we use results obtained in Problems 2.4, 2.5, 2.6, and 3.6. The
reader is advised to study the results of these problems before proceeding with this
section. We shall calculate the dielectric function for pure, undoped graphene. A
more general treatment that includes doped graphene is also possible (Hwang and
Das Sarma, 2007).

There are two valleys in the electronic band structure of graphene, one near
point K = (27 //3a, 271 /3a) and one near point K’ = (27 /+/3a, —27/3a) in the
first Brillouin zone (FBZ). In the vicinity of these points, the energy dispersion is
linear:

Ex = thvpk. (10.67)

The minus (plus) sign refers to the valence (conduction) band, k is measured from
K (or K'), and k = |Kk|. In undoped, pure graphene at low temperatures, the valence
band is full while the conduction band is empty. We assume that g is small, so that
we can ignore intervalley scattering. The dielectric function is given by

e(q, ) = 1 — v, 11%q, ») (10.68)

where vq = 2me?/q, since graphene is two-dimensional (see Problem 4.4), and
1°%(q, w) = (1/h)DRO(q, w) is the polarizability of the noninteracting system. First
we evaluate Do(q, ®n), from which the retarded density—density correlation func-
tion DR*O(q, w) is obtained by iw,, — ® + i0". We have

1
Do(qv t) = _Z<Tn(qv f)n(_q, 0))0 conn, nondisjoint (1069)

where A is the area of the system. Consider the valley near K (or K’). The number-
density operator (see Problem 3.6) is given by

n@ =Y > (Yile Y el Corcigo (10.70)

ko ss’
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Here, s and s’ are band indices: s, s’ = v (valence) or ¢ (conduction). Note that

1 w1 |
n(r) = ) n(@e = ) n(—qpe. (10.71)

q q

Since n(r) is a Hermitian operator,
1 .
n(r) =n'(r) = - Xq:’”m)e—““ = n'(q) = n(-q). (10.72)
Thus,

1
D’%q, 1) = —4(Tn(g, n'(q, 0))o.c.na

1 _ , ) ,
= Y e ) (eI )

koss' K'o'rr’
X (T ¢l (Desirqo (Db 1 g0 Ocrio (Docna.  (10.73)

The subscripts ¢ and nd mean connected and nondisjoint, respectively. The
t-ordered product is evaluated by means of Wick’s theorem; it is equal
10 —(T cea(0)ch iy (DT Cotrqo (1), 40 4 4o (0o, Which, in turn, is equal to
—g%sko, —1)g%s’K + qo, 7)8,,85 840 0. Hence,

1 ; !’
DG, 7)== D0 > HWle MY ) e ko, —1)g"(’k + qo, 7). (10.74)

ko ss’
Fourier transforming, we obtain

,Bih Z DY(q, wy)e T = (ﬁhl)zA Z Z Fyy (K, q)
m ko

ss’

x 3 g%(sko, 0,)g"(s'k + qo, e T

nn’

(10.75)

where

(10.76)

1 k + g cos
Fss’(ka (l) = 5 (1 + ss/q—¢)

k + q|

(see Problem 2.6). Here, ¢ is the angle between k and q, and s, s’ = +1(—1) if
s, s’ = c(v). It follows that w,y = w, + w,,. The summation over n was carried out
in Section 10.6; we therefore have

D°(q, w,) = % 2.2 Pk q)

ko ss’

fsk - fs/k-',-q

. (10.77)
Wy + (Esk - és’k-&-q)/h
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The bare polarizability 11°(q, w) = (1/2)D®%(q, ) is thus given by
fsk - fs’k—i—q

ho + €sk — €5'k+q +i0*

4
Mg, @)= = ) Fuk, @ (10.78)

kss’

A factor of 2 arises from the existence of two valleys, and another factor of 2
arises from summing over the spin index; hence we have a factor of 4 in the above
equation. Denoting f.x by fk+. fok BY fk—, €ck DY €+, €5k DY €x—, and summing
over band indices, we obtain

4 - Fo (K, Fi_(k,
M°(q, ) = — Z (fir = Serqr) Fii( .(1) n Ser Fi—(k, q) .
A ho + et — €xqqr Hi0T  fiw + €y — €gyq- + 10T

Serg+ F—1 (K, q) :| n i Z [(fk— — firq-)F——(K, @)

B ho + e — €xt+q+ T 0t A . ho + e — €x+q— T 0t
fk—F—+(k’ q) _ fk+q—F+—(k’ q)
how + €k— — €k4q+ + 0t how + €k+ — €k+q— + ot
= [1%*(q, w) + 1" (q, w). (10.79)

We restrict our calculations to the case of undoped, pure graphene at low tempera-
tures. Under these conditions, the conduction band is empty and the valence band
isfull: fiy = fiyq+r =0, and fi— = fipq— = 1. Hence n%*(q, w) =0, and

2 k 4+ g cos¢
Mgo)=>> (1- 12
A - |k + q|

1 1
. [hw + €xk— — €krq+ T 0t B ho + €k+ — €k+q— T i0+:| )
(10.80)

First, we evaluate the imaginary part of I1°(q, ),

2
ImT%q, ®) = _ (1 _ w)
A " k + q|

x {6 [hw —hvp(k + |k 4+ q))] — 6 [hw +hvp(k + |k + q))]}
(10.81)

where we assume that g is small, so that the linear energy dispersion will be a good
approximation. Since §(x) = §(—x), the above expression implies that

Im N%(q, —w) = —Im N%q, w). (10.82)
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Note further that, from Eq. (10.80), we have
Re T1°(q, —w) = Re T1%(q, ). (10.83)

It is thus sufficient to evaluate Ho(q, w) for w > 0. In this case, the second Dirac-
delta function in Eq. (10.81) vanishes, and we end up with

k
ImI%(q, 0> 0) = / / < T{(f"f"b)a(w — urk — vk + ql) dkd.

(10.84)
We have used §(ax) = §(x)/|a| and made the replacement

A 2
Z N P /kdk/o do.

k

Consider the argument f(cos¢) of the Dirac-delta function
f(cosp) = w — vk — vp(k* + ¢* + 2kg cosp)'/?. (10.85)

For the Dirac-delta function §[ f (cos¢)] to be nonvanishing, w must be greater than
or equal to vpk: w > vpk. The root of f(cosg) is

f(cosp) = 0 = cos¢p = (w* — 2upkw — viq?)/2v%kq (10.86)
and
10£/0 cosplroor = v7kq /(@ = vFk), K+ Qlroor = (@ — vFk)/vp.  (10.87)
Using

S[x — x;]

SLf()] = Z aF /o,

where x;’s are the roots of f(x), we can write

d(w—vrk —vrlk+q|) =

|k + q|(S (cos¢ B ? = 2upkw — vig?
vrkq

. 10.88
ZU%kq ) ( )

Since —1 < cos¢p < 1, for the Dirac-delta function to be nonzero, we should have
—1 < (* — 2upkw — v2q?)/2v2kq < 1. This is satisfied if the following two
conditions are satisfied:

(@) o> vpgq
(b) vr(2k — q) < @ < vpr(2k + q).
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We also note that

m T 2 =7 dcosp =27 d cosg
dp---=[dop -+ | dp---=— _ e — _
0 0 ™ ¢=0 SIng -z  SIng
(10.89)
and that sing > 0 for 0 < ¢ <  while sing < 0 forwr < ¢ < 2m; hence
4 1 d 1 d 1 d
dd,...:f ?OS¢...+/ <.:osd>”'22/ c?os¢>'”. (10.90)
0 _1 |sing| 1 |sing| _1 |sing|

Finally, we note that, at the root of f(cos¢)
I5inlroor = [(203kq)> — (@ — 2vpke — vig™?]"* /202kg. (10.91)

The integration over ¢ can now be carried out; it gives

9 _
Im(q, 0 > 0) = —— 224 f [v2q” — (@ — 2vek)?] "2
Thop,/@? — viq?

x {0 [w — vpr(2k — q)] — Olw — vr(2k + @)1} dk.  (10.92)

The step functions ensure that conditions (a) and (b), which were given earlier, are
satisfied. Condition (b), enforced by the step functions inside the integral, implies
that /2vp — q/2 <k < w/2vF + q/2. Thus,

0(w — vrq) /zﬁ’ﬁ‘%

Iml'[o(q, w>0)=— [v%qz — (w — 2v1wk)2]l/2 dk.
(10.93)
By a change of variable: ® — 2vpk — x, the integration is easily done,

q*0(w — vrq)

4] w? — vig?

As noted earlier, Re T1°(q, ) is an even function of w, while 7m I1%(q, w) is an odd
function of w. The poles of I1°(q, w) are below the real axis, and I1°(q, ) — 0 as
|w| — oo. The Kramers—Kronig relations (see Problem 6.11) are thus applicable
to I1%(q, w):

ImM%q, 0 > 0) = — (10.94)

2 [e’s) /I 1—[0 /
ReTl%(q, w) = — P / @'ImI(q, ) ,
T 0 w/z _ CL)2
q* P/°° W' — vrq)
0

(a)/z _ w2) [w? — U%qz

= —— do'. (10.95)
2mh
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The integral is carried out by making a change of variable

0? - =x = odo =dx/2,

ReT'q, ) = / - J. (10.96)
dmh vig® “’zxw/x+a)2—v q>

This is a tabulated integral,

o0
1 \/x+w2—v%q2—\/a)2—v%q2

In

w > Vpq
[o2 — 122 2 _ 2.0 2_ 2.0
J=1ve —vrd \/+w vq"'\/w VP9 | g2
NOPE —a)2 V

® > Vpq

® < Vpq
v2g2—o?

T

S S — (10.97)
[12¢2 — 02

Thus,
2
9 —
Re M%q. ) = — L 20Wrd —©) (10.98)
A [202 2
rq w
and
2| O(upg — b=
n%gq, » > 0) = —Z—h Wrg o) | 6@ =vrg) | (10.99)
\/v%qz—a)z \/wz—v q?
Forw < 0

M°%q, w < 0) = [I1%q, » > 0)]*.

(10.100)
The dielectric function is

e(q, w) =

(q, ®). (10.101)
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Problems

First-order self energy. Show that the first-order contribution to the self
energy of an electron in an electron gas as T — 0 is given by

2k 1—x% |1
ep[1+ xln‘+x:|

Zi(ko, wp) = - h 2x

1—x
where x = k/kr. To obtain the above result, start from

. 1 477 &2
Zl(ko, wy) = _ﬁ mfk'-
k!

As T — 0, fx — 6(kr — k’). Replace sum over k' by integration, and use
the formula

2_ 2

X 1 )
xIn|x 4+ aldx = 1n|x+a|—z(x—a).

Proper self energy in two dimensions. Calculate X7(ko, w,) for a two-
dimensional electron gas in the limit 7 — 0. Show that, at k = kp, it is
given by —2e%ky /(th).

High frequency limit of €(q, ). Show that the high frequency limit of the
dielectric function of an electron gas is given by

lim e(q,w) =1— a)f,/a)2
w— 0
where @, = (4mwne?/m)'/? is the plasmon frequency.

An alternative derivation of the plasmon dispersion.
(a) Show that

Jx(€ktq — €x)
(iw)? — (éktq — €K)*

4
Rel’(q,0) = 2>
k

(b) In the long-wavelength limit (¢ < k), and high-frequency limit (@ >
qvr), we have iw > (exqq — €x). Show that, in these limits,

(kg — €K’ +]

4
Re Ho(q’ w) = Vo) Xk: Si(€ksq — €x) |:1 + o)
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(c) As T —0, fx— 0(kpr—k). Using e =h%k*/2m, show that
ReT1%(q, w) is given by Eq. (10.65), and hence, the plasmon mode dis-
persion is given by Eq. (10.66).

10.5 Thomas—Fermi wave number in two dimensions. Show that, in two dimen-
sions, grg = 2/ag, where ay = h?/me? is the Bohr radius.

10.6 Plasmons in two dimensions. Show that, in a two-dimensional electron gas
with n electrons per unit area, the plasmon dispersion is given by

(27 ne? 3ga
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Phonons, photons, and electrons

When the sky is illumined with crystal

Then gladden my road and broaden my path

And clothe me in light.

—From “The Book of the Dead,” Ancient Egypt
Translated by Robert Hillyer

In this chapter we turn to phonons, photons, and their interactions with electrons.
These interactions play an important role in condensed matter physics. At room
temperature, the resistivity of metals results mainly from electron—phonon inter-
action. At low temperature, this interaction is responsible for the superconducting
properties of many metals. On the other hand, the electron—photon interaction plays
a dominant role in light scattering by solids, from which we derive a great deal of
information about excitation modes in solids. Much of our knowledge about energy
bands in crystals has been obtained through optical absorption experiments, whose
interpretation relies on an understanding of how electrons and photons interact.

We begin by discussing lattice vibrations in crystals and show that, upon quanti-
zation, the vibrational modes are described in terms of phonons, which are particle-
like excitations that carry energy and momentum. We will see that the effect of
lattice vibrations on electronic states is to cause scattering, whereby electrons
change their states by emitting or absorbing phonons. Similarly, the interaction of
electrons with an electromagnetic field will be represented as scattering processes
in which electrons emit or absorb photons.

A discussion of lattice vibrations in the general case of a three-dimensional
crystal with a basis of more than one atom is somewhat complicated. To keep the
presentation simple, we consider in detail the simplest case, a one-dimensional
crystal with only one atom per unit cell. Next, we consider a diatomic chain, and
then indicate briefly how things look in three dimensions. The reader interested in
a treatment of the general case of a three-dimensional crystal with more than one
atom per primitive cell will find a detailed presentation in Appendix C.

247
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k fe—a — M

Up—2 Up—1 Un Un+1 Un+2

Figure 11.1 A line of atoms, each of mass M, connected by massless springs
of force constant k. (a) The atoms sit at their equilibrium positions, with the
equilibrium position of atom n being R, . In equilibrium, the separation between
neighboring atoms is a. (b) The atoms are displaced from equilibrium, with the
displacement of atom n being u,,.

11.1 Lattice vibrations in one dimension

The simplest case we can deal with is a one-dimensional crystal with one atom per
unit cell. Consider a line of N atoms (N >> 1), each of mass M. In equilibrium,
the position of atom 7 is R,, = na, and the separation between adjacent atoms is a.
We model the interatomic interactions by massless springs, each of force constant
k, which connect neighboring atoms (see Figure 11.1). When atoms vibrate, they
are displaced from equilibrium. Let u, be the displacement from equilibrium of
atom n. We adopt periodic boundary conditions: u; = u . Newton’s second law
gives

Mii, = k(u,1 — 2u, + uy—q). (11.1)

This is a set of N coupled differential equations (n = 1,2, ... N). The general
approach to solving such a set of coupled equations is to first find the normal
modes; the general solution is then obtained by writing the displacements as linear
combinations of these modes. In a normal mode all atoms vibrate with the same
wave vector and frequency. Denoting wave vector as ¢ and frequency as w,, atom
n in a normal mode has a displacement given by

u, = Aexpli(gR, — wyt)] = Aexpli(gna — wyt)] (11.2)
where A is a constant. Inserting this into Eq. (11.1), we obtain

—Mw, = k(e'"" — 2+ e'9%) = 2k[cos(qa) — 1].
Writing cos(ga) = 1 — 2sin*(ga/2), the frequency can be expressed as

w, = oylsin(ga/2)l, w, = (4k/M)"/2. (11.3)
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w

Wm

—r/a 0 /a q

Figure 11.2 A plot of w vs. g for values of ¢ in the first Brillouin zone. The crystal
is one-dimensional, with one atom per primitive cell.

The relation between w, and g is known as the dispersion relation. We note the
following:

1. Periodic boundary conditions, applied to Eq. (11.2), give the allowed values for
q, namely

q=0,427/L, +47/L, ...

where L = Na is the length of the line of atoms.
2. It follows from Eqs (11.2) and (11.3) that

Wy = W_g = Wgi2z/a> Un(q) =u,(q +2m/a).
3. Asq — 0, w; = vgq, where v = wya/2.

The second remark implies that it is sufficient to restrict the values of g to the first
Brillouin zone (FBZ): —m/a < g < m/a. The number of normal modes is equal to
the number of g-points within the FBZ, which is exactly equal to N. Since L > a,
the first remark means that the separation between neighboring values of ¢ is too
small compared to the width of the FBZ; hence, when plotting @ vs g, we may
consider g to be continuous. Such a plot is shown in Figure 11.2. Regarding the
third remark, the fact that « — 0 as ¢ — 0 is obvious on physical grounds: as
g — 0, neighboring atoms undergo equal displacements during the vibration, and
the restoring forces vanish. The fact that @ approaches zero linearly in g in the long
wavelength limit (g — 0) assigns the name “acoustic branch” to the branch in the
dispersion in Figure 11.2; v is the speed of sound in this one-dimensional crystal.
The general solution of the equation of motion, Eq. (11.1), is a linear combination
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of the normal modes,

JN_ D Qe (11.4)

g€FBZ

where the factor e~*®’ is absorbed into the expansion coefficients Q, and the

factor 1/+/ N M is inserted for later convenience. In effect, Eq. (11.4) is a Fourier
expansion of the displacement u,,. The expansion coefficients Q, are called normal
coordinates. They satisfy the relation Q) = Q_,, which is a consequence of the
fact that the displacement u,, is real.

Our next task is to construct an expression for the energy of the line of atoms in
terms of the normal coordinates. The kinetic energy is given by

N
1 L
2 R,
SO YRR S W
n=1 n  qq'
where ¢, ¢’ € FBZ. Summing first over n (Y, /4*4% = N§_, _ ), we find

T=(1/2) 0,0, (11.5)
q

The potential energy is the elastic energy of the springs,

N
= (k/2) ) (uns1 — un). (11.6)
n=1
From Eq. (11.4), we can write

'R (119 1),

1
Mn+1—un=m2q:Qq

The potential energy is thus given by

2NM ZZ 0,04 (¢ qa 1)(6"’“ 1)ei(tl+c/)Rn.

n

Carrying out the summation over n first, we obtain
k ; 2k )
377 20 Qa0 — 17 = 223" 0, 0-sin’(ga/2).
q q

Using Eq. (11.3), the above expression becomes

V=01/2)) 00,0, (11.7)
q
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The Lagrangian L =T — V is thus a function of the normal coordinates. The
canonical momentum conjugate to Q,, is

P, =03L/3Q, = Q. (11.8)

The Hamiltonian, in terms of the dynamical variables Q, and P,, is

H= (Z P,Q, - L) : (11.9)
. .

Q=P

Substituting 7 — V for L, we find

1
H= EZ(PQP_q+w§QqQ_q). (11.10)
q
The quantum theory of lattice vibrations of the one-dimensional monatomic crystal
is obtained by treating the dynamical variables Q, and P, as operators that satisfy
the commutation relations

[Qy, Qg1 =1[P,, Py1=0, [Q4, Pyl =ihé,,. (11.11)

Analogous to the case of the harmonic oscillator (see Section 1.2), we introduce
two new operators,

ag = Qo) w0 +iP_y), a) = @he) P w,0_g—iP). (11.12)
These operators satisfy the commutation relations
lag. ag) =[a}, al1=0, [a,, al]=08,. (11.13)
It is straightforward to show that, in terms of these operators, the Hamiltonian is

H = hogala, +1/2). (11.14)
q
The Hamiltonian is seen to be a collection of N independent harmonic oscillators.
The eigenvalues are Y g iwq(ng +1/2), where ng is a non-negative integer. The
ground state is obtained when n, = 0 for all values of g. We interpret n, as the
number of particle-like excitations, called phonons, that occupy the normal mode
specified by g ; each phonon has energy /iw, and wave number g. The operator
a; (a,) is interpreted as a creation (annihilation) operator that creates (annihilates)
a phonon of wave number g and energy iiw,. The commutation relations satisfied
by a, and a;r mean that phonons are bosonic particles. Since the quantum number
q € FBZ completely specifies a vibrational mode, phonons are spinless particles.
A phonon of wave number g represents a traveling wave of wavelength A =
27 /|q|. Therefore, a phonon of wave number ¢ = 0 does not exist; the g =0
normal mode represents a translation of the whole crystal, not a traveling wave.
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Figure 11.3 A linear diatomic chain with lattice constant a. The two different
atoms have masses M| and M,. Neighboring atoms are connected by springs of
force constant k. In unit cell n, the displacements from equilibrium of the atoms
of masses M, and M, are u, and v,, respectively.

11.2 One-dimensional diatomic lattice

We now consider a one-dimensional diatomic lattice (Figure 11.3). The two differ-
ent atoms in a unit cell have masses M and M,, and their equilibrium separation
is a/2. Neighboring atoms are assumed to be connected by massless springs, each
of force constant k. We denote by u,, and v,, respectively, the displacements from
equilibrium of the atoms of masses M| and M>, located in unit cell n. Newton’s
second law yields the following equations:

Myii, = k(v, — 2u, + v,_1) (11.15)
My, = k(Ups1 — 20, + uy). (11.16)

These constitute a set of 2N coupled differential equations, where N is the number
of unit cells. To find the normal modes, we consider the trial solutions

i(gR,—wyt)
9

u, = ue v, = ve'@Rn=®) (11.17)

where R, = na. Inserting these solutions into Eqs (11.15) and (11.16), we obtain
the following homogeneous algebraic equations involving u and v:

(=M@ + 2ku — k(1 4+ ¢y =0 (11.18)
—k(1 + €'Y + (— My, + 2k)v = 0. (11.19)

A nontrivial solution exists only if the determinant of the coefficients of # and v
vanishes. The result is the following expression:

k 1 4sin? 2
a);:—:l:k _Z_M (11.20)
% % M M,

where u = MM, /(M| + M) is the reduced mass of the two atoms in the unit
cell. A plot of w vs ¢ reveals that the dispersion curves consist of two branches
(see Figure 11.4). The lower branch is the acoustic branch, while the upper one is
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Figure 11.4 Dispersion curves for a linear diatomic chain with lattice constant a.
The lower (upper) branch is the acoustic (optical) branch.

the optical branch. As ¢ — 0,

ka?
w= |—— acoustic), w = /2k optical). 11.21
2(M1+M2)q ( ) v2k/p  (optical) ( )

At the Brillouin zone edges (¢ = +m/a) we find, based on Eq. (11.20), that

2k 2k
w=_[——  (acoustic), w=_| —  (optical)
max(M,, M>) min(M,, M>)

(11.22)
where max(M;, M5) is the larger of M, and M>, and min(M;, M) is the smaller
of the two masses. At g = 0, Eqs (11.18), (11.19), and (11.21) give

u/v =1 (acoustic), u/v=—M,/M; (optical). (11.23)

Atthe Brillouin zone center (¢ = 0), all atoms vibrate in phase in the acoustic mode,
undergoing equal displacements; the vanishing of the frequency results from the
absence of any restoring forces. In the optical mode, on the other hand, adjacent
atoms vibrate out of phase (see Figure 11.5). We note that the optical mode is
excited by infrared light, hence the name “optical mode.”

If we were to construct a quantum theory of lattice vibrations for the diatomic
chain, we would find the following Hamiltonian:

2
H= Y Y hogalam+1/2). (11.24)

g€FBZ (=1
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Figure 11.5 The acoustic (upper figure) and optical (lower figure) modes at the
Brillouin zone center (¢ = 0) of a linear diatomic chain.

Here, the index A refers to the phonon branch. There are two branches, an acoustic
one and an optical one. The operator a; ; (agy) creates (annihilates) a phonon of
wave number ¢, branch index A, and energy hiw,;..

11.3 Phonons in three-dimensional crystals

We now briefly indicate how the one-dimensional case is generalized to three
dimensions. A detailed account is given in Appendix C.

We consider a crystal consisting of N unit cells with a basis of r atoms.
The displacement from equilibrium of atom !/ (I = 1,2,...,r) in unitcell n (n =
1,2,..., N) is denoted by u,;. Since there are Nr atoms in the crystal and each
atom vibrates in three dimensions, there are 3N r degrees of freedom; consequently,
there is a total of 3N r normal modes. In a normal mode, all atoms vibrate with the
same wave vector and frequency. A normal mode is specified by a wave vector q €
FBZ (there are N such vectors) and a branch index A =1, 2, ..., 3r. In a normal
mode with coordinates (qA),

o (M)~ € (e e,

where M, is the mass of atom / and ey) is a polarization vector that determines
the direction of the displacement u,; relative to the wave vector q. In a purely
longitudinal normal mode, e(kl) Il q, while in a purely transverse mode, e(AI) 1lq.
The general solution of the equations of motion is a linear combination of the 3N r

normal modes,

wy = (NM)™2 )" 0 (@™, (11.25)

qA
The time-dependent coefficients Qg are called normal coordinates. Since ), = u,;
(displacements are real), it follows that Q:;A = Q_g. and ef\l)*(q) = ef\l)(—q). The
Hamiltonian can be expressed in terms of the normal coordinates Qg and their
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conjugate momenta Py :

H=(1/2)Y (Pp P + 0} 0qp O-qn)- (11.26)
qr

Passage to a quantum theory of lattice vibrations is accomplished by treating the
dynamical variables Q4 and Py, as operators that satisfy the commutation relations

[Qqr, OQqn] =[Py, Pgx1 =0, [Qq., Pyn] = ildqq Sy - (11.27)

We introduce two new operators ag; and agk such that

i

Oy = Yo (aq. +al ;) (11.28)
1)

Py =i 2‘1* (al; — a_g)- (11.29)

Note that Q _qx = Q(TM. The new operators satisfy the commutation relations

lag.. ag] = lal, . al, 1 =0, lag. al,] = Saq 8. (11.30)
In terms of these operators, the Hamiltonian can be written as
H = hog(alaq +1/2). (11.31)
qA

The operator az;A (aqy) is interpreted as a creation (annihilation) operator of a
phonon of wave vector ¢, branch index A, and energy hiwy;..

Finally, we note that there are three acoustic phonon branches with a zero
frequency at the Brillouin zone center (q = 0), and 3r — 3 optical phonon branches
with nonvanishing frequencies.

11.4 Phonon statistics

The Hamiltonian given in Eq. (11.31) describes a system of noninteracting phonons.
Its eigenvalues are qu(nqx + 1/2hwg) , where ng;, = 0, 1,2. .. is anon-negative
integer, interpreted as the number of phonons of wave vector , branch index A,
and energy hiwg,. In the ground state, ng, = 0 for all values of q and A. We
now calculate (n4y )0, the average number of phonons occupying the normal mode
(qA), for a system of noninteracting phonons in equilibrium at temperature 7. The
subscript “0” refers to a noninteracting system.

When the system is in equilibrium at temperature 7', any particular normal mode
(qA) may be occupied by any number of phonons. The probability that n phonons
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occupy the mode (qA) is e #"iew. / Yoo e Prow. Hence,

(ngn)o = Zne‘ﬂ"’""‘ﬂ/ Ze‘ﬁ”h‘“‘”.
=0

The evaluation of the above expression is straightforward: the denominator is a
geometric series, while the numerator is proportional to the derivative, with respect
to B, of the same series. We obtain

1

m anx' (1132)

(ngi)o =
As expected, phonons obey Bose—FEinstein statistics. The important point here (and
the reason for going through the derivation) is the absence of a chemical potential:
u =0, as Eq. (11.32) indicates. The vanishing of the chemical potential results
from the fact that the number of phonons in the system is unrestricted: an arbitrary
number of phonons can occupy a normal mode (qA).

11.5 Electron—phonon interaction: rigid-ion approximation

The basic idea underlying the electron—phonon interaction is simple, as illustrated
in Figure 11.6. When ions sit at their equilibrium positions, the state of an electron
is described by a Bloch function of wave vector k (and spin projection o and band
index n). A phonon disturbs the lattice, and ions move out of their equilibrium
positions. This causes a change in the potential seen by the electron (the potential
no longer has the periodicity of the lattice). This change, in turn, scatters the
electron into another state with wave vector k'.

In this section, we calculate the electron—phonon interaction within the rigid-ion
approximation: in it, the potential field of an ion is assumed to be rigidly attached
to the ion as it moves. This is an approximation because, in reality, as a nucleus
moves, it does not rigidly carry along the electronic charge that surrounds it. In the
rigid-ion approximation, the interaction between an electron and an ion depends
on the distance that separates them. This approximation is reasonable for simple
metals, but it is not adequate for polar crystals, where ionic vibrations produce an
electric field which acts on the electron.

For simplicity of notation, we assume that there is one atom per unit cell; the
extension to a crystal with a basis is straightforward. The interaction of an electron
at position r; with the ions is given by

=Y V@ -Ry—w) > Y V@, —R)— ) u, VV(r; —R,).
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Figure 11.6 (a) An electron is in the Bloch state [nko). As long as the lattice is
static, the electron remains in this state. (b) In the presence of a phonon, the ions
in the lattice vibrate, and the electron sees a different ionic potential than it does
in (a). The change in the potential energy of the electron acts as a time-dependent
perturbation that can scatter the electron into the stationary states |n'k’c).
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V(r; — R, —u,) is the interaction energy of the electron with the ion in unit cell
n when the ion is displaced from equilibrium by u,,. The gradient is with respect to
the electron coordinates. The above equation is no more than a Taylor expansion of
V._; to first order in the displacement; higher orders are ignored due to the smallness
of the ionic displacement as compared to the spacing between neighboring ions.
The first term in the expansion is the periodic potential energy which results from
the interaction of the electron with the static ions at their equilibrium positions;
when combined with the electron’s kinetic energy, this term gives rise to the Bloch
Hamiltonian whose eigenfunctions are the Bloch functions. The second term, when
summed over all electrons, is the electron—phonon interaction:

H, _phonon = — »_,.VV(r; —R,). (11.33)
jn
The displacement u, is now written in terms of the normal coordinates (see
Eq. [11.25]); we obtain

He—phonon = Z Z Qq)\elq‘R" Z €.V V(I’j —R). (11.34)
VNM S 4 -

In this expression, the sum over the electrons is identified as a one-body operator
of the form ) i h(r;); its second quantized form is

Y €. VvV —R,) = ( / Yoo (MEVV (= R,) Yo (0)d r) ko
j kk'oc
' (11.35)
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where Y, (r) and ¥, (r) are Bloch functions. In writing the above equation, we
have assumed that there is only one partially filled band (as is the case in simple
metals) and that electrons scatter within this band; we thus ignored the band index
when writing the Bloch functions. Furthermore, no spin flip can occur when an
electron is scattered by lattice vibrations.

We recall that, according to Bloch’s theorem (Section 2.3),

Vio (r + R,) = e Ry, (r). (11.36)

We can take advantage of this property: in the integral in Eq. (11.35), we replace
the integration variable r with r + R,;; then

I kKR, ( / Vi (06,.V V<r)wka<r>d3r> g ko

kk'c

> e VV(r; —R,) =
J

We insert this into Eq. (11.34) and carry out the summation over 7n:
Z o kK+OR, _ a7 Z Ok Kt q G (11.37)
n G
where G is a reciprocal lattice vector. Equation (11.34) becomes
He phonon = =/ N/M Y 3~ 3" €. T(k, 4, Go)cl 4o Cho Q- (11.38)
ke qr» G

Here,

Tk, q, Go) = / wl’f+q+Gg(r)V V() Yo (1)d°r. (11.39)

We can proceed a bit further if we adopt the effective mass approximation: ¥ (r) =~
(1//V)e'®r e ~1%k%/2m*, where V is the volume of the crystal and m* is
the effective electron mass. This approximation is adequate for simple metals.
Expanding V (r) in a Fourier series,

V(r) = (l/V)Z Voe'®T = VV =(i/V) vapeip.r,
P )
making use of the relation

/ PP = V5, g6

and writing Qg in terms of phonon creation and annihilation operators (see
Eq. [11.28]), we finally obtain

i Nh
He—phonon = _ZZZ Y Vq-‘rG(q + G)-E,\(q)CLquGJ Cko (aqk + aiqk)-
\% ko @ G 2Ma)qk

(11.40)
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Figure 11.7 A pictorial representation of electron—phonon interaction. (a) An
electron is scattered from state |ko) into state |k 4+ q + Go) by absorbing a
phonon of wave vector q and branch index A. (b) Here, scattering occurs by the
emission of a phonon with coordinates (—qA).

For a crystal with a basis of r atoms: [ = 1,2, ..., r, the above expression is
modified as follows: M — M;, Vyic — Véﬁg, €(q) — e;l)(q), and an extra
summation »_;_, is carried out.

We make the following remarks regarding the electron—phonon interaction:

(1) The interaction is seen to be a sum of terms, with each term representing a
scattering process in which an electron is scattered from state |ko') into state
|k + q + Go) by either emitting or absorbing a phonon. The scattering process
is depicted in Figure 11.7.

(2) The wave vectors q, k, and k' = k 4+ q + G must all lie in the first Brillouin
zone (FBZ). Hence, in summing over G, there is only one term in the summation
for any fixed k and q; G is the one reciprocal lattice vector which, when
added to k + q, carries it back into the FBZ. If k + q € FBZ, then G = 0;
otherwise, G # 0. Electron scattering processes (by the emission or absorption
of a phonon) for which G = 0 are called normal processes. A process for
which G # 0 is called an Umklapp process. Normal and Umklapp processes
are depicted in Figure 11.8.

(3) We restrict further discussion to normal processes only: G = 0. The factor
q.€,(q) in Eq. (11.40) implies that electrons interact only with longitudinal
phonons. In isotropic media, phonon polarization vectors are actually either
longitudinal or transverse.

(4) We write the electron—phonon interaction in the following form:

He_phonon = Z Z quclt+qgcka (ag. + aiqx). (11.41)
ko qA

The matrix element Mg, is a measure of the strength of the electron—phonon
interaction. Its mathematical form depends on the kind of approximations one
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Figure 11.8 Normal and Umklapp processes in a two-dimensional square lattice
of lattice constant a. The square shown in the figure is the FBZ; its side is 27 /a.
In the scattering process, an electron of wave vector k absorbs a phonon of wave
vector ( or emits a phonon of wave vector —q. (a) The wave vector K+ q €
FBZ; the scattering process is normal. (b) k 4+ q ¢ FBZ; a reciprocal lattice vector
G must be added to carry k + ¢ back into the FBZ, so the scattering process is
Umklapp.

makes (Ziman, 1960). Since H,_,; is Hermitian, it follows that
:;x =M_g. (11.42)

Let us consider the case of an isotropic medium (a cubic crystal, for example)
with only one atom per unit cell. In this case, there is one longitudinal acoustic
branch and two transverse acoustic branches. Electrons interact only with the
longitudinal phonons. Assuming that the crystal is a metal, the Coulomb potential
of the ions is screened by the conduction electrons. Since ions move very slowly
compared to electrons, we can assume that the screening is static, similar to the
screening of a fixed charged impurity. The screened Coulomb potential of an ion
is thus taken to be 47 Ze/q%e(q, 0), where Ze is the ionic charge and &(q, 0) is
the static dielectric function. For small values of g, this is given by 47 Ze/(q> +
q% p) =4nZe/ q% r» Where g, is the Thomas—Fermi wave number. The electron—
ion interaction energy thus has the Fourier component Vq = —47 Ze? /g7 .. Under
these assumptions, it follows from Eq. (11.40) that the electron—phonon interaction
matrix element depends on q only and is given by

i [ Nh 4nze
My=— | "2 g6, (11.43)
VV2Mwq qrp

Note that because €,(—q) = €;(q), M, satisfies the relation Mjl‘ =M_g, as it
should. Often in the literature q.€;(q) is replaced by g, which is the magnitude
of q; this is not quite accurate, for then the equality My = M_q is not satisfied.
Note further that My—¢ = 0: in a normal mode, with q = 0, the periodicity of the
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lattice is preserved, Bloch states are still the stationary states of the system, and no
scattering takes place.

11.6 Electron-LO phonon interaction in polar crystals

We indicated in the previous section that the rigid-ion approximation is not adequate
for polar crystals, where the electric field associated with longitudinal optical (LO)
vibrations acts on the electrons. We consider the simplest case of a cubic polar
crystal with two ions per unit cell; the ions have equal but opposite charges.
Moreover, we only consider vibrations in the long wavelength limit. Even in this
case, the calculation of the electron—LO phonon coupling is not easy. We relegate
the details to Appendix D. Here, we simply summarize the main results.

(1) There is no electric field associated with transverse optical (TO) modes.

(2) The electric field associated with a longitudinal optical (LO) mode exerts a
restoring force on the ions, in addition to the short-range restoring forces that
are present in the absence of an electric field. The result is that the LO—phonon
frequency is higher than the TO—phonon frequency. In the long wavelength
limit (¢ — 0), we find

0
wio = %a)%o, (11.44)

where €(0) = e(q — 0, w = 0) is the static dielectric constant (measured
by applying a static electric field to the crystal) and e(oco) = e(q =0, w >
Wphonon) 18 the high-frequency dielectric constant of the crystal (it is the square
of the refractive index of the crystal). The above relation is known as the
Lyddane—Sachs—Teller (LST) relation.

(3) The electron—LO phonon interaction takes the form:

Heto=3 3 > MY el wemalag+aly). (11.45)

ss' ko q

The prime on the summation indicates that the q = 0O term is excluded, a;(aq)
creates (annihilates) an LO—phonon of wave vector q, and c;rkg (csko ) creates
(annihilates) an electron in state |sko), where s is the band index. The matrix
element M, 35/ is given by

. 1 1 7%/ 27ne® \'? X .
Més:""w[doo)_e(o)] (quw > €1(q).4(s'k + qo [e'4"|sko).
LO

(11.46)
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Here, V is the crystal volume, q is the unit vector in the direction of q, and
€1.(q) is the LO—phonon unit polarization vector.

If we assume that electron scattering by phonons takes place in only one
band, the sum over s and s’ in Eq. (11.45) is no longer there. If we also
approximate the Bloch functions by plane waves, the matrix element (s'k +
qo|e'%T|sko) becomes equal to unity.

11.7 Phonon Green’s function

In previous chapters, we defined the retarded and advanced Green’s functions for
bosons in terms of the ensemble average of the commutator of an annihilation
and a creation operator. The imaginary-time Green’s function was also defined
in terms of the ensemble average of the time-ordered product of an annihilation
and a creation operator. Although a similar definition for the phonon Green’s
function may be adopted, this is not the most convenient one. This is because the
linear combination ag + aiqk appears in the electron—phonon interaction. It is this
particular combination that is employed in the definition of the phonon Green’s
function.

11.7.1 Definitions

The phonon retarded Green’s function is defined by
d®(qr, 1) = —i0(t){[pgu(0), ¢;A(0)]), (11.47)
where 6(¢) is the step function,
bg. = ag +a' g, (11.48)
is the phonon field operator, and ¢g; (f) = eiH’/hqﬁqA(O)e_iH’/h. In Eq. (11.47), the
average is over a canonical ensemble,

(Y =Tre P )/ Tr(e ). (11.49)

For phonons, canonical and grand canonical ensembles coincide because the chem-
ical potential vanishes, as discussed in Section 11.4.
The phonon imaginary-time (Matsubara) Green’s function is defined by

dqr, ) = _(T¢qk(f)¢lk(o)> (11.50)

Here, ¢q.(t) = e/ g, (0)e 7™/ 'and T is the time-ordering operator,

Par (DB (0) T >0

T 0.(0) =
¢q)\("7)¢q,\( ) ¢:;)L(O)¢q)t(1—) T <O0.

(11.51)
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No minus sign is incurred upon interchanging the operators, since they are bosonic.
We focus our attention on the imaginary-time Green’s function; from it, the retarded
function can be obtained by analytic continuation.

11.7.2 Periodicity

As discussed in Chapter 8, the time t is restricted to the interval [—gh, Bh]. Since
@qy. 1s a bosonic operator, it follows from the results of Chapter 8 that the phonon
Green’s function is periodic:

dgr, T > 0) =d(qr, T — Bh). (11.52)
The Fourier expansion of Green’s function is given by

 — .
d(qh, 7) = 0 > d@h, on)e T, w, = 2rm/ph (11.53)

m=—0o0

and the Fourier transform is

Bh ,
dgr, wg) = / d(gr, T)e'“""dr. (11.54)
0

11.8 Free-phonon Green’s function

For a noninteracting system of phonons,
d’(gr, v) = 0(0)d* (qr, T) + 0(—1)d’=(qn, 7). (11.55)
The greater and lesser functions are given by
d* (g1, 7) = — (b (DB 0o, d°=(qh, ) = —(L, O)peu())o.  (11.56)

In terms of phonon creation and annihilation operators,
4 (qh, 7) = — <<aqk(l’) +al (@) (4O + a_:(0) >O (11.57)

where aq (t) = e*Mag; (0)e H7/" and aiqk(r) = er/haiqk(O)e*Hf/h. Taking the
derivative with respect to 7, we obtain

(1) = (DIH ), (0], al ,(0) = I/WIH@), a (0],

Note that H(0) = H(t). Since H = quhqu(a:;,\aq,\ + 1/2), the commutators
are evaluated easily; we find

ag (V) = e ag, al (1) =e™Tal ;. (11.58)
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Inserting these into Eq. (11.57), and noting that the terms (aqa—q:.)0 and (aiqka:h)o
vanish, we obtain

d0>(q)\‘, ‘E) = — I:e_wq‘AT(aq)\a(-l]-)\)() + Pt (aiq)\a—q)x)O] .
The commutation relation between the phonon annihilation and creation operators

implies that aq)\agk =1+ agkaqx. Moreover, in thermal equilibrium, <0(T1,\aq)\>0 is

the occupation number n,,, of the normal mode (qA), given by Eq. (11.32). Since
W_q). = Wqy, WE Can write

d*”(gh, ) = — [T (1 + ny,) + € ny, | - (11.59)

The observation that 1 + Ny, = —N-u, (easily verified) allows us to write the
above expression in another way:

d*”(gh, ) = — [Ny, €™ " — n_p,e 7). (11.60)
Similarly, following the same steps, we can show that
d°<(gh, 7) = — [np, e % — n_y, €] (11.61)

Before proceeding to calculate the free-phonon Green’s function, let us rewrite the
above expressions for d°> and d°< in the following way:

o d

d*(qr, 1) = / P (qr, €)e™¢" 2—6 (11.62a)

o0 T

0< oo 0< —€T de
d’~(qxr, 1) = P)=(qh, €)e = (11.62b)

S T

where

P (qr, €) = 2n_ [8(e — wg) — 8(€ + ;)] (11.63a)
P)<(qh, €) = —27n, [8(€ — wq) — 8(e + wgy)] . (11.63b)

The Fourier transform of the free-phonon Green’s function is

ph . Bh '
d(qh, o) = / d°(gr, T)e' " TdT = / d (g, 1) d.
0 0

This is calculated by inserting the expression for 4°> (qA, ) from either Eq. (11.60)
or Eq. (11.62a); the result is

2
Q. @) = ——20 (11.64)

(iwm)* — a)(zl,\
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qA qA aA, wp, aA, wp,
- > [ —— ] —_— e ——
T 0 T 0

(a) (b) () (d)
Figure 11.9 Pictorial representation of the phonon Green’s function: (a) d O(qar, 1),

(b) d(gA, 1), (c) d°(qX, w,), and (d) d(qh, w,,). Here, d° is the noninteracting
(free) phonon Green’s function, while d is the interacting function.

qA, wp,
Q\ k’o"7 Wy //\

ko, w, ko, w, ko, w, k —qo,w, —wpn ko, w,

Figure 11.10 The two diagrams of second order in the electron—phonon
coupling.

In drawing Feynman diagrams, the phonon Green’s function is depicted as in
Figure 11.9.

11.9 Feynman rules for the electron—phonon interaction

Treating the electron—phonon interaction as a perturbation, we can expand the
electron Green’s function to various orders in the perturbation. Since the thermal
average of the product of an odd number of phonon field operators is zero, only even
orders in the perturbation expansion will survive. The derivation of the Feynman
rules from Wick’s theorem proceeds in exactly the same way as in Chapter 9. Here,
we simply write the rules for calculating the electron Green’s function.

(1) Atorder 27 in the electron—phonon interaction (since only even orders survive),
draw all topologically distinct diagrams with n phonon lines, two external
electron lines, and 2n — 1 internal electron lines.

(2) To each electron line of coordinates (ko, w,), assign g'(ko, w,).

(3) To each phonon line of coordinates (qA, w,,), assign | Mg;, 12d°(qx, wp).

(4) At each vertex, conserve wave vector, frequency, and spin.

(5) Sum over all internal coordinates.

(6) Multiply each electron loop by —1.

(7) Multiply by the factor (1/k)*'(—1/Bh)".

For example, consider the two diagrams that arise in second-order perturbation
in the electron—phonon interaction (see Figure 11.10). In the first diagram,
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Figure 11.11 Some representative diagrams in the perturbation expansion of the
electron Green’s function. The perturbation is the electron—phonon interaction.

conservation of wave vector at the vertex implies that the phonon line has zero
wave vector. However, the term q = 0 is absent in the electron—phonon interaction,
and this diagram should be excluded. Using the Feynman rules, the contribution of
the second diagram in Figure 11.10 is

1 2
ko, wn) = — s [8%ka, )] My’ (k — qo, 0, — 0)d(QM, ).

qim

11.10 Electron self energy

In a simple metal with one partially filled band, electrical conductivity is given by
net /m*, where n is the number of electrons per unit volume, m* is the effective
electron mass, and 7 is the average lifetime of the electronic states near the Fermi
surface (see, e.g., [Omar, 1993]). In a pure metal, the lifetime of an electronic state
is determined by the electron—phonon interaction. Here, we calculate the electron
self energy that is due to interaction with phonons; the imaginary part of the self
energy is related to the lifetime of the electronic state.
We consider a system of electrons and phonons. The Hamiltonian is

— /
A=) ad,c0+ Y hogahag +1/2+ > " Mgl , i ba.
ko qA ko qi

(11.65)
The first term describes a collection of electrons in the conduction band of a metal;
interactions among the electrons are taken in an average way, with the effect being
simply a renormalization of the electron mass. The second term is the Hamiltonian
for a system of noninteracting phonons, and the third term is the electron—phonon

interaction, with the term q = 0 excluded (My—o; = 0).
The perturbation expansion of the electron Green’s function is depicted in
Figure 11.11, where some representative diagrams are shown. The last two dia-
grams in Figure 11.11 are, in fact, similar to the one-phonon diagram (the second
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Figure 11.12 Diagrams that can be added to produce a single diagram with a

corrected vertex.

= +

—_—— = ~>—~—+~>v©~>«+~>«®~%«+---
Sy 40 WA

Figure 11.13 Electron and phonon Green’s functions for a system of coupled
electrons and phonons. Vertex corrections are ignored. The electron proper self
energy X* is approximated by replacing full (dressed, or interacting) electron and
phonon propagators with bare (noninteracting) propagators.

one on the RHS in the figure), except for some vertex corrections, as shown in
Figure 11.12. A remarkable theorem, due to Migdal (Migdal, 1958), states the
following:

o= [1 n O(W)] (11.66)

where o (e) is the electron—phonon interaction matrix element in the presence
(absence) of vertex corrections, m* is the effective electron mass, and M is the ion
mass. Thus, according to Migdal’s theorem, vertex corrections may be ignored,
since the error made is of the order of one percent (/m*/M ~ 0.01). With that in
mind, the electron Green’s function may now be expanded as in Figure 11.13.

In calculating the electron self energy, we approximate the interacting electron
and phonon Green’s functions by using bare ones. The calculation can be carried
out using the Feynman rules that were mentioned in the previous section. We
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72

. 1w,
W,

Figure 11.14 The two time-ordered diagrams that are used to calculate the electron
self energy that is due to electron—phonon interaction. The external lines have
coordinates (Ko, w,). The internal electron line has coordinates (k — qo, €;), while
the internal phonon line has coordinates (qA, €;). The horizontal dashed line is a
section.

relegate this approach to the Problems section. Here, we calculate the self energy
using Dzyaloshinski’s rules for time-ordered diagrams (see Section 9.8). There are
two time-ordered diagrams (see Figure 11.14). The self energy is given by

1 de de
ko, o) = =5 3 |qu|2f 1 f —
qr B

PY<(k — qo, €)P)=(qh, &2) — PP (k — qo, €)PY” (qh, €2)
X .

ia)n — €] — €

(11.67)
The electron spectral functions are
P”(k—qo,€) = =2m(1 — f)8(e — &—q/h)
P~k — qo, €) = 21 f.5(€ — E_q/h)

(see Eqs [6.55], [8.32], and [8.34]). The phonon spectral functions are given in
Eq. (11.63). Inserting these into the expression for ¥*, and noting that n,, =
—1 —n_g,, we find that

1
ko, o) = = > My
qir

|: Ny, + fk—q i 1+ Ny, — fk—q ]

Wy — €x—q/h + wq. W, — E_q/h — wg.

(11.68)
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The retarded self energy is obtained by replacing i w, with w +i07:

—TT
ImTi(ko, ©) = —= > Mo P [0y, + fiea)d(@ — Eq/fi + 0g)
qi

+ (1 + 1y, — fyioq)d(@ — &g/ — wqx)] . (11.69)
The first (second) term in the brackets corresponds to phonon absorption (emission).
The lifetime of an electron in state |ko') is given by
. -1
~ 2ImXi(ko, & /)

Tko (11.70)

In writing Eq. (11.70), we have replaced w in X% with & //i; this is an approxima-
tion. In fact, iw should be replaced with the shifted energy, which is obtained by
solving the equation w — éx/h + Re Xy (ko, w) = 0.

11.11 The electromagnetic field

In free space, away from charge and current sources, the electromagnetic field is
described by the following Maxwell’s equations:

VE=0 (11.71a)
VB=0 (11.71b)
190B B
VXE=——— (cgs), VXE=—— (S]) (11.71¢)
c ot ot
10E E
VxB=—-— (cgs), V xB=pupeg— (SI). (11.714d)
c ot ot

In the following treatment, we use the cgs system of units. The second and third
Maxwell’s equations are automatically satisfied if we express E and B in terms of
a scalar potential ®(r, #) and a vector potential A(r, ¢):

1 0A
E=-Vd—-—-—, B=VxA. (11.72)
c dt

This is because the divergence of a curl is zero (V.V x A) and the curl of a gradient
is zero (V x V@ = 0). The first and fourth Maxwell’s equations are now written
as

19
VZCI>+E§(V.A):O (11.73)

19 1 92
VXVXA=———Vod —

——A. 11.74
c ot c? 9t ( )
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Using the identity
VxVxA=-V’A+V(V.A), (11.75)

we can rewrite Eq. (11.74) in the following form:

1 92 10®
VIA———A=V(VA+-——|. 11.76
c? or? ( + c ot ) ( )
Simplification is achieved by exploiting a freedom in the choice of ® and A: under
the gauge transformation,
, , 10A
c ot
where A(r, t) is any smooth function, both E and B remain unchanged. Choosing a
particular function A(r, 7) is called “fixing the gauge.” In one gauge, called the radi-
ation gauge, A(r, t) is chosen such that V2A(r,t) = —V.Aand (1 /c)(OA/dt) = D.
Thus, in the radiation gauge, ®' = 0 and V.A’ = 0. Relabeling (®’, A’) as (P, A),
we can write

10A
E=———, B=VxA, (11.77)
c 0t

where A satisfies the wave equation

19°A

viA- 22
c? 012

(11.78)
This equation is to be solved subject to the constraint V.A = 0. We assume that
the electromagnetic field is enclosed in a large cube of volume V = L3, and that it
obeys periodic boundary conditions. Our approach is similar to the one we followed
in studying atomic vibrations: we first find the normal modes and then write the
general solution as a linear combination of these modes. The normal modes are
given by

1 ;
A1) = —e (e

where €;(q) is a unit polarization vector. The requirement V.A = 0 = q.€,(q) =
0; the normal modes are transverse modes, so A = 1, 2. Inserting the above expres-
sion into the wave equation, we find that the equation is satisfied if wq, = cq,
independent of A; henceforth, we write wq and drop the subscript A. The periodic
boundary conditions imply that the allowed values for q are

qx<, qy, 9;: =0, 27 /L, £4x /L, ....
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The general solution of the wave equation is written as

471’6'2 1/2 2 '
A(r, z):( 7 ) D0 Agen(@e't. (11.79)

q i=1

The factor e i“a’ is absorbed into Agy., which satisfies the equation

_ 2
Aq)» = _a)qu}»-

The expansion coefficients Ag; are the normal coordinates of the electromagnetic
field. They are similar to the Qg coefficients that appear in the expansion of the
ionic displacements in a crystal. The additional factor (4w c?)'/? in Eq. (11.79) is
inserted for later convenience. We note that, since A(r, t) is real, A*(r, t) = A(r, t);
it follows that AZA = A_y. and €;(q) = €,(—q). Orthonormality of the normal
modes implies that €3(q).€,/(q) = ;..

The electric and magnetic fields are obtained by using Eq. (11.77):

E= —WZAqAGA(q)eiq'r, B = lmz Agq % ek(q)eiq'r_
q’ qr

(11.80)
The Lagrangian for the electromagnetic field (Jackson, 1999) is given by

b= L/ (EP — BRr  (cgs). (11.81)
8

Inserting the expressions for E and B from Eq. (11.80), and noting that |€,(q) X
q| = g (since €,(q) L q) and wq = cq, we can show that

L= %: (ApA_g. — 0z A A_g) . (11.82)

The momentum conjugate to Agj is Pgy = 9L/ aAq,\ = A_qk. The Hamiltonian is
therefore given by

H=> D (P Pgp + 0F A A_gy) - (11.83)
qXr
This is the Hamiltonian for a collection of harmonic oscillators. A quantum theory
is obtained in a similar way as we did for phonons:

H =Y hog. (bhbe +1/2) (11.84)
qir

[h [
Aqk = 2_0)q (qu =+ biq)) s Pgpo=1 Tq (bj;k - b,qx) . (11.85)

where
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The quanta of the electromagnetic field are called photons. The operator ng(bqk)
creates (annihilates) a photon of wave vector q and polarization A.

11.12 Electron—photon interaction

In the presence of an electromagnetic field, described by the vector potential A, the
Hamiltonian for an electron in a crystal is

1 2
H=_— <p n fA) V). (11.86)
2m c
The electron charge is —e, and V(r) is the periodic potential produced by the
lattice of ions. We ignore the electron—phonon interaction for now. Expanding Eq.

(11.86), we obtain

e2

2
2mc2A '

e
H=Hy+H', Hy=p*/2m+ V(r), H’=%(p.A+A.p)+

Hj is the Hamiltonian for the electron in the absence of the electromagnetic field;
its eigenstates |sko) are characterized by a band index s, a wave vector k, and
a spin projection o. H', when summed over all electrons, is the electron—photon
interaction. The term in H' which is proportional to A? involves two-photon scat-
tering processes. For weak fields, this term is generally far less important than the
other term which involves single-photon processes; henceforth, the A? term will
be ignored.

In the radiation gauge (V.A = 0), the two terms p.A and A.p are equal. To see
this, consider the action of p.A on any function f(r):

PAF(r) = —ihV.(Af(r) = —ih(V.A) F(r) — ihA.V f(r)
— 0 — KA.V f(r) = A.pf(r).

The electron—photon interaction Hamiltonian is obtained by summing H’ over all
electrons:

e
H,_ = — A(r;, t).p;. 11.87
photon me ZJ: (r/ )P/ ( )

p; is the momentum of the ;' " electron whose positionis r ;- Since this is a one-body
operator, its second quantized form is

e
H,_photon = o Z Z(s’k’a|A.p|skcr)cj,k,acsko.

sko s’k
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The matrix element is given by

47 c?
Ve(oo)

1/2
(s'K'o|A.p|sko) = ( ) ZAqkek(q).(s’k/a|eiq'rp|ska).
qir

Note that, in expanding A(r, ¢), we have modified Eq. (11.79), replacing ¢ with
c/n = c/+/e(00), where n = /e(00) is the index of refraction of the medium (the
crystal). This is because in H,_photon, A(T, 1) is the vector potential in the medium,
where the speed of light is ¢/n. The matrix element on the RHS of the above
equation is evaluated using Bloch’s theorem:

I = (s'Ko|e'9plsko) = /uf,k/(r)e‘ik/'reiq'rpusk(r)eik‘rd3r.

Here, uy(r) and uk(r) are periodic functions having the same periodicity as the
lattice. Changing variables from r to r + R,, where R, is any lattice vector, and
using the periodicity property of u (r) and u(r), we find

I — Ie_i(kl_k_q)‘R”.

This means that K’ = k + q + G, where G is a reciprocal lattice vector. Since
k, k' € FBZ, G must carry k + q into the FBZ. For visible light, g ~ 10° ecm™!,
which is too small compared to the width of the Brillouin zone (~ 108 cm™1).
Thus, G is generally equal to zero unless k is extremely close to the Brillouin zone
edge. The electron—photon interaction is therefore given by

He phoon = D 9 PiiraMeliesqoCsko (b + b1 g) (11.88)
ss’ ko qA
where
ss’ € 27h V2 1 iq.r
PikrqM) = m \ Voee(0o) (s’k+qole' e (q).plsko). (11.89)
q

The electron—photon interaction is thus seen to be a sum of terms, each of which
represents a scattering process whereby an electron in state |sko') is scattered into
state |s’k + qo) by the absorption (emission) of a photon of wave vector q (—q)
and polarization A.

11.13 Light scattering by crystals

In this section, we discuss the general theory of light scattering by crystals (Van
Hove, 1954; Loudon, 1963). In the next section we will focus on the specific case
of Raman scattering in insulators.
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di M

§Q2)\2

Figure 11.15 Light scattering by a crystal: an incident photon of frequency wg,,
is absorbed, and a photon of frequency wy,,, is emitted. In the process, a quantum
of an excitation mode of the crystal is created or annihilated in order to conserve
energy and momentum.

Consider a process in which a photon of wave vector q; and polarization A; is
absorbed by a crystal, and a photon of coordinates (qyX,) is created. The process
is accompanied by the creation or annihilation of a quantum of an excitation
mode of the crystal, having coordinates (qA), such that momentum and energy are
conserved. The process is depicted in Figure 11.15.

The scattering process is described by the Hamiltonian

H =333 Ty q'2, qdlybl, by (11.90)

q)“ q/)"/ //A‘H
where blx(bq/\) creates (annihilates) a photon of coordinates (qA), and

¢! g = a a T a_g (11.91)

is the field operator for the excitation mode (phonon or plasmon, for example)
of the crystal. I' is the matrix element for the scattering process; it is determined
by considering the detailed mechanism through which the process takes place. In
the next section, we will calculate this quantity for the specific case of Raman
scattering by an insulating crystal.

The initial and final states of the system, which consists of the photons and the
crystal, are denoted by |I) and | F'), respectively:

[1) = [n)|n2)li),  |F) = [n1 = Diny + 1)1 ).

Here, 1 is the number of incident photons of coordinates (q; A1), 7, is the number
of scattered photons of coordinates ((aX,), |) is the initial state of the crystal, and
| f) is its final state.
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The probability per unit time (the transition rate) for scattering from the initial
state is given by the Fermi golden rule,

2
W= 7” > (FIH'I)PS(Er — E)). (11.92)
F

E; and Er are the energies of the initial and final states. Writing E; = hw;, Er =
hwp, and using

bgilng.) = Viglng — 1), bl Ing) = Vng. + Ling. + 1),
we obtain
2 .
W= 7z 30 D(@ir qora, @OTH (@A, qora, q'A)
o qrf
X (i|¢q’k’|f>(f|¢;x|i>nl(n2 + Dé(wy — wj —w), (11.93)

where liw; (iwy) is the energy of the crystal’s initial (final) state, and fiw = liw; —
hw, is the energy transferred to the crystal. Noting that

1 .
(S(a)f — W — a)) = — / e_’(wf_wi_w)tdt’
21 J_so

the expression for W becomes

nl(ng + 1) ,
W= 7 Z Z Z L(qiA1, @Aa, Q)T (qiA1, Q2. q'2)
ar q'x f

X f<i|¢q'x'|f)<f|¢;k|i)e“’(wf—wf—w)ldt

_ny(n

+1)
— Z Z Z C(qir1, @Az, )T (qir1, @222, q'2)

k qr q'Vf
x / (i1 1 e I £)( b live dt |

where H is the crystal Hamiltonian. The sum over the final states of the crystal is
now carried out ( Zf | f){f] = 1); we obtain
iy

1 o0 .
h—2+)Z|F(Q1)»1,Q2)»2,q)»)|2 / (ilpar (DL, (Oie'dr. (11.94)
qr o0

w

The transition rate depends on the initial state of the crystal. At zero temperature,
|7) is the ground state | W) of the crystal, and its energy is Ey. At finite temperature,
other states |\W,) with energy E, have a nonzero probability of being occupied.
Hence, at finite temperature, the matrix element in Eq. (11.94) is replaced by the
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thermal average (¢qx(t)¢;x(0)), which is the correlation function C(qA, t) of the
excitation mode in the crystal. The integral in Eq. (11.94) then becomes the Fourier
transform of C(qA, 1),

+1
W= ni(ny +1)

- 3 IT@ih1. @oho. QUPC(GA, ). (11.95)

qXr

The differential scattering cross-section d?o/dwdS is the number of transitions
per unit time per unit solid angle per unit frequency interval per unit incident flux.
The number of transitions per unit time into a solid angle d2 and a frequency
interval (w;, w; + dw) is obtained by multiplying W by the number of photon
states, of a given polarization, in the interval dwd 2. The number of such photon
states is (V/873)q3dqd Q2 = (V /873 c*)widwd 2. The incident flux is the number
of photons striking a unit area of the crystal per unit time. During a time interval
At, the photons in a volume AcAt strike an area A of the crystal (the incident light
is assumed to be normal to the surface of the crystal). Since the number of incident
photons per unit volume is ny/ V, the incident flux is n;c/ V. Therefore,

dc  (m+ 1)V} ,
= r A s A s A C )\‘, X
dwdQ S 3h2ct q;| (Qi21, @222, qA)["C(qA, )

Using the fluctuation—dissipation theorem (see Eq. [6.49]) which relates the cor-
relation function to the imaginary part of the retarded Green’s function, our final
result is

d*o (g + D(ny + V2032
Tde = T s 2 T, a2, aWPIm DR (@h, )

qXr

(11.96)
where n,, = (e — 1)~ is the Bose—Einstein distribution function. We have man-
aged to express the differential scattering cross-section for light scattering by a
crystal in terms of the retarded function of the crystal excitation that participates
in the scattering process. This function is obtained by analytic continuation of the
corresponding imaginary-time function which, in turn, can be calculated using the
Feynman diagram techniques developed in previous chapters.

11.14 Raman scattering in insulators

In a Raman scattering experiment, a photon of frequency w;, incident on a crystal,
is absorbed, and a photon of frequency w; is created. The process is accompanied
by the emission (Stoke’s scattering) or the absorption (anti-Stoke’s scattering) of
an optical phonon. At low temperatures, the optical phonon occupation number
is small; hence, Raman scattering processes in which a phonon is created are
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generally more important than those in which a phonon is absorbed. Here, we
consider Raman scattering with phonon emission.

Our system consists of a crystal (an insulator), the radiation (electromagnetic)
field, and lattice vibrations (phonons). The Hamiltonian is

H=H0+HER+HEL=H()+H/. (11.97)

Hj is the sum of the Hamiltonians for the electrons in the crystal, the radiation
field, and the lattice vibrations. Hgg is the electron—photon interaction, and Hgp is
the electron—phonon interaction:

Hir = 3 > Piira®eliqooo g + b1 ) (11.98)
ss’ ko qA

He =Y 3 Y Myl oinolag +al ). (11.99)
ss’ ko qA

The process of interest involves the annihilation of a photon, the creation of another
photon, and the creation of a phonon. This is a third-order process in which Hgg
acts twice and Hg. acts once. We need to transform the Hamiltonian into a form
that contains an effective photon—phonon interaction in which a photon is scattered
and a phonon is created. The Hamiltonian, as given above, is written in terms of
a certain basis set that spans the Hilbert space of the system (electrons, phonons,
and photons). The basis consists of states [m) = |sko') [qA)phonon |q'A") photon - In this
basis, Hy is diagonal. We can transform to a new basis set of states |ri2) = U|m),
where UTU = 1. In the new basis, the Hamiltonian matrix elements are (11| H |71) =
<m|UTHU|n) = (m|H|n), where H = U' HU . In other words, the change of basis
is equivalent to applying a similarity transformation to the Hamiltonian. We thus
consider the following similarity (canonical) transformation: (U = e¢~5)

H=¢He S (11.100)

where S is an operator such that ST = —S. H has the same eigenvalues as H, and its
eigenstates are obtained by the operator e’ acting on the corresponding eigenstates
of H.Expanding e*5, we obtain

H=(14S+5%/214+5/31 4. )H(1 — S+ 5%/2! — §3/31 4+ ...)

1 1
=H+[S, H]+ E[S, [S, H]] + ;[S, [S,[S, H]]] +
=Hy+ H' +[S, H)l +[S,H']l+ %[S, [S, Holl + %[S, [S, H']]

1
+ E[Sv [S’ [S’ HO]]] +
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The operator S is now chosen such that
[S, H)l=—H'. (11.101)

With this choice,

- 1 1
H = Ho+§[5, H'l+ 5[5, [S,HT+---

Consider any two eigenstates |/) and | F') of Hy. Equation (11.101) gives
(FISHo|I) — (F|HoS|I) = —(F|H'|I) = (Er — E)(F|S|I) = (F|H'|I)

(FIH'|I)

F|S|I) = .
= (FISIh=7—

(11.103)

This shows that S is proportional to H'. Since our interest is in third-order processes,
we consider the third term on the RHS of Eq. (11.102):

1 7 1 2 ’ /7 /o2
H3=§[S,[S,H]]:§(SH —2SH'S + H'S").

Using Eq. (11.103) and two resolutions of identity, we can write

1 (F|H'|n)(n|H'|m)(m|H'|I)
FH;|I) = —
(FIHSID = 3D (Er — Ey)(Ey — En)(Ey — Ey)

3
m,n

[Er — E; + 3(Ey — Ep)l.

In Fermi’s golden rule, the initial and final states have the same energy; setting
Er = E;, we obtain
(F|H'|n){n|H'|Im){m|H'|I)

(FIH3|I) =) EE0E —ES (11.104)

m,n

In Raman scattering with phonon emission, the initial state |/) consists of an
incident photon of coordinates (q; A1) and frequency w;, and a crystal (an insulator)
in its electronic ground state (all of its valence bands are occupied and all of its
conduction bands are empty). The final state |F) consists of a scattered photon
of coordinates (quX,) and frequency w; and a phonon of coordinates (qA) and
frequency w = w; — w,. In state |F), the crystal is still in its electronic ground
state. For these initial and final states, (F'| H3|I) corresponds to the matrix element
F(ql)\l’ qz)xz, q)») in Eq (1 190)

Replacing H' by Hgr + Hgr, the product of the three matrix elements on
the RHS of Eq. (11.104) becomes a sum of eight terms, each of which
is a product of three matrix elements. Of these eight terms, three are
nonzero: (F|Hgp|n) (n|Her|m) (m|Her|1), (F|Hgr|n) (n|Her|lm) (m|Hgr|I), and
(F|Hgr|n) (n|Hgr|m) (m|Hgp|1); this follows from the definition of |/) and | F’).
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Furthermore, in Hgg, a photon is either emitted or absorbed, so that we can write
Hir = HEY + HE}, and each of the surviving three terms now becomes a sum of
four terms, only two of which are nonzero (the number of photons in |/) and | F')
is the same). Therefore, the matrix element for Stoke’s Raman scattering (phonon
emission) is

1
(FIHII) =) T EE —F )[<F|H£T|n><n|H§§1|m><m|Hé‘ﬁll>

m,n

+ (F|HE" n) (n| HES \m) (m| HER | T) + (F|HER |n) (n| HE" im) (m | HES | T)

+ (F|Hggln) (| B lm) (m|Hg 1) + (F | HgigIn) (| R |m) (m| Hgg" 1)

+(F|H§}"§|n)(n|H§£|m)(m|H§I’f|1)]. (11.105)
The various coupling Hamiltonians appearing in the above equation are
HE' =33 M el ool (11.106a)
ss' ko
Hg =33 P ()l g canobls, (11.106b)
ss' ko
HiR =" Plia (M1)Ch iy g0 Coko b - (11.106¢)
ss' ko

We have not summed over the wave vectors and polarizations of the photons
and phonons since we consider the absorption of a photon of specific coordinates
(q1X1), the emission of a photon of specific coordinates (q;X,), and the emission
of a phonon of specific coordinates (qA). As for the insulator (the crystal), we only
consider transitions between the highest occupied band and the lowest empty band,
and we assume that the energy of the incident photon is lower than the energy gap,
so that the transitions are virtual processes. Now we consider the various terms in
Eq. (11.105).

The sequence of processes that occur in the first term on the RHS of Eq. (11.105)
is illustrated in Figure 11.16. Here, E; =hw, E;, = €ctq, — €vk = €ck — €0k
(since g; is much smaller than the width of the Brillouin zone). We also assume
that there is little dispersion in the bands such that €.x — €,x > E,, where E| is the
energy gap. The first term on the RHS of Eq. (11.105) is thus approximately equal to

MG [P g raia32) + Aty k)] Alliq, 1)

Sq.q—
LN %: (ha)l —hwg — Eg)(ha)l - Eg)

We can simplify the notation: since the photon wave vector is very small compared

to the extent of the Brillouin zone, we can replace Plgiq. Ktq—q (A2) with P“(25),

i.e., we assume that the electron—photon matrix element depends only on k. Similar
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Figure 11.16 The sequence of processes in the first term of Eq. (11.105). A photon
(qi A1) is absorbed and an electron is promoted to the conduction band c¢ (the upper
band), leaving behind a hole in the valence band v. The next step can proceed in
two different ways: in (a), the electron is scattered in the conduction band and a
photon (q» ;) is emitted, while in (b) an electron in the valence band is scattered
and a photon (qyA,) is emitted (we can also say that the hole is scattered). The
third step, common to both, is an electron—hole recombination accompanied by the
emission of a phonon (q). Note that for this sequence of processes, q = q; — qo,
which is a statement of wave vector conservation.

replacements are made for other P-matrix elements. The above expression is now
written as
Mgy [PE02) + B ()] BEGua)

Squqi—
LT %; (hw) — hiwy — Eg)hw; — Ey)

The remaining five terms are evaluated in a similar way; we obtain

{M&X [PE02) + P 02)] PE(h1)

C(qiA1, 222, qA) = 8q.q,—qo Z

= (hw; —hwy — Ey)(hwy — Ey)

ME [PEG) + PUGD] PGy BG) [M;§ + M:;;] PY(0)
(hwy —hwy — E)(—hwy — Ey) (hwy —hog, — Eg)(hw — Eg)

B [ Mg + Mg | BEGD) Bt [BeGha) + RG] M3
(hwo +hog, + Eg)hw, + Ey) (hwy +howg), + Eg)(hwg,. + E,)
P (o) [PEEGa) + BP0 My

(fiw) — hog — Eg)(—hog — Eg) |

(11.107)

The Kronecker delta ensures that momentum is conserved. If the energy of the
incident photon is close to the energy gap (iw; S E,), then the third term on the
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RHS of Eq. (11.107) dominates over the other five terms; this is called resonant
Raman scattering.

In obtaining the above result for I', we have assumed that the intermediate states
consist of an electron in the conduction band and a hole in the valence band.
The electron and the hole were treated as independent particles. In insulators, the
attraction between electrons and holes may be significant, leading to the formation
of excitons, which are bound electron—hole pairs (Kittel, 2005). A description of
Raman scattering in insulators which takes exciton formation into account can be
formulated (Ganguly and Birman, 1967), but we will stop here and not take that
road.

Further reading

Hayes, W. and Loudon, R. (2004). Scattering of Light by Crystals. New York: Dover.

Loudon, R. (2000). The Quantum Theory of Light, 3rd edn. Oxford: Oxford University
Press.

Madelung, O. (1978). Introduction to Solid State Theory. Berlin: Springer.

Venkataraman, G., Feldkamp, L.A., and Sahni, V.C. (1975). Dynamics of Perfect Crystals.
Cambridge, MA: MIT Press.

Ziman, J.M. (1960). Electrons and Phonons. Oxford: Oxford University Press.

Problems

11.1 Lesser free-phonon Green’s function. Derive Eq. (11.61).

11.2 Electron self energy. Using the Feynman diagram rules, derive the expression
for the electron self energy, given in Eq. (11.68), due to electron—phonon
interaction.

11.3 Phonon self energy. Consider a system of electrons and phonons with a

Hamiltonian
H=Y acl,cot+ Y hogahag +1/2+ > Y Myl o Ckobar.
ko qi ko qA

(a) Write down the perturbation expansion for the phonon Green’s function
d(qr, 7).

(b) Using Wick’s theorem, obtain d(qA, t) to second order in the electron—
phonon interaction.

(c) Show that, to second order in the electron—phonon interaction,

\%
d(qh, ) = d°(qr, o) + ;|qu|2d°<qx, 0n)1°(q, ©,)d’(qh, wy),

where T1°(q, w,,) is the polarizability of noninteracting electrons.
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Figure 11.17 Phonon Green’s function in the random phase approximation. The
shaded bubble is the polarizability of interacting electrons. The single wavy line
represents the bare (noninteracting) phonon Green’s function, while the double
wavy line represents the dressed (interacting) phonon Green’s function.

11.4

11.5

Electron—phonon interaction in the jellium model. In the jellium model of
a metal, the positive ions are replaced by a positive background of con-
stant charge density. The longitudinal phonon frequency reduces to the ionic
plasma frequency 2, = (47 Z%e*n; /M)'/?, where M is the ionic mass, Ze is
the ionic charge, and n; = N/V is the number of ions per unit volume. The
longitudinal modes are assumed to be dispersionless. In reality, the phonon
frequency approaches zero as ¢ — 0. The inclusion of electron—phonon inter-
action is necessary to produce the correct behavior.

In the jellium model, the electron—phonon interaction is obtained from Eq.
(11.40) by the replacements: wg, — Q, G — 0, Vq — —47w Ze?/g*. Thus,

t 4AnZe* | N
He—phonon = Z chk+qocka¢qu Mq =1 Vg m q.€.(q).

koq

In the random phase approximation, the dressed phonon Green’s function is
depicted in Figure 11.17. It is given by

\%
d(q, ) = d°(q, w,) + 3|Mq|2d°<q, 0n)TI(q, 0,)d(q, @),

where I1(q, w,,) is the polarizability of interacting electrons. Since the phonon
frequency is much smaller than the electron plasmon frequency, we are
justified in replacing I1(q, w,,) with I1(q, 0).

Show that, as ¢ — 0 the renormalized phonon frequency is given by
w = vq. What is the value of v?

Electromagnetic field Lagrangian. Define the 4-vectors

19

10
oM = (;&’_ )’ 8# = (;§,V> , AP = (¢,A), Ap, =(¢’ _A)

and the tensors
F' =9"A" —9"A", F,, = 0,A, —0,A,.

Here, the indices © and v take the values O, 1, 2, and 3. The Lagrangian is
given by [ Ld’r where L is the Lagrangian density. The Euler-Lagrange
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Figure 11.18 The two diagrams that describe Raman scattering in insulators. Solid
lines are electron lines, dotted lines are photon lines, and wavy lines are phonon
lines.

equations (one for each v) are

L 0L 9L
A, dA,
where a repeated index (i in the above equation) is summed over.
(a) Show that the Euler—Lagrange equations yield Maxwell’s equations in
free space if

’

1
L=——F, F".
167 ™

(b) Show that
1
L=—(E*>- B>.
8
(c) Derive Eq. (11.82).

11.6 Raman tensor. Raman scattering in insulators is described by the two Feyn-
man diagrams shown in Figure 11.18. Each diagram represents a process
in which a photon of coordinates (q;A;) is annihilated, a photon of coor-
dinates (qyX,) is created, and a phonon of coordinates (qA) is created. In
each diagram there are three interactions (one electron—phonon interaction
and two electron—photon interactions) occurring at three different times. Use
Dzyaloshinski’s rules for time-ordered diagrams (there are six time-ordered
diagrams corresponding to each of the two Feynman diagrams) to calculate
the Raman tensor I'(q A1, q2A2, qA).
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Superconductivity

False friends are common. Yes, but where
True nature links a friendly pair,
The blessing is as rich as rare.
—From the Panchatantra
Translated by Arthur W. Ryder

The magnet of their course is gone, or only points in vain
The shore to which their shiver’d sail shall never stretch again.
—Lord Byron, Youth and Age

Superconductivity was discovered in 1911 by H. Kamerlingh Onnes soon after he
succeeded in liquefying helium (Onnes, 1911). He observed that the resistivity of
mercury dropped suddenly as its temperature was lowered below a certain critical
value T¢ (for Hg, Te = 4.2 K). Over the years, it was found that many additional
elements and compounds similarly transition to a superconducting state. In this
state, materials exhibit properties that are strikingly different from the normal
state. Below we discuss the most important features of superconductors.

12.1 Properties of superconductors

The first important property of a material that undergoes a superconducting transi-
tion is that its resistivity drops to zero below a critical temperature (see Figure 12.1).
In a superconducting ring, a persistent electric current flows without any observable
attenuation for as long as one is willing to watch.

The application of a sufficiently strong magnetic field destroys superconductivity
and returns a material to its normal state. The value of the critical magnetic field
is denoted in the literature by H¢, and it is a function of temperature. Hc(T) is
largest at T = 0, dropping to zero at the transition temperature 7¢, as shown in
Figure 12.2. The temperature dependence of H¢ is approximated by

He(T) = He(0)(1 — T2/ TP). (12.1)

284
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Tc T

Figure 12.1 At the superconducting critical temperature 7¢, the resistivity of a
material drops to zero.

He

Normal

Superconductor

Te T

Figure 12.2 The critical magnetic field that destroys superconductivity varies with

temperature.
-
N1

T>Te T<Te

Figure 12.3 The Meissner effect. In the normal state (T > T¢ ), a magnetic field
penetrates the material. In the superconducting state (7 < T¢ ), the magnetic field
is expelled from the bulk of the material.

Another crucial property of the superconducting state is perfect diamagnetism:
when a material is cooled in the presence of a magnetic field to below T, the
magnetic flux is expelled from the inside of the superconductor, as illustrated
in Figure 12.3. This is known as the Meissner effect (Meissner and Ochsenfeld,
1933). The flux expulsion occurs due to the appearance of surface currents. These
produce a magnetic field which cancels out the applied one within the sample. The
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To T

Figure 12.4 Electronic specific heat as a function of temperature in a superconduc-
tor. The dashed line is the would-be specific heat C.(7") had the metal remained in
the normal state (it is obtained experimentally by measuring C,(T') in the presence
of a magnetic field larger than the critical field).

Meissner effect is not a consequence of the vanishing of the resistivity; rather, it is
an independent property of the superconductor. Ohm’s law E = pJ, together with
Maxwell’s equation V x E = —(1/c)dB/0t, imply that if p = 0, the magnetic
field remains constant over time. Hence, if a magnetic field penetrates a sample
and temperature is lowered to below T, the vanishing of its resistivity implies that
B remains frozen within the sample (the argument is a bit subtle and is developed
further in the next section). However, this is not how a superconductor behaves.
Zero resistivity and perfect diamagnetism are two independent properties of a
superconductor.

In the presence of an applied magnetic field, superconductors exhibit one of
two types of behavior. Type-I superconductors have only one critical field Ho(T);
fields below H¢ are excluded from the bulk of the superconductor. By contrast, a
type-II superconductor has two critical magnetic fields. For an applied field below
its lower critical field Hc, (T'), flux expulsion is complete, similar to the type-I case.
For fields larger than its upper critical field Hc,(T'), superconductivity is destroyed,
and the applied field penetrates the sample completely. However, for fields in
between the two critical fields, He,(T) < H < Hc,(T), there is partial penetration
by the magnetic flux, and the sample contains both normal and superconducting
regions.

Specific heat also behaves anomalously in superconductors. In normal met-
als at low temperature, electronic specific heat varies linearly with tem-
perature: C, = aT. In superconductors, as the temperature drops, electronic
specific heat suddenly jumps to a higher value at T¢, then decreases, eventu-
ally falling below values expected for a normal metal, as illustrated in Figure 12.4.
Detailed analysis of experimental data indicates that, in the superconducting state,
C, < exp(—A/kpT). This behavior is characteristic of a system whose excited
states are separated from the ground state by an energy gap of 2A. More evidence
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for the existence of a gap in the energy spectrum of a superconductor is provided by
tunneling experiments. When two metals are brought into close contact, separated
by only a thin insulating layer, electrons tunnel from one metal to the other; equi-
librium is established when the chemical potentials of both metals become equal.
An applied voltage raises the chemical potential of one metal relative to the other,
leading to a flow of electrons from the metal with the higher chemical potential to
the other metal. If one of the metals is a superconductor and the system is cooled to
below T¢, no flow of electrons occurs until the applied voltage exceeds a threshold
value given by eV = A. This indicates that, in the superconducting state, chemical
potential sits in the middle of an energy gap of size 2A.

The last property of superconductors we discuss is the isotope effect. Accurate
measurements reveal that, in most superconductors, a slight shift in the value
of T¢ occurs as ionic mass changes through the use of different isotopes. This
effect indicates that electron—phonon interaction plays an important role in the
mechanism of superconductivity. It is the only plausible conclusion we can draw,
since changing the isotopes should have no effect on the energy bands or on the
Coulomb interaction between electrons.

It is worth noting that the superconducting transition temperature is generally
very low. Until 1986, the highest recorded 7 was 23.3 K, and it belonged to NbsGe.
However, toward the end of 1986, a new era was ushered in with the discovery of
the high-T¢ copper oxide family of superconductors (Bednorz and Miiller, 1986).
These compounds contain copper oxide planes separated by insulating layers.
The compound discovered by Bednorz and Miiller belongs to the family of La-
based superconductors that are obtained by doping the insulating parent compound
La,CuQy, whose crystal structure is shown in Figure 12.5.

In La, CuQy, the CuO; planes are separated by two LaO layers, and each Cu ion
is surrounded by an elongated octahedron of oxygen ions. The configurations of the
valence electrons in the atoms of La,CuQj are as follows: La: 5d'6s2, Cu: 3d'%4s!,
0: 2522 p*. An oxygen atom needs two electrons to fill its outer shell; to fulfill this
need, every La atom loses its three valence electrons, and every Cu atom loses
two valence electrons. The compound is thus more appropriately represented as
La™Cu?+03™. With the loss of two electrons, the Cu®* ion has the configuration
Cu®*: 3d°. There is a hole on each Cu site. In an independent-electron model,
the compound would be metallic, since each hole could hop from one Cu site
to another. However, Coulomb repulsion between two holes on the same Cu site
tends to prevent such hopping from taking place, so the holes remain localized
on the Cu sites. The magnetic moments on neighboring Cu sites are aligned in
opposite directions, the result of a mechanism called superexchange that occurs
due to intervening oxygen ions. La,CuQy is thus an antiferromagnetic insulator,
known as a Hubbard—Mott insulator.
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Figure 12.5 Crystal structure of La,CuO,4. The separation between the CuO,
planesis 6.6 A, Cu-O separation in the planeis 1.9 A, while itis 2.4 A perpendicular
to the plane.

Upon doping, which involves the replacement of a certain percentage of La’*
ions by Ba?* or Sr** ions, fewer electrons are donated to the CuO, planes, and some
mobile holes are produced on the oxygen sites. The resulting compound becomes
metallic, and for optimal doping, it is superconducting at a critical temperature of
36 K.

Shortly after Bednorz and Miiller’s discovery, many compounds containing cop-
per oxide planes were synthesized and found to be superconducting at temperatures
exceeding 77 K, the temperature at which nitrogen is liquefied. Since liquid nitrogen
is much less expensive than liquid helium, this was a very important achievement.
However, the ultimate goal, room temperature superconductivity, remains elusive.

More recently, another class of layered, iron-based, high-temperature supercon-
ductors has been discovered (Kamihara et al., 2008). When compounds with the
general formula LnOFeAs, where Ln is a lanthanide (Ln = La, Ce, Pr,...) are
doped with fluorine, they become superconductive at a critical temperature ranging
from 25 K to 55 K. The parent compounds, LnOFeAs, consist of stacks of alter-
nating LnO and FeAs layers. Neutron scattering measurements (De la Cruz et al.,
2008) as well as numerical calculations (Yildrim, 2008; Alyahyaei and Jishi, 2009)
reveal that, in the ground state, the magnetic moments of the iron ions adopt an
antiferromagnetic order. As in the copper oxide family, the parent compounds are
antiferromagnetic insulators, becoming superconductive only upon doping.

As we will show later, superconductivity arises because of the existence of an
effective attraction between electrons in a thin shell near the Fermi surface. The
effective attraction between electrons in conventional (pre-1986) superconductors
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is mediated by phonons. In high-7¢ superconductors, the pairing mechanism may
be different. Nevertheless, the framework presented by the theory of conventional
superconductors is essential for understanding all classes of superconductors. This
theory is discussed later in this chapter. We begin, however, by considering a
phenomenological model of the magnetic properties of superconductors, since the
notions and ideas introduced in this model are relevant to the treatment (within
microscopic theory) of the response of a superconductor to an applied magnetic
field.

12.2 The London equation

We saw that a magnetic flux is expelled from the bulk of a superconductor (the
Meissner effect). In what way should the electrodynamics of a superconductor
differ from that of a normal metal in order to account for the Meissner effect? This
question was examined by the brothers F. London and H. London (London and
London, 1935) two years after the discovery of the Meissner effect.

In order to clearly elucidate the distinction between a perfect conductor and a
superconductor, let us begin by considering a normal metal containing n» conduction
electrons per unit volume. In the presence of a static (time-independent) electric
field E, an electron is accelerated, but it is also scattered by phonons and impurities.
These scattering processes cause a damping of the electron’s motion. Taking the
damping force to be proportional to the electron’s velocity, Newton’s second law
gives

mv =—eE —mv/t (12.2)

where 7, the relaxation time, is the average time between scattering events. The
current density is J = —nev. Under steady-state conditions, J is constant: v = 0,
and v = —eE1/m; hence J = (ne’*r/m)E. Ohm’s law, E = pJ, then implies that
the resistivity p = m /(ne’1).

In a perfect conductor, p = 0; the relaxation time t is thus infinite, and Eq. (12.2)
becomes

mv = —eE = J = (ne*/m)E. (12.3)

Taking the curl on both sides of Eq. (12.3), and using Maxwell’s equation V x E =
(=1/c)oB/at (cgs), we find

0 ne?
—(VxJ+—B])=0. (12.4)
ot mc
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Figure 12.6 (a) A magnetic field is perpendicular to the surface of a semi-infinite
superconducting slab. No field penetration takes place. (b) The field is parallel to
the slab surface. Inside the superconductor, the field decays exponentially.

This relation, along with the Maxwell equation (for a static E-field)

47
VxB=—], (12.5)
c

determines the magnetic field and the current density in a perfect conductor. Note
that any static B-field determines, through Eq. (12.5), a static J, and therefore
Eq. (12.4) will be automatically satisfied. Equations (12.4) and (12.5) are thus
consistent with the existence of an arbitrary static magnetic field inside a perfect
conductor. We pointed this out in the previous section. This behavior is, however,
incompatible with the observed Meissner effect in superconductors; hence, zero
resistivity is a necessary, but not sufficient, condition for superconductivity.

It was conjectured by the London brothers that the magnetic field and current
density in a superconductor satisfy the relation

ne2
VxJ+—B=0. (12.6)
mc

This is known as the London equation. Whereas for a perfect conductor the LHS of
Eq. (12.6) is only required to be time-independent (see Eq. [12.4]), it is identically
equal to zero for a superconductor.

Taking the curl on both sides of Eq. (12.5) and using the vector identity

V xV xB=V(V-B)— VB, (12.7)

along with Maxwell’s equation V-B = 0 and Eq. (12.6), we obtain

B. (12.8)

J. (12.9)

We solve Eq. (12.8) for B inside a superconducting semi-infinite (z > 0) slab for
the following two cases, which are illustrated in Figure 12.6.
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o B is parallel to the z-axis and varies only along the z-direction, i.e., B =
(0,0, B(2)). In this case, V-B =0 = 9dB(z)/dz = 0 = B(z) is constant, inde-
pendent of z. Equation (12.8) then implies that B(z) = O inside the supercon-
ductor.

o B is parallel to the x-axis and varies along the z-direction: B = (B(z), 0, 0). In
this case, Eq. (12.8) becomes

3%B(z) _ Ane®
022 mc?

B(z), z=0.
Its solution is
B(z) = B(0)exp(—z/AL), z>0. (12.10)

The parameter A7, known as the London penetration depth, is given by

5 12
AL:< me ) . (12.11)

4rne?

In most superconductors, A; = 10*> — 10° A. The magnetic field decays expo-
nentially inside the superconductor, and it only penetrates a small distance, of
the order of A, into the superconductor.

12.3 Effective electron—electron interaction

In addition to the weak, screened Coulomb interaction between electrons in a
metal, there is an attractive interaction which results from their coupling to
lattice vibrations. The existence of such an attraction and its possible role in
superconductivity was first noted by H. Frohlich (Frohlich, 1950). As an elec-
tron moves within a crystal, it pulls the positive ions in its vicinity. The ions
respond by moving toward the electron. However, by the time the ions have been
maximally displaced, the electron, due to its much higher speed, is long gone.
The region into which the ions move, however, now has excess positive charge;
a second electron that happens to pass by is attracted by this excess positive
charge. This state of affairs is illustrated in Figure 12.7. What we end up with,
in effect, is an attractive interaction between two electrons. In contrast to the
instantaneous Coulomb repulsion between electrons, the attractive interaction is
a retarded one. The time it takes for the ions to achieve maximal displacement
is of the order of 1/wp, where wp (Debye frequency) is a typical phonon fre-
quency: wp A~ 10'3 s~!. In metals, the typical electron velocity is the Fermi velocity
vr A~ 10° m/s. Thus, by the time the ions are maximally displaced, the first electron
is ~ 1000 A away; the attractive interaction can operate between electrons that are
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Figure 12.7 Effective electron—electron interaction. (a) An electron attracts the
positive ions in its vicinity. (b) By the time the ions are maximally displaced,
the electron is very far away, but a second electron is attracted by the result-
ing excess positive charge. In effect, there is an attraction between the two
electrons.

Figure 12.8 A virtual process in which a phonon is exchanged between two
electrons, giving rise to an effective electron—electron interaction.

very far apart. At such distances the screened Coulomb repulsion is completely
negligible.

An alternative description of the lattice-mediated interaction between electrons
can be formulated using the language of phonons. The interaction between the
electrons and the ions may be viewed in terms of the electrons’ emission and
absorption of phonons. We can consider a virtual process whereby an electron
emits a phonon, which, in turn, is absorbed by another electron (see Figure 12.8).
Since the phonon energy is typically Ziwp, the uncertainty principle, AEAt ~ h,
implies that the phonon will live for a time T ~ 1/wp ~ 10713 5. Since the typical
phonon velocity is ~ 10° m/s (the speed of sound in solids), the electron that
absorbs the phonon should be very close (~ 1 A) to the location where the phonon
is emitted.
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The Hamiltonian for the electron—phonon system is

H =Ho+H' (12.12a)

Hyo= " el + Y ogalaq +1/2) (12.12b)
ko q)t

H =Y Myel, g ckolag, +al ). (12.12¢)
ko qA

Hj is the Hamiltonian that describes the conduction electrons and the free phonons,
and H’ is the electron—phonon interaction. Here, cle (cko ) creates (annihilates) an
electron in a state specified by the wave vector k and spin projection o, and
agk (aqy) creates (annihilates) a phonon of wave vector ¢ and branch index 1. We
have assumed that the metal has only one partially filled band, and that electrons
scatter within this band; hence, the band index has been dropped.

We can obtain an expression for the electron—electron interaction mediated
by phonons by carrying out a change of basis, as we did in Section 11.14. The
second quantized form of the Hamiltonian, as given in Eq. (12.12), is obtained by
using the basis set of states |n) = |ko)|qA). We transform to a new basis set of
states |ii) = U|n), where UTU = 1. In the new basis, the matrix elements of the
Hamiltonian are given by

(m|H|#) = (m|\{UTHU |n) = (m|H|n). (12.13)

Thus, the change of basis is equivalent to applying a similarity transformation to
the Hamiltonian: H — H = UTHU. Let U = ¢5, where ST = —S (in order for U
to be unitary). Then,

H=e¢5HeS. (12.14)

The operator S will be chosen so as to eliminate the electron—phonon interaction
in first order. Alternatively, we may define new electron and phonon operators
through a canonical transformation

~ -S S ~ -S S
Cko =€ “Ckoe”, dgp =€ “age”,

rewrite the Hamiltonian in terms of the new operators, and choose S so as to
eliminate the electron—phonon interaction in first order.
Expanding the exponential operators in Eq. (12.14),

H=(1—-S+S5214--)Hy+ H)1+S+5*21+--)
and choosing § such that

[S, Hyl = H', (12.15)
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we obtain
. 1,
H:H0+§[H,S]—|—---. (12.16)

Note that, because Hy and H’ are hermitian operators, the operator S, defined by
Eq. (12.15), does indeed satisfy the requirement that ST = —S. Considering any
two eigenkets, |m) and |n), of Hp, with corresponding eigenvalues E,, and E,,
Eq. (12.15) gives

(m|H'|n)
En - Em '
Since the effect of H' is to scatter an electron from a state with energy e into
a state with energy €4 either by the absorption of a phonon (qA) or by the
emission of a phonon (—qA), the energy difference E, — E,, is either ey + hwg, —
€k+q (corresponding to phonon absorption) or €x — fiwg), — €kq (corresponding to
phonon emission ). Therefore, S is given by

T
a a_
=202 Mychygotho (E v v ) (12.18)

oty k — €kiq Thwg €k — €xrq — g

(m|S|n) = (12.17)

One can check that S, as given above, satisfies Eq. (12.15). The Hamiltonian in
Eq. (12.16) becomes

H = H, + % Z Z Z Z Mg My [clqugckg (aq)\ + “Lﬂ) ,

ko qir Ko N

C.i_ Ck aq/)»’ + a*q/)\‘/
kK'+q'o’ ‘o’ .
q 6k/ — Ek/-‘rq/ + ha)q/k/ ek/ — Ek/+q/ — ha)q/k/

Out of the many terms in the commutator, there are two terms that contain four
electron operators; they arise from commuting ag; with aiqw, and aiqx with ag;..
The other terms all contain two electron and two phonon operators. We thus write

~ 1 t t
H = Hy+ 5 %: %; gf; Mq)LM—q)»Ck-i-q(ero Cx'—qo’CKo’

1 1
X J—
€x — €k'—q — hwqx €k — €x—q t ha)qk

+ (terms containing two electron and two phonon operators).
From the commutation relations of the electron operators, it follows that
CkoChyqor = Sk kbqdro’ = g Cko (12.192)

Cko Ck'o’ = —CKo'Cko - (1219b)
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Using these, along with M_q, = M_;, we can write
H = Hy + H, + H, + “others.”
where “others” are terms containing two electron and two phonon operators, and

/10)
Hy = Z Z |qu|zclt+q06k+qa |:( 2‘1)‘_ (ho A)2:|
q

ko qx €k+q — Ek)

=)D Mgl "o o e (12.20)
(ha’qk)

(Ek - Ek—q)z -

ko qA
ho,
Z Z Z qA T T
|Mq)\| [ ) ) Ck-i—qcrck/—q(r’ck’a’ckd'
ko ko' q) Ek’ - Ek’—q) - (hqu)

(12.21)

The term H; can be absorbed into Hy; it simply leads to a renormalization of the
single particle energy. On the other hand, the term H, represents an interaction
between electrons. The electron—electron interaction, mediated by phonons, is thus

given by
H, =) Z Z Vi€t qo Clr—qor O Ck (12.22)
ko Ko

ho
Vig= 3 IMg; 2 [ L } : (12.23)
A

(ék’ - ék’—q)z - (hqu)z

Consider a shell surrounding the Fermi surface. The inner and outer surfaces of
the shell are constant energy surfaces with energies Er —hwp and Ep +hop,
respectively, where Er is the Fermi energy and hiwp is a typical phonon energy.
Equation (12.23) tells us that if two electrons remain in states that lie within this
shell, the phonon-mediated interaction between them is attractive.

12.4 Cooper pairs

AtT = 0, the ground state of an electron gas is obtained by filling all states up to the
Fermi wave vector k. Let us imagine adding two extra electrons to the system and
turning on an attractive interaction between them. We assume that the attractive
interaction between the two extra electrons exists only when the two electrons
occupy states in a shell of energy width fiwp (the typical phonon energy) that
surrounds the Fermi sphere (see Figure 12.9). We also assume that the two added
electrons interact with other electrons only through the Pauli exclusion principle:
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EAk

Figure 12.9 Two extra electrons are added to the Fermi sphere of radius k. If the
added electrons are in a shell around the Fermi sphere of width Ak, the interaction
between the two electrons is attractive; otherwise, the interaction is zero. Here,
(Wkp/m)Ak = hop.

the role of the Fermi sea of electrons is simply to prevent the two added electrons
from occupying any state below the Fermi surface. Absent an attractive interaction,
the ground state of the two added electrons is obtained if each has energy Er. In
the presence of the attractive interaction, what is the ground state of the two added
electrons? The answer to this question was provided in a seminal paper by Cooper
(Cooper, 1956). The two extra electrons can scatter off each other from states
k01, kyo») into states |k; + qoq, ko — qo,). Conservation of momentum dictates
that k; + k, = K must remain unchanged. Since the two electrons are constrained
to remain within a shell of energy width Ziwp surrounding the Fermi sphere, the
conservation of momentum means that for a given K, the wave vectors k; and k,
will be restricted to the region of intersection of the two shells in k-space centered
on 0 and K (see Figure 12.10). Since we are interested in the lowest energy state,
it is sufficient for us to consider the case when the region of attractive interaction
is maximal; this occurs when K = 0, for then the shaded region in Figure 12.10
coincides with the whole shell. Henceforth, we assume that the two added electrons
have wave vectors k and —k. Denoting the positions of the two added electrons
by r; and r;, and their wave function by i (r;o1, r,0»), the Schrédinger equation
reads

[p/2m + p3/2m + U(r; — 12)] ¥ (r101, 1202) = EYr(ri01,1200)  (12.24)

where U(r; — r») is the interaction energy of the two electrons; it depends on
r; — r; due to the translational invariance of the system. Since the Hamiltonian is
spin-independent, the stationary states can be written as the product of a spatial
function and a spin function. The two electrons are continually scattered from
states |ko, —ko») into states |K'oy, —Kk'o»); hence, we consider a solution to the
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Ak Ak

Figure 12.10 k; and k; are restricted to a shell of width Ak surrounding a Fermi
sphere of radius kr. For a given K, the requirement that k; 4+ k, = K is satisfied
only if k| and k; are restricted to the region where the two shells centered at O and
O’ intersect. O and O’ are two points in k-space that are separated by the vector

K. The region of intersection is the volume obtained by rotating the shaded area
in the figure around the OO’ axis.

Schrédinger equation of the form:
1 .
Y(rio1,1200) = ) g(k)ve’k‘(r‘_”) x(o1, 02) (12.25)
Kk

where V is the system’s volume, (1/V)e’®T ) is the spatial part of the wave

function corresponding to the ket |ko|, —ko»), i.e., it is (r, r|k, —Kk), and the
expansion coefficients g(k) are to be determined. The spin function y (o7, 07) can
be chosen to be antisymmetric (singlet) or symmetric (triplet). For the singlet state,
the antisymmetry of iy (r;oy, ry07) under the interchange (r;o,) <> (r0,) requires
that the spatial part be symmetric, i.e., g(—Kk) = g(K). For the triplet state, the spatial
part of the wave function is antisymmetric, i.e., g(—k) = —g(Kk). Furthermore, the
restriction of the states to a shell of energy width iwp around the Fermi sphere
implies that g(K) is nonvanishing only for Er < ex < Ep + liwp. Substituting the
wave function, as given in Eq. (12.25), into the Schrodinger equation, we obtain

Z(zek, — E)g(K)e® T + Z gKHU@)e* T =0 (12.26)
K K

where r = r; — ry. Multiplying by (1/V)e~'¥T, integrating over the system’s vol-
ume, and using

/ PSS VR . V i » (12.27)
\%



298 Superconductivity

we obtain the following equation:
1
(2ex — E)g(k) + v Z Uagk) =0, Er <ex, ew < Er +hop. (12.28)
k/

Uk 1s the Fourier transform of the attractive interaction,
Uw = / AR 01( 9 Y e (12.29)
1%

Note that, since U(r) is real, it follows that U}, = Uyk. Moreover, since U(r) =
U(-r), Uy must be real.
We solve for g(k) by considering a simple model for which

Uw = —Uy, Er <e,ew < Ep+hop

where Uy > 0. For values of k and k’ such that €x or € lies outside the range
indicated above, Uxx = 0. The fact that Uy is negative reflects the assumption
that the interaction between the added electrons is attractive. Equation (12.28) now
reduces to

U
Qex — E)g(k) = 70 > g(K) Er <ex.ew < Er+hop. (12.30)
k/

For a triplet state, g(—k’) = —g(k’), and the RHS of Eq. (12.30) vanishes. Thus,
for the triplet state, £ = 2e ; the attractive interaction has no effect on the energy
of the two added electrons. For the singlet state, on the other hand, g(—k’) = g(k),
and the RHS of Eq. (12.30) does not vanish. Further analysis is now restricted to
the singlet state, in which the two electrons have opposite spins.

Dividing both sides of Eq. (12.30) by (2¢x — E), then summing over k, we
obtain

Uy 1
1=— . Er <e < Er +hwp.
v Xk: 2 —E F k F thwp
The sum over k is a sum over states of one spin projection. Since the number of
such states in the energy range (¢, € + de¢) is D, (€)de, where D, (¢) is the density
of states per spin, the above equation may be written as
Uo [Er*r Dy(e)

1=—

\% Er 2¢ — E

de.

Since it is generally true that in metals hiwp < Er (iwp =~ 20 meV, Ep &~ 5eV),
we may assume that D, (¢€) is equal to its value at the Fermi energy,

_ UoDy(Ep) [Friter  de 1 (2EF + 2wp — E)

= ~Upd, (Ep)]
% . 2e—g gl (Er)n 2Er —E

1
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where d,(Er) = D,(EF)/V is the density of states per unit volume per spin. This
equation is easily solved for E,
2hwpexp {—2/[Uods (EF)1}

1 —exp{=2/[Uods(EF)]}
In the weak coupling limit (Uyd,(Efr) < 1),

E=2Ep —

E ~2Ep — 2hwpexp{—2/[Uod,(EF)]}. (12.31)
The following remarks are in order:

1. No matter how weak the attractive interaction is, the two electrons form a bound
state, known as a Cooper pair, whose energy is lower than 2Ep.

2. The energy E of the bound state is not an analytic function of Uy as Uy — O,
i.e., E cannot be expanded in powers of Uy. Thus, the result for E cannot be
obtained by a perturbation expansion in powers of Uj.

3. The binding energy of the Cooper pair increases as Uy increases; the stronger
the electron—phonon interaction, the larger the binding energy.

4. The binding energy increases as the density of states at the Fermi energy
increases.

12.5 BCS theory of superconductivity

A microscopic theory of superconductivity was presented in 1957 by Bardeen,
Cooper, and Schrieffer (BCS) (Bardeen et al., 1957). The idea that a weakly
attractive interaction between two electrons leads to the formation of a Cooper pair
was a major clue that led to a fuller description of the superconducting ground
state. The attractive interaction scatters a pair of electrons from states |k, —k )
into states |k’ 1, —k’|) (see Figure 12.11). BCS considered the following model
Hamiltonian

Hies = ) eclycio + Y UkioCly €l ey ey (12.32)
ko kk’

which describes the scattering processes mentioned above. In order to determine
the ground state, a variational approach is adopted, with a trial wave function
proposed and the corresponding energy minimized. The BCS trial state is taken as

W) =TT (s + vyl ) 10 (12.33)
k

where |0) is the vacuum state, iy and vy are parameters to be determined, and they
are assumed to be real. The state is normalized if

ug +vi = 1. (12.34)
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k']

Figure 12.11 Scattering processes that contribute to the BCS Hamiltonian. Two
electrons in states |k4) and | — k) are scattered into states |k’ 1) and | — K’ |).
The matrix element for this scattering process is Uk .

The form of the wave function implies that vﬁ is the probability that the pair state
Ik 1, —k |) is occupied, and uj is the probability for it to be empty. Note that
|W) would describe the normal ground state if uy =0, vgx =1 for k < kg, and
ug = 1, Uk =0fork > kF.

If the state |¥) is expanded, we see that it is a linear combination of states with
varying numbers of pairs, i.e., |¥) is not an eigenstate of the number operator N,
given by

Nop =Y by o (12.35)
ko

This should not cause any alarm; the system is considered to be in contact with a
particle reservoir at 7 = (. In other words, the system is assumed to be a member
of a grand canonical ensemble; as we know from Chapter 5, the properties of a
system may be obtained using any of various ensembles. What we require here is
that the average number of electrons, (W |Ny,| W), be equal to N, the actual number
of conduction electrons in the crystal.

Our problem is thus to minimize the energy (W |H|W¥) subject to the constraint
that (W|Ny,|W) = N. This is achieved by introducing a Lagrange multiplier u
and minimizing (W|H|W) — u(W|Nyp|V) = (W|H — tNop|W) without any con-
ditions. The Lagrange multiplier u is then determined by the requirement that
(W|Nop|W) = N. The parameter p turns out to be nothing but the Fermi energy
E r. Defining € = ex — u, we can write

[‘_I =H — ,bLNOp = ng (C;LTC](T + CT_NkaL) + Z Ukk/C;LTCT_ka,kLCkT.
k

kK’
(12.36)
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Using the commutation properties of the creation and annihilation operators, it is
not difficult to show that

E=(VHW) =2 v+ Y Ultivilivi. (12.37)
k kK’

E is viewed as a function of uy and vk, and we seek the values of uy and vy that
minimize E. Since uj + vy = 1, there exists an angle 6 such that

Ug = cosbgx, vk = sinb. (12.38)
The expression for E becomes
E=2 Xk: &esin6y + % %: Uk sin(26,)sin(26y). (12.39)
The minimization condition 9 £ /96 = 0 yields
2&,sin(26) + cos(26) Z Uxksin(26y) = 0. (12.40)
"

Reintroducing u and v: sin(26x) = 2ukvk, cos(20k) = ug — vi, the above equa-
tion becomes

2V + (1 — vp) Y Uetnievie = 0. (12.41)
k/

We now define the energy gap parameter by
A== Ut (12.42)
k/

and thus obtain
2&uxvk — A (uy — vg) = 0. (12.43)
Keeping in mind that uj + vi = 1, the following solutions are obtained
gk 2 1 gk
RN S P [ — — (12.44)

1
2 J&+ Al 2 NCEWN:

Note that if Uy = 0, Ak vanishes, and v} = 1 for & < 0, while v} = 0 for & > 0.
This is the situation in a normal metal where vy = 1 for ex < Ef and vg = O for

2 _
uk—

ex > Ep. Since & = ex — , it follows that u is simply Efr. A plot of vi VS. €k
is shown in Figure 12.12. Using the above expressions for ulz( and vi, Eq. (12.42)
becomes

Ay
Ay = ——ZUkk,—k. (12.45)
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o2 02
! 1&/2
€L — hwl]) hwp €}
(a) (b)
Figure 12.12 A plotof v{ vs. & in (a) the normal state, and (b) the superconducting

state.

In principle, this equation determines the gap parameter. In general, a solution is
difficult to come by, but a simple solution is obtained if we adopt the following
model for the attractive interaction:

Uy —hop <&, & <h
Ukk,_{ 0 @b = €k K =NOD (12.46)

0 otherwise

It follows from Eq. (12.42) that Ay is constant, independent of k, for —hwp <
€k < hwp, and zero otherwise. Writing the constant as A, Eq. (12.45) becomes

%Z 1
25 Je Al
k 0

Converting the sum over K into an integral over energy, we obtain

=1, —Fl(l)D<€k <Fl(1)D.

UyD,(E hoo g h
1 = Yool F)/  — UyD,(Ep)sinh~! (ﬂ>
2 hop [€2 4 A2 Ao
i
— Ay = le (12.47)
sink [UODAEF)]

D, (EF) is the density of states for one spin projection at the Fermi energy. In the
weak coupling limit (UyD,(EF) < 1), the gap parameter is given by

-1
AO >~ QEwD exXp |:Z]OD—(E'F)] . (1248)
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The energy of the BCS ground state is

=2 2
ES = Z (2v12(€k — Akukvk) = Z ék — M

k k 2,/ & + Ai

(see Eqs [12.37], [12.42], and [12.44]). Assuming, as before, that Ax = A for
—hwp < & < hwp, and is zero otherwise, we see that the summand in the above
equation is equal to 2& for €y < —hwp and is equal to zero for €x > hwp. The
energy Ey of the normal ground state is the sum over k of 2& up to & = 0. Hence

(12.49)

_ _ ’ 2@2 + A2 ”
ES—EN:Z @k—k—: —ZZék.
k 2,/ & + A k
The prime over the sum means that the sum is restricted to values of k such
that —fiwp < € < hwp, while the double prime indicates that the sum over k

is restricted so that —fiwp < € < 0. Writing the sum over Kk as an integral over
energy, we find

- = heop 2e% + A} 0
Eg— Ey = Do(EF) € — —— |de — D,(EF) 2ede
—hwp 2. /€2 + A% —hwp

= D, (Ep)howp [hw,) —/(iwp)? + Ag} :

For weak coupling (Ag < hwp), the above equation, upon expansion of the square
root, reduces to

_ 1
Eg— Ey~ —EDG(EF)Ag. (12.50)

The superconducting state is lower in energy than the normal state; hence, in the
presence of an attractive interaction between electrons near the Fermi surface,
the normal state becomes unstable, and the system undergoes a transition to a
superconducting state.

We note that the BCS theory, by replacing Uk by —Uy, it neglects the fact
that the attractive interaction between electrons (mediated by phonons) is retarded.
This is a good approximation in superconductors where the electron—phonon inter-
action is weak, but it does not provide an accurate description of strong-coupling
superconductors, where the electron—phonon interaction is strong. For a review of
strong-coupling theory of superconductivity, the reader is referred to the article by
Scalapino (1969).

Finally, we briefly touch upon a certain feature, mentioned earlier, of the super-
conducting ground state. The BCS Hamiltonian commutes with the number of
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particles operator, [Hgcs, Nop] = 0, but the number of particles in the ground
state wave function is not constant. Stated differently, the Hamiltonian possesses a
certain symmetry which the ground state lacks. The superconducting state is thus
characterized by a broken symmetry. To elaborate this point further, we note that the
BCS Hamiltonian given in Eq. (12.32) is invariant under the global transformation

Cke — eii"bcka, clto — e”’cla.
Under this transformation, the normal state |F) = ]_[{((T CITW |0) remains invariant;
it simply aquires a constant phase (the prime on the product sign indicates that
k < kr). However, the BCS ground state, given in Eq. (12.33), is not invariant
under this transformation.

12.6 Mean field approach

The superconducting ground state may also be obtained using a mean field
approach. An additional benefit of this approach is the elucidation of the nature of
excited states. Our starting point is again the BCS Hamiltonian
I:IBCS = Z ékclackg + Z Ukk’clt’Tcik’LC—kickT = I‘_Io + H/.
ko KK’

We define a fluctuation operator dj that represents the deviation of c_ycxs from
its average in the ground state,

dk = C_k|Ckt — <C—k¢ckT>’ (12.5121)
Similarly,
df = cfyehy, — (el i) (12.51b)

In a normal metal, the quantities (c_k cky) and (cchT_k ¢> vanish, but this is not
the case in a superconductor, where the ground state is not an eigenstate of the
number of particles operator. In terms of the fluctuation operators, the interaction
Hamiltonian is given by

H =Y U { (efnel o i + (coxyendl, + (clpel i ek enr) + d,I,dk} .
KK’
In the mean field approximation, the last term in the above expression, which
is bilinear in fluctuation operators, is ignored. The assumption made is that the
fluctuations of c_ycxy and c]tTctk | about their average values are small.
Defining the gap parameter by

Ag = — Z Ukx{c_xycxt), (12.52)
k/
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the mean field Hamiltonian may be written as

Hyr = Z Ekclockg — Z <Altdk + Akdli) — Z Ai‘;(c‘,kiCkT)
ko k k

= Zékcfwckg — Z AxC_k Ckp — Z Akcl];¢CT—k¢ + Z Ak(cchiki).
ko K K K
(12.53)

Hyr can be diagonalized by means of a canonical transformation known as the
Bogoliubov—Valatin transformation (Bogoliubov, 1958; Valatin, 1958):

Ykt = UkCkt — kaT—ki ,  V—k| = UxC_x| + kalT (12.54a)

Vi = ugels — vy, v = el + vie. (12.54b)

The new operators must satisfy the same commutation relations as the original
ones; we thus require that

oo weod = {h o lo ] =0, o o} =080 (1259)
These are satisfied provided that
k> + Jol* = 1. (12.56)
Using Eq. (12.54), we solve for the c-operators in terms of the y-operators,
Ckt = UVt + vkyjki, C_k| = URY-k| — UleIT (12.57a)
clT = ukyle + VYK CT—k¢ = ”kyjm — U Vit (12.57b)

Inserting these terms into Eq. (12.53), and then laboring through some tedious
calculations, we find

Hyr = Z [ex (Jukl® — [vkl?) + Axuvg + Afugvi] ()/kTTVM + ijﬂ’—ki)
k

+ Z (2&xuxvk + Afvg — Axuy) VJTVLQ
K

+ ) (2aupvr + Ak — Afu) Yo Vi
k

+3° [2€k|vk|2 — Apinvi — Alutvg + Ak(cchikL)] . (12.58)
k

The first term describes single-particle excitations, while the last term is a con-
stant that represents the energy of the system in the absence of single-particle
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excitations — the ground state energy. The troublesome terms are the third and
fourth ones; they are not diagonal. However, the only condition imposed on uy and
vk so far is Eq. (12.56). We can take advantage of the available freedom regarding
the choice of uy and vk by demanding that the troublesome terms vanish. We thus
impose the condition

2&u vk + Afvp — Axuy = 0. (12.59)
To solve for uy and vy, we set
uk = lule'™, v =Jugle’®, Ay =] Agle?™.
The condition on uy and vk becomes
2&x|ugcvicle’ DT | Ao P P — | Ay [ug e OFN = 0.
Choosing 6, ¢k, and dk such that 6y = —¢x = —Jk, we obtain
2&ux vl + Akl (Jowl® — [ux]?) = 0.

This is to be solved along with the constraint |uy|> + |vk|*> = 1; we find

€k €k

k| wP= l————|. (12.60)
JE + | Axl? V& + 1Ak?

The phase of uy is not determined; it can be chosen arbitrarily. Setting 6k = ¢, =
dx = 0 is tantamount to choosing uy, vk, and Ay to be real. When the values given
above for uy and vy are inserted into Eq. (12.58), the first term in the Hamiltonian
takes a particularly simple form:

lug|* = = | 1+

| =

2

Hyr =ZEk (J/kT¢ Ykt + )/jkﬂ/—ki) + Z[%kvﬁ — 2Agugvg + Ak(ClTCT:kQ]
k k
(12.61)

where Ey = /& + A}. The second term is the ground state energy, while the first
term describes excitations above the ground state.

The ground state |Wy) is the state with no excitations; it is defined by the
requirement that

)/kT|\IJ()> = V—k¢|\p0> =0, VkeFBZ (1262)
The solution of the above equation is given by

1Wo) = [ [ rirv-x,10)
k
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where |0) is the vacuum state. That |W,) satisfies Eq. (12.62) follows from the
commutation relations of the y-operators. Using Eq. (12.54),

|\IJO> = l_[ (”kclm — kaT—k¢> (ukc_m + kaltT> |0>
k

= l_[ (ukvk — vﬁcT_kiclT) |0)
Kk

= (1_[ vk> 1_[ <uk + vkcchik¢) |0).
k k
Since uj + vi = 1, the normalized ground state is

W) =] (uk + kel ¢) 10). (12.63)
k

This is the same state we saw earlier using the variational method. Again, v; is the
probability that the pair |k 1, —k | ) is occupied, and ulz( is the probability that it is
empty.

The ground state energy is the second term of the Hamiltonian given in
Eq. (12.61). AtT = 0, {cf,c ) = (Wolc, el | [Wo). We can evaluate this directly
by using the expression given for |Wy) in Eq. (12.63); alternatively, we can use
Eq. (12.57) to write

el = udvd vl — vivo v — monly g + ook v -

Since piq [Wo) = (‘1’0|)/11¢ =0, V—kiyiu =1- Vikﬂ/—kw and y_x| [Wo) = 0, we
obtain

(Wolcpy el 1Wo) = k. (12.64)
The ground state energy is thus given by

Es =" (2auv; — Augw) . (12.65)
k

This is exactly the same expression obtained earlier using a variational approach
(see Eq. [12.49]).
An alternative expression for Eg can be written. From Eq. (12.60),

A

—k 12.66
4E} ( )

gk = Ek (1 — 21)1%) , Mivl% =
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Ly,

€k

Figure 12.13 Single-particle excitation energy as a function of & = ex — Er. The
excitation energy has a minimum value equal to A. The function Ey aymptotically
approaches the two dashed lines with slopes of £1.

It follows that

The last term may be written as

A2 A2
Z (ZEkv2 — ﬁ) = ¥2Ek (vlz( — ﬁ) = ;2Ek (vfI — uﬁvﬁ)

k k

The ground state energy reduces to

Es=-2)" Ex. (12.67)
k

Going back to the mean field Hamiltonian of Eq. (12.61), the first term describes
excitations above the ground state. The single-particle excitation has energy

Ex = /& + A;. If we adopt the approximation that Ay is independent of Kk,
as we did in the previous section, we see that the minimum energy for a single-
particle excitation is equal to A, which corresponds to particles at the Fermi
surface (€x = ex — Er = 0). The single-particle excitation energy is plotted in
Figure 12.13 as a function of €. Note that, in a normal metal, it is possible to excite
an electron from a state just below the Fermi surface to a state just above the Fermi
surface by adding an infinitesimal amount of energy. This is not the case for a
superconductor.

Finally, we note that even though the minimum single-particle excitation energy
is equal to A, the lowest excited state has energy 2A above the ground state energy.
This is because the lowest excited state involves breaking up a Cooper pair: an
electron is scattered out of the state |k1), leaving behind an unpaired electron
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in the state | — k). If the pair state |k1, —k ) is occupied in the ground state
(vﬁ = 1), then it is unoccupied in the excited state (vﬁ = 0). Using Eq. (12.67), the
change in energy is 2 E, which has a minimum value of 2A. Another way (Taylor
and Heinonen, 2002) to arrive at this result is by realizing that in a superconductor,
single-particle excitations are always created in pairs (never singly). Any pertur-
bation will scatter electrons between states; thus, any perturbation Hamiltonian
will contain an equal number of electron annihilation and creation operators (the
minimum is one of each kind). For example, consider a perturbation of the form:

H = Z ka/Cl/aCkg = Z ka'cl]:’TckT + Z ka/C]t,LCkJ(.
k#K o k#K' k#K'

When this acts on the ground state, the first term in H' gives

Zka/ClT(/TCkH‘I’o) = Zka/ (uk/ykT,T + Uk’ka’i) (ukaT + UkVLw) [\Wo)
Y k2K’

= Z ka’”k’vk)/lj/T J/LQ [Wo),
k4K

the other terms being zero. A similar expression is obtained if the second term in
H’ acts on |Wy). Therefore, only pairs of particles are excited, and the minimum
excitation energy, equal to 2A, is obtained if € = & = 0.

12.7 Green’s function approach to superconductivity

We now turn to Green’s function as a method for studying superconductivity. The
relevant Hamiltonian for describing superconductivity is the BCS Hamiltonian

A=Y &, o0+ Y Ueehpely conpoag = Ho+ H'. (12.68)
ko kK’

Here, € is the single-particle energy measured from the chemical potential, and
the sum over k and K’ is restricted to values that satisfy —fiwp < &, éw < hwp.
The imaginary-time Green’s function for spin-up electrons is

g(kt, 1) = —(Tei(T)c (0)) = —0(1) iy (D)l (0)) + O(—T) (el 0)erer (7).
(12.69)
The modified Heisenberg operator ck4(7) is given by

iy (z) = ey e T (12.70)
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where ¢y = ¢y (0). The equation of motion for Green’s function is

ad ]
-8kt 1) = —3(0) ek i) — B(Deyen) — 6(2) <Ecm<r>c£¢(0>>

a
+6(—1) <clT(O)Eck¢(t)> .
Using {ck+, clT} = 1, the above equation reduces to

9 d
skt 1) = —5(r) - <TEckT(r)c;£T(0)>. (12.71)

It follows from Eq. (12.70) that

a

1, -
ECM(T) =z [, cr()] =

Note that

_ 1
[Ho, (D] + = [H', ckr(D)] .

St =

H=e""He 7" = H(t) = Hy(t) + H'(1).
The commutators are evaluated using the relation
[AB,C] = A[B,C]+[A,C]B = A{B,C} —{A, C}B.
We find
[Ho, ckr] = ng’[cl/gfck’a’v ckt] = —€kcky

ko’

[H', ckp] = Z Uklkz[Clﬁ CT_kN C_k,| Ck;1s Cktl

ki ky

e I o P

= kiko [Chyp € gy Otk €y = Kk €Lk C—K'| CK't-
kiko K

The equation of motion for Green’s function becomes

d €k 1 T 1
(E + E)g(kT’ ) =—4(7) + 5 Z Uyk <TC_ki(f)c—kw(f)cm(T)CkT(0)>-

" (12.72)
As is usually the case, the equation of motion of the one-particle Green’s func-
tion contains a two-particle Green’s function (the second term on the RHS of
Eq. [12.72]). Ideally, we would construct the equation of motion for his function
as well, but then a three-particle Green’s function would appear, and so on; the
system of equations never closes on itself. This, of course, reflects the fact that the

problem is not exactly solvable; we need to resort to some approximation scheme.
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We assume that the particles are weakly interacting; the effect of the interaction is
considered only to the extent that it leads to the formation of Cooper pairs whose
number is not constant. In other words, we evaluate the average of the time-ordered
product in Eq. (12.72) for a noninteracting system, one whose energy eigenstates
are not eigenstates of the number operator. We may then apply Wick’s theorem,

(el s, ey et ey 0) = = (Tewy (el OT ey (Dl )

~{Tawr@e @) (Tely (D), ).

In a normal metal, where all the stationary states can be chosen to be simultaneous
eigenstates of H and N, only the first term on the RHS of the above equation
survives, and the approximation is the Hartree—Fock approximation. This term is
simply g(k?, v) multiplied by a time-independent function; it leads to a renormal-
ization of the single-particle energy, and it will be dropped in what follows. The
second term vanishes in a normal metal but does not vanish in a superconductor,
where states are not eigenstates of the number of particles operator. We thus define
two new “anomalous” Green’s functions,

F(k,7) = —(Texg (e, 0),  Flik, r):—(TcJLki(r)clT{T(O)>. (12.73)

The equation of motion for g(k?, t) is now written as

9 1
(E + ék/h) gk}, 1) = —8(7) — - ; U F(K, 0)FT(k, 1)

1
=—8(1) + ﬁAkFT(k, 7). (12.74)
We have introduced the gap parameter Ak defined by
Av=—Y UekFK.0) ==Y Uiklcowycrr). (12.75)
K K

To solve for g(k?, 7), we write the equation of motion for F T(k, 7),
0 0
—Fl(k, 7)== | =00 ]y, ey 0) + 0= (el 0Ty, (0)
0
= —6(7) <cik¢ c;iT + cltT cT_k¢> — <T£cf_k¢(r)clT(O)>.

Since {cik x clT} = 0, the first term on the RHS vanishes. The second term is

obtained by evaluating the commutator [H, cik 1 1. We end up with

(i — ék/h) Fik, t)= (A—i:> gkt 7). (12.76)
ot h
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The coupled equations for g(kt, ) and F f(k, 7) (Egs (12.74) and (12.76)) are
solved by Fourier expanding

1 C —iw,T 1 - —iw,T
skt ) = 2 Y gkt w)e ™, Fik, )= o > Fik, w)e ™

n=—0oo n=—oo

12.77)

where w, = (2n + 1)7/pBh and n is an integer. The coupled equations become
(—iwn + & /Mgkt, 0,) = —1 + (A /R FT(K, w,) (12.78)
(—iwy — &/MF1(k, w,) = (Af/h)gk A, o). (12.79)

These are Gorkov equations in momentum-frequency space (Gorkov, 1958). Their
solution is straightforward:

iw, + &/h
k1, w,) = 12.
st = o = (@ + 1w 7 (1250
Fi(k, o,) = L (12.81)

(iw,)? = (& + |Ak?) /3%

Green’s function can also be expressed another way. Using the expressions for u;
and v} given in Eq. (12.60), we can show that

2

2
gk, @) = — & T

+ 12.82
iw, — Ex/h  iw, + Ex/h ( )

where Ex = /& + Aj. The retarded Green’s function G®(k1, w) is obtained from
g(k?t, w,) by replacing iw, with @ 4+ i0". The spectral density function A(k 1, )
is equal to —2 Im GR(k*, w); hence

A1, ) = 27k [} 8(ho> — Ex) + vi8(fiw + Ex)]. (12.83)

The spectral density function consists of two delta-function peaks. The first peak,
at Fy, corresponds to the energy of an electron added to the system in state |k 1).
The second peak, at — Fy, is the energy of an electron removed from state |k 1). To
add an electron into state |k 1), the pair state |k1, —k | ) needs to be unoccupied;
the probability of that is u;. To remove an electron from state |k 1), the pair state
|k 1, —k | ) must be occupied; the probability of that is vﬁ.

If the pair state k1, —k|) is occupied, then uf( =0 and vﬁ = 1, the spectral
density function has one peak atfiw = — Ex, and the energy of the electron in state
|k 1) is — Ex. If, on the other hand, the pair state |k1, —k | ) is empty, then ui =1
and vﬁ = 0, the spectral function has one peak at w = Ex/h, and the energy of
the electron in state |k1) is Ex. If Kk is such that ex = u, then the energy of the
electron in state |k 1) is either — Ay or + Ay, depending on whether the pair state



12.7 Green’s function approach to superconductivity 313

(a) (b)

Figure 12.14 Pictorial representation of the anomalous Green’s functions (a)
F(k, t) and (b) F(k, 7).

k1, —k ) is occupied or empty. In a model where Ax = A, independent of k,
there is a gap in the single-particle energy spectrum of 2A.

In obtaining the above results, we used the Hartree—Fock (mean field) approx-
imation. Alternatively, we could have started with the mean field Hamiltonian
(see Eq. [12.53]) and proceeded to calculate g(k 1, w,) and F f(k, w,). The results
obtained would be identical.

We have obtained Green’s function using the equation of motion approach.
Another way to obtain the same results is by means of a diagrammatic expansion.
Using this approach, we construct Dyson’s equation for g(k1, w,),

gkt w,) = g'k?t, ) + g°kt, 0,)T*(k 1, w,)gk 1, w,) (12.84)

where X*(k 1, w,) is the proper (irreducible) self energy. In the normal state, the self
energy consists of diagrams containing only Green’s function and interaction lines,
because when we apply Wick’s theorem in this situation, only contractions that
involve one annihilation and one creation operator are nonvanishing. By contrast,
in the superconducting state, anomalous Green’s functions appear, so we need to
expand our store of Green’s functions. Diagrammatically, the anomalous Green’s
functions are represented as in Figure 12.14. These functions have vanishing zero-
order values, i.e., they vanish in the noninteracting system. This is clearly so, since
the Hamiltonian is Hy in the absence of interactions and the system is in the normal
state.

Every Green’s function diagram consists of a series of self energy diagrams con-
nected by the zeroth-order Green’s function. In the normal state, a single line enters
the self energy part and another single line leaves it, as shown in Figure 12.15a. The
corresponding diagrammatic expansion for g(k 1, @, ) is shown in Figure 12.15b. In
the superconducting state, two new types of self-energy diagrams become possible:
two single lines enter or leave the self-energy part, as in Figure 12.15¢. Ignoring
normal-state corrections, the diagrammatic expansion for g(k1, w,) is shown in
Figure 12.15d. An examination of this figure reveals that structures occurring after
the first self energy part correspond to a new function. Graphically, this new func-
tion is characterized by two external lines pointing outward; it is the function
F'(k, w,). The analogue of Dyson’s equation is shown in Figure 12.15e.

We can now write Dyson’s equation for a superconductor. Ignoring normal-state
corrections, Dyson’s equation (in the Hartree—Fock, or mean field approximation)
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(bh) ==—== —>—+—>—O—>—+—>—O—>—O—>——|— o

(e) ==:—>—+—)—O¢

Figure 12.15 (a) In the normal state diagram, a single line enters the self energy
part and a single line leaves it. (b) The expansion of Green’s function in the normal
state. (c) In the superconducting state, additional diagrams appear in which two
single lines enter or leave the self energy part. (d) Diagrams that appear in the
expansion of Green’s function in a superconductor. (¢) The Dyson-like equation
for Green’s function in a superconductor.

(a)

(C) _— = —>— +

L

Figure 12.16 Diagrams of a superconductor in the Hartree—Fock approximation,
ignoring normal-state corrections. (a) The Dyson-like equation for g(kt, 7). (b)
The equation for Ff(k, 7). (c) Dyson’s equation for g(k?t, ), obtained by com-
bining (a) and (b).

is depicted graphically in Figure 12.16. The algebraic expressions corresponding
to diagrams 12.16a and 12.16b are, respectively,

I
g(kh, 7 = g’k 1) + + / drg'(kt, T — ) FI(k, o) Y U F(K', 0)
0 "

(12.85)

ph
Fik, )= _%f drig®(—k|. 1 — gkt 7)Y Ve FT(K,0).  (12.86)
0 X

The signs before the integrals may be checked by writing the first order perturbation
term and applying Wick’s theorem. Using the definition of the gap parameter
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Ak (see Eq. [12.75]), with Fi(k,t =0)= F*(k, t = 0), and Fourier-expanding
g°(k1, 1), g(k1, 1), and FT(k, 7), we obtain

gk, ) = gk 1, ) — (A/M° k1, w)Fi(k, w,)  (12.87)

Fi(k, wn) = (Af /M (—k |, —0,)gk 1, wp). (12.88)
The solution of Eqs (12.87) and (12.88) is identical to the one shown in Egs (12.80)
and (12.81).

To determine the gap consistency condition, we adopt the following simple
model, which was considered earlier:

Uy —h e 6 < T
U =1 ° @D = ok = ROD (12.89)
0 otherwise

Within this model, the gap parameter is independent of k and is written as A; it is
given by

A =U, Z/F(k, r=0)= A* = U, Z/F*(k, r=0) = U, Z’Ff(k, T =0).
k k k

The prime on the summation means that the sum is restricted to values of k such
that |€x| < hwp. Using

o]

Fik,t =0)= B0 Y Flk o)
along with Eq. (12.81), we obtain
=1. 12.90
ﬂh2 22 ,,_ZOO (iwn)? — (& + |A]2) /R (1290

Since w,, = (2n + 1)/ Bh, the summand reduces to —1 /a),zl asn — Z00; the series
is convergent. We may thus introduce the redundant convergence factor e/®"
which allows us to evaluate the sum over n using the method of partial fractions,

o]

> 1 h 1 1
Z — Zelw,,() |: — - i|
(iw,)?* — (éﬁ + |A|2)/h2 2Ey = iw, — Ex/h  iw, + Ex/h

n=—oo

_p?

=k (fe — f-5) (12.91)

where fp, = (1+ eﬁEk) is the Fermi distribution function. In evaluating the
frequency sum we have made use of Eq. (9.14). Since f_g = 1 — fg, Eq. (12.90)
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may be written as

U() 11— 2fEk
— — =1 12.92
> g (12.92)

Replacing the sum over k by an integral over the energy, we obtain

. ho tank (,6,/62 n |A|2/2)
~UyD,(E )/ d
27" " —hwp Ver+IAl?

This is the condition that the gap parameter must satisfy.

e=1. (12.93)

12.8 Determination of the transition temperature

The gap consistency condition, specified in Eq. (12.93), can be used to determine
Tc, the transition temperature to the superconducting state. At 7 = 0, the gap
condition reduces to Eq. (12.47). As T increases, the numerator of the integrand
in Eq. (12.93) decreases, and in order to maintain the validity of the equation,
the denominator must also decrease. Hence, A(T) is a decreasing function of
temperature. At T = T, the system reverts to the normal state, where the gap
parameter vanishes and Eq. (12.93) reduces to

71(1)1)

0
1= UODU(EF)/ e 'tanh (¢ /2kpTc) de = UODU(EF)f x~'tanhx dx
0 0

where 0 = liwp /2kp T¢. Integrating by parts,

1

0
————— = Inx tanhx|} — / sech’x Inx dx.
UoDs(EF) 0

For weak coupling, 6 > 1; we can then replace tank6 by 1 and extend the upper
limit of integration to infinity (this is possible because sech?x is arapidly decreasing
function of x for large x):

1 h *°
—  —n ( @D ) — / sech’x Inx dx.
UoD,(EF) 2kpTc 0

The integral on the RHS is tabulated; it is equal to In(;r /4) — y, where y >~ 0.577
is Euler’s constant. Therefore

1 2ha)D
—— =1n + .
UoDs(EF) wkpTc
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Rearranging terms, we find
2 —1
kgTc = —e’hwpexp |:—]
T

-1
~ 1.14hwpexp |:—i| . (12.94)

12.9 The Nambu formalism

We now discuss another formalism, introduced by Nambu (Nambu, 1960), that
will be useful when we study the response of a superconductor to a weak magnetic
field. Since we have been using mean field theory, and will continue to do so,
it is convenient to start our analysis from the mean field Hamiltonian given in
Eq. (12.53):

Hyr = Z €kclgckg - Z AgC_k|Ckt — Z Akc;iTciu + Z Ak(cl];TCikﬂ-
ko K K K

We define two new operators

Ck
Ok = ( 'I' 1 ) , O[l'i; = (CIET Ciki) . (1295)

The Nambu Green’s function is defined by

3k, 1) = — <Totk(‘c)ai(0)>. (12.96)

This is a matrix Green’s function,

- _ CkT(T) +
gk, 1) = — <T (CT_ 3 (r)) (@ e ¢(0))>
_ [ {Taa@ey0)  (Te (e, (0)
(Tel i (e ) (Tl (e (0)

_ (8Kt 1) F(k, 7)
_(FT(k,r) —g(—k¢,—r)>' (12.97)

The equation of motion is

a _ _ _ i t
a—rg(k, 7) = —4(7) <T3T°‘k(f)0‘k(0)>- (12.98)
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The evaluation of the time derivative of the «-operator proceeds as follows:

d
hECkT(T) = [H, cky] = —é&cip () + AkCT_M(T)
B ey H o1 et A
Btc_ki(r) = [H, C—ki] = EkC_ki(f) + kaT(f)-
In matrix form, these equations are written as
hi ar(t) ) (—ék Ak) ckr (7)
T cf_ki(‘r) Af & Cim(f) '
Introducing the matrices
or — 1 0 o — 0 1 o — 0 0
o —1)0 oo T oo
we can recast Eq. (12.101) into the following form:

d
hg“k(f) = —&030x(T) + (Agoy + Ago)ay(T).

The equation of motion for the Nambu Green’s function now becomes
ad
(ha— + &o3 — Aoy — Alta_) gk, 1) = —hé(1).
T

Fourier expanding g(k, 7) = (Bh)~! Y, g(k, w,)e™"®", we obtain

2k, ) = [iw, — &/M)os + (Ax/M)os + (AL /o]
The matrix inversion is straightforward; the result is
iwy + (Ex/h)o3 — (Ax/h)oy — (Ag/h)o-
(iwn)? — (& + 1 Ax?) /02
The Green’s function g(k 1, w,) is simply g11(k, w,); hence

iw, + & /h
kKt o) =——7—.
gk, wn) (iwn)? — EX/R?

8k, wy) =

This is the same expression obtained earlier (see Eq. [12.80]).

(12.99)

(12.100)

(12.101)

(12.102)

(12.103)

(12.104)

(12.105)

(12.106)

(12.107)

It is possible to expand the Nambu Green’s function in a perturbation series and
apply Wick’s theorem. The resulting Feynman diagrams obey essentially the same

rules as do those for Matsubara Green’s function, except that:

1. A single electron line stands for the diagonal Green’s function whose entries are

go(k Tv a)n) and _g()(_k \L’ _a)n)~

2. The electron—electron Coulomb matrix element carries an extra factor o3, as

does the electron—phonon interaction matrix element.
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3. For a closed electron loop, the trace is taken over the matrix product of the
matrices that represent the lines that make up the loop.

In the normal state, there is no advantage whatsoever to using the Nambu
formalism instead of the Matsubara method. In the superconducting state, however,
there is an advantage to using the Nambu Green’s function: its perturbation series
is the same as that of the normal state. As a result, the Feynman diagrams that
appear in the expansion of the Nambu propagator are exactly the same diagrams
as those seen in the normal state.

12.10 Response to a weak magnetic field

In this section, we calculate the current that results in a superconductor from the
presence of a weak magnetic field B using linear response theory. The field is
represented by a vector potential A, where B = V x A. In the presence of A, the
current-density operator is (per Problem 3.7)

Jr) =j°@) +j"@). (12.108)

The first term is the diamagnetic current-density operator, while the second term is
the paramagnetic current-density operator,

) .
fmoz—%ﬁmmmxj%%{%%I%V%—6WDWJ

(12.109)
where n(r) is the number-density operator and W, (r) and \IJJ (r) are field operators.
Within linear response theory (first order in A),

2 2
G2V, 1) = ——(n(r, D)oA(T, 1) = — —A(r, 1) (12.110)
mc mc

where n is the number of electrons per unit volume. Note that since j” is already
proportional to A, the ensemble average of n(r, t) is taken over the unperturbed
system, i.e., over the system in the absence of the vector potential.

To determine (j©) in the presence of A, we need to determine H®*', the pertur-

bation which arises from the presence of A; this is given by

2
H™ (1) = ! / jf @A, Dd’r + % / A%(r, Hn(r)d’r (12.111)
C mc
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(see Problem 12.6). In the absence of the vector potential, (j©(r, 1))o = 0. To first
order in A, (j*) is given by Kubo’s formula (see Eq. [6.74])

t

U=~ / A (i e 1), HEGO

= FLLC /;oo d[/fd3r/2ﬁ:<[j£H(r, 1), j;H(r/’ ﬂ)])Aﬂ(l‘/, l‘/) (12.112)

where o, B = x, y, z and j¥, is the paramagnetic current-density operator in the
Heisenberg picture. Since both j® and H commute with the number of parti-
cles operator N, jZ = jg, where H = H — uN. Fourier transforming (J(r, t)) =
G2y, 1) + () (x, t), we find

g 1
{(Ja(q, w)) = —%Aa(q, ®) = o > D (qw)As(qo). (12.113)
p

Dfﬂ (q, w) is the Fourier transform of the retarded current—current correlation func-
tion D‘fﬂ(q, t),

DE(q. 1) = —i6)(1/V)(LiL @, D). jf(—q.0)]) (12.114)

where 0(¢) is the step function and V is the system’s volume. The operators inside
the commutator are modified Heisenberg picture operators.

The retarded function Dfﬂ(q, w) is obtained by analytic continuation from the
corresponding imaginary-time correlation function D,g(q, w), which is the Fourier
transform of

Dop(q, ) = —=(1/V)(Tjpre(q, 7)jrs(—q, 0)). (12.115)

We evaluate the correlation function using Nambu’s formalism. We first need to
express the current-density operator in terms of the Nambu creation and annihilation
operators (the a-operators). The paramagnetic current-density operator is

. eh
i"@= “m Z(Zk + @)l Cirgo
ko

eh
= ~om Z(2k +q) [ClTCk-&-qT + cfwckﬂ”] (12.116)
k
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k+q

<

k

Figure 12.17 Graphical representation of the paramagnetic current-density oper-
ator jF(q). The vertex @ = —%(2]@ + qu).

(see Problem 3.7). In the last term on the RHS, we make a change of variable:
k— —-k—q,

) eh
"= “om Z(Zk +a [Cl¢ck+m - Cik—qic—ki]
K
eh t ;
= —% Z(Zk +q) [ckTCk‘i“IT + Ck|Cg_q, — 8q,0:| .
Kk

Since ), k = 0, the term containing the Kronecker delta yields zero. The remain-
ing two terms inside the brackets add up to alakﬂ. Therefore,

. eh t
ifo=-- Xk:@k + Qo ticrq- (12.117)
The a-component of the paramagnetic current, j(q), is represented graphically

in Figure 12.17. Inserting the above expression into Eq. (12.115) we obtain

_ 2h2
T D (ke + 42Ky = 4p) (Terl(Tancq(®)etl O)are—q(0).
kK’

Dtxﬂ(qa T) =

(12.118)
We can evaluate D,g(q, T) by means of a perturbation expansion followed by the use
of Wick’s theorem. Dyg(q, 7) is similar to the dressed pair bubble in the interacting
electron gas which we studied in Chapter 10. Graphically, Dyg(q, @) is given in
Figure 12.18. In evaluating D,g(q, w,,) we keep only one pair bubble, as indicated
in Figure 12.18. In this case, k' = k + q; it follows that 2kg — g = 2kg + g5.
Since we have a closed electron loop, there is an additional factor of —1, and the
trace must be taken over the matrix product. The Feynman rules thus yield the
following expression,

he?
Dap@: om) = 1 Cha + 402y + 477 (805 03K+, o+ )]
k.n
(12.119)
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k+q,w, +w, k', w,, + wy
D.s(q,wm) =« B
k,w, k' —q,w,
Do
k+q,w, +w,
s @k

Figure 12.18 Perturbation expansion of D,g(q, @,,). In the lowest order, only one
pair bubble is retained. The double lines represent the Nambu matrix Green’s
function.

The frequency summation is best carried out by using the spectral representation
of the matrix Green’s function,

oo A 00 ~R
gk, w,) = / Ak, €) d_e — _/ Md_‘f (12.120)

oo L0y, — €21 o lw,—€ m

where A(k, €) = —2Im GR(k, €) is the spectral density function and GR(K, e) is
the retarded matrix Green’s function. Thus
2

he dG] d€2
Dup(@. on) = 155 Dk + 9 ks +ap) [
k,n

Tr [Im GR(k, e) Im GR(k +q, 62)]
X .

: : : (12.121)
(lw, —€e)iwy, +iw, — €)

We now carry out the summation over n. Since the series is convergent (as n — 00,
. iw, 0F
the summand — —1/w?), we introduce the (redundant) ':%" factor,

~ 1
H—ZOO (iw, —€e)(iw, +iw, — €)
53 @0 L 1 _ Bh(fe — fa)
m+ € — € \iw, — €1 oy +i0n — € iwn + € — &
(12.122)

where we used the frequency summation formula (see Eq. [9.14]). Here, f. is the
Fermi distribution function,

fo = (™ + 17, (12.123)
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We can thus write

h%e? ® de; [ de,
Dop(q 0n) = = (ke +q:)2ks +qp) | — | —
4 k,n —o0 T J—oco

4m T

w_JazJo o [Im G®(k, e) Im GR(k+q,)]. (12.124)

iwy, +€—é
The retarded function GR(k,e€) = 8(K, wp)|iw,—e+io+- The matrix function
gk, w,), given in Eq. (12.107), can be written as

~(k » )_ 1 _ 1 iwn—f—ék/h —Ak/h
8 ) = o oy — Ex/h ion+ Enfi) | —ALh i, —adh]
(12.125)

Replacing iw, with € + 0" and taking the imaginary part, we find

€+éx/h  —Ax/h
—A{/h € — ék/h] '
(12.126)
To simplify the calculations, we adopt the BCS model, where the electron—electron
interaction is a negative constant in a shell of energy width 2awp that encloses the
Fermi surface. In this model, Ay is a real constant, independent of k. In this case,
a straightforward calculation yields

Im G®(k, €) = —;—;{[5(6 — Ex/h) — é(€ + Ex/n)] [

Tr[ImG®(k, €)) ImG*(k + q, €2)] = n°h* [8(e; — Ex/h) — 8(e1 + Ex/h)]

€162 + gkék-i-q/hz + A?/R?

X [(3(62 - Ek+q/h) - 5(62 + Ek+q/h)] 2EkEk
+q

We now specify to the case of a static magnetic field: w,, = 0. The Dirac-delta
functions in the above expression for the trace of the matrix product make it
possible to carry out the integrations over €; and €, in Eq. (12.124). Noting that
f—e =1 — f, itis not difficult to show that

hle? Elirq + A\ [ — fE
Dos(q,0) = —— Y (2ky + g4)(2k 1 4 u i
#(4.0) 4m2V Zk:( 4a)2kp + 4p) |:< * ExExiq ) Ex — Exiq

(12.127)

4 (1  Ekfiiq T A2> oo+ fEo, — 1i|
ExEx+q Ex + Exiq '

This is still a complicated expression. We restrict ourselves further to the case of a
uniform magnetic field: ¢ — 0. In this case,

fEk - fEk+q afEk
—> .
Ex — Exrq  0Ex

_ — - = 2 2
€kiq —> €k » Ek+q — Ex, €k€k+q T A°— E;,
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The correlation function reduces to

Dos(q — 0 0) — e Y dkak a+n2 1o
o 7a)m: P — o —
s 4m?V & # 9 Ex

%362 8fE
— Kok g L5k
m2V Xk: PO Ex

For o # B, the sum over k yields zero since E_x = Ex and fr_, = fg,. Therefore,

%3 e? af,
R/ _m _ 0 2 9J Ex
DE(q=0, wy =0) = Dyp(q =0, », =0) = — Sup §k 'k 3B

20362 dfe
=——9 | =
3m2v ° Xk: IEx
The current density is thus given by
2

ne 2h%e? AfE
Jo)=——A, — K== A,
(Jad me % 3m2cV Xk: IE

We can rewrite this expression as follows:

2

nge
J=—-—""—A (12.128)
mc
where
2n? AfE
.= K>k 12.129
me=nt ey Xk: IEx ( )

is interpreted as the density of superconducting electrons. Taking the curl of both
sides of Eq. (12.128) yields the London equation, which results in a Meissner effect
as long as ng; # 0, as shown in Section 12.2.

AtT =0, dfg, /0Ex = —8(Ex) = —§ (,/éﬁ + A2> = 0 since A? > 0. In this
case, n, = n and the Meissner effect exists. As T increases from zero, n; decreases,
andat T = Tc, A =0 and Ex = &. Since T¢ is small, we assume that at T¢ the
electrons occupy all states below the Fermi energy Ef; in this case, dfg, /0 Ex =
df/0€x = —6(éx) = —8(ex — EF). Assuming that € = h2k2/2m, thenat T = T¢

4

2
l’ls:l’l—3—VXk:Ek8(€k—EF):l’l—ﬁ%:EFS(Gk—EF)

2
:n—gEF d(EF) (12.130)
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where d(E r) is the density of states, per unit volume, at the Fermi energy. A simple
calculation of d(Er) shows that d(Ef) = 3n/2Ep;henceat T = T¢, ny = 0, and
the Meissner effect disappears.

12.11 Infinite conductivity

If a superconductor is part of an electric circuit through which a current flows,
the voltage drop across the superconductor will be zero because of its infinite
conductivity (or zero resistivity). This means that the average electric field inside
a superconductor must be zero. Alternatively, we can say that the electric field in
a perfect conductor produces a current that increases with time; the circuit will
achieve a steady state only when the electric field inside the perfect conductor is
Zero.

To test whether the BCS theory predicts infinite conductivity, we consider the
response of the superconductor to a uniform (constant in space) steady (constant in
time) electric field. The simplest approach is to consider a sinusoidal field and take
the limit as the frequency tends to zero. We thus consider a field E(q = 0, ) =
E(w). Since E(t) = —(1/c)dA/dt, the corresponding vector potential is such that
E(q =0, w) = (iw/c)A(q = 0, w). In evaluating the current (see Eq. [12.113]), we
should first take the limit ¢ — 0 followed by the limit w — 0,

lim (J, (0, w)) = ne A0, ) — = " lim lim DE,(q, )A44(0, )
wliI%) o @)= mal—IR) o @ he B wl_l’)r%)ql_l)‘[%) aﬂq’w pes, @)

(12.131)
In studying the Meissner effect, the limits were taken in reverse order: first  — 0,
then q — 0. It turns out that leﬁ (0, 0) does not depend on the order in which the
limits are taken, and we arrive at essentially the same result as in the previous
section:

nge ing

&2
E,(0,w). (12.132)
mw

2
lim(J,(q =0, w)) = — lim A, (0, ®) = lim
w—0 mc o—0 w—0
This means that for a slowly varying electric field (o — 0)

0 se?
T _ e, (12.133)
ot m

This is precisely the equation for current density in a system containing n; free
electrons that are not subjected to any damping (J = —nsev = 9J/dt = —ngea =
nge’E/m). The equation clearly shows that as long as n; # 0, a steady uniform
electric field produces a current that increases with time; this is the signature of a
perfect conductor.
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Problems

12.1 The operator S. Show that S, given in Eq. (12.18), satisfies Eq. (12.15).

12.2  Ground state energy. Verify Eq. (12.37) for the ground state energy of a
superconductor.

12.3  The anomalous Green’s function. Derive Eq. (12.76), the equation of motion
for Fi(k, 7).

12.4  Dirac-delta function. In writing (12.78), we used the following equation:

8(‘[) = ﬂih ,I:ZOO e*iwnr W, = (2I’l + 1)7’[/,871

Verify this equation. Hint: use the frequency sum formula (Eq. [9.14]) and
its complex conjugate. Also note that fz —o = 1/2.

12.5 Equation of motion. Starting from the mean field Hamiltonian, as given in
Eq. (12.53), show that the equations of motion for g and F' are given by
Eqgs (12.74) and (12.76).

12.6  Perturbation due to an electromagnetic field. In the presence of a vector
potential A, the kinetic energy portion of the Hamiltonian is obtained by the
replacement p — p + eA/c. Hence,

T=>Y f W (0)(—ihV + eA/c)* W, (r)d>r.

Show that T = Ta—g + H®*', where H®' is given by Eq. (12.111).
12.7  Dgp(q, 0). Verify the validity of Eq. (12.127).



Problems 327

12.8  Fair fluctuations in the ground state. Define the operator x by

1

X = v Xk:CkwM

where V is the volume of the superconducting system. Define (x) to be
equal to (Wo|x|Wo), where |¥y) is the BCS ground state. Show that, as
V — 00, (x%) — (x)? vanishes.

12.9  Superconductor in a magnetic field. In the presence of a magnetic field
described by the vector potential A(r), the superconducting system is not
translationally invariant. The various Green’s functions of the superconduc-
tor are

getrt, 1 t)=—(T \IJT(I“L')\IJ%L(I‘/‘E/)), Frr,r't)=—(T W (rv)¥, (r' 1)),

and Fi(rr,r't) = —(T \IJI(rr)\Ili(r’t’)). The Hamiltonian is
_ 1 eA(r)]?
H= Erlm) { — | =iV — iV,
Zf u(r){m[z + C] b,

— Uy / d*ryl )] mw, )W, ).

The gap function is given by A(r) = UpF(rtt, r1).
(a) Show that

, h? ieA(r)]? ) e
ihw, + — [V + +u g, v, w,)+A@F'(r, 1, w,)
2m he

=hé(r—71)

_ 2 ieA(r)]? . . )
—ihw,+-—|V— +uFl(r,r, w,) — A%(r)g(r, r', w,) =0
2m hic
where A*(r) = Up Fi(rtt, rt) = (Uo/BR) Y., Fi(r, ¥, ®,).

(b) Let g°(r, ¥, w,) be the temperature Green’s function of the metal in the
normal state in the presence of the vector potential A(r). The equation
for g%(r, r', w,) is obtained from the above equation for g(r, r’, ®,) by
setting A(r) equal to zero. Show that

1
gr, v, w,) = 3, ¥, w,) — - / d*13°(r, 1, ) A FIA, ¥, 0,)

1
Fle o =+ / P10 T, —0n)g(, ¥, o)A,
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12.10
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(c) As the magnetic field approaches the critical field, A — 0 and g — g°.
Show that, in this limit,

A* (r)_—2 /d31g0(l r,—w,)g (Lr, w,)exp (i’ / A(s). ds)A 1))

where g, r, w,) = g°( — r, w,) is the temperature Green’s function
in the normal state in the absence of a magnetic field.

Two-band model of superconductivity. Consider a metal where two differ-
ent energy bands cross the Fermi surface. For example, when graphite is
intercalated with alkali atoms, such as K or Rb, partial charge transfer from
the alkali atoms to the graphite planes takes place. This results in a Fermi
surface which has two components: an almost two-dimensional graphite
m band at the zone edge, and an approximately spherical s band (associ-
ated with alkali-metal-derived orbitals) centered at the Brillouin zone center
(Dresselhaus and Dresselhaus, 1981). Let us consider a model in which
superconductivity in such compounds is due to a coupling between the s
and 7 bands. The model Hamiltonian is

7 _ Zékclgcka + Zépb;rmb — Uy Z < iC ki Ckt T H. C)
ko po

where cle (cks) creates (annihilates) an electron, in the s band, of wave

vector k and spin projection o, b;g(, (bpo ) creates (annihilates) an electron,
in the 7w band, of wave vector p and spin projection o, € = €x — u is the
energy of an electron in the s band, measured from the chemical potential,
&p is the corresponding energy of an electron in the 7 band, and H.C.
stands for “hermitian conjugate.” The constant Uy is nonvanishing only if
—hwp < €, Ep < hwp, where fiwp is a cutoff energy. For the s band, the
relevant Green’s functions are

(k1. 1) = —(Taq (e, ().,  Fikk, 1) = —(Tcly (D)l 0))
and for the v band

g:(p1.7) = —(Thyy (b (0),  Fl(p. 1) = —(Tb, ()b} (0)).
The gap parameters are given by

Ar=UyY Fl(k07), AL=Us) Fi(p.0).
k p
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(a) Show that

—h(iliw, + &) —h(ihw, + &)
gk, wy)= — , &P wn)= = .
s n hza)ﬁ +El% + |A7r|2 b4 n hza)z +‘§§ + |As|2
(b) Show that
A*
A= UOkBTZ =

RPw? + & + |Ag|?

A*
A* = UpkgT _: .
i ,,Z,,h2w£+sg+ 1A |2

(c) Show that the superconducting critical temperature is given by

—1
kBTC ~ 1.14thCXp ( )
UOV Das(O)Dan(O)

where D,(0) and D, (0) are, respectively, the densities of states per
spin orientation, at the Fermi energy, of the s and 7 bands.

(d) In the presence of a magnetic field described by the vector potential
A(r),

2
H= chﬁ vl (r)|: (—ihV + eAc(r)> —/x} W, (r)
2
+> / drl,m) [2’; (—ihv + "’Ac(r)) - u} W (1)

- Uy [/ d3r\IJTT(r)\llﬂ(r)\llw(r)\llm(r) + H.C. }

where m; (m,) is the effective mass of an electron in the s (77) band. g
and F, J are now given by

g(r 1 T.¥ 1 ) = —(T W, (er) W/ (r'T)

Fierr, vty = (1! aow! a'o)).
g and F,],L are similarly defined. The gap functions are now given by

Uy .
Z ’wnOJrF;TI-(r’ ra a)n)-

AL = ZZ SUFI o), A0 = 5

B
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Show that, as the magnetic field approaches the critical field, the gap
functions satisfy the following equations:

U 2ie [
AL = —3 fd3zg3(1, r,—w,)g(L, r, 0, )exp( / As).ds| AL (D)
Bh* fic J|

U ie [T
AX(r) = _02 / d1gd(, r,—w,)g (1, r, w,)exp <—’ ¢ / A(s).ds) A¥(D)
,Bh 1 FLC 1

where g? (i = s, m) is Green’s function of an electron in band i in the
normal state in the absence of a magnetic field. These equations can be
used to determine the upper critical field H,, in a type-II superconductor

that is described by a two-band model (Jishi et al., 1991; Jishi and
Dresselhaus, 1992).
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Nonequilibrium Green’s function

Back and forth, without a moment’s rest,
An endless flow

To where the field shall lead:

No more, no less

13.1 Introduction

Thus far, we have studied systems in equilibrium. In Chapter 8 we developed a
perturbation expansion for the imaginary-time Green’s function which was made
possible by the similarity between exp(— B H ), which occurs in the statistical oper-
ator, and the time evolution operator exp(—i H¢ /f). Such similarities do not always
fortuitously occur, however. A perturbation expansion is possible for the real-time
causal Green’s function at zero temperature, but not at finite temperature.

What approach can we use when a system is driven out of equilibrium by,
for example, a time-dependent perturbation that is switched on at time #y,? In
Chapter 6, we developed a method that gave a system’s response to first order in
the perturbation (linear response). That method, however, is incapable of dealing
with the general case of nonlinear response. Moreover, when the Hamiltonian is
time-dependent, the time evolution operator is no longer exp(—i Ht /h), and the
Matsubara technique becomes inadequate.

We should point out that it is not necessary for a perturbation to be time-
dependent to drive a system out of equilibrium. Consider the following example,
depicted in Figure 13.1. Two metallic leads and a quantum dot (a nanostructure,
for example) are initially separated. The left lead, the right lead, and the dot are
initially in equilibrium, with each part having its own chemical potential. Assume
that ;u; > pg. The Hamiltonian for the system is the sum of the Hamiltonians for
the leads and the dot. At time 7y, the dot and the leads are brought into contact,
and a coupling between the dot and the leads is established. As a result, current

331
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(a) (b)

Figure 13.1 A system driven out of equilibrium. (a) A three-component system
consisting of two metallic leads (left and right) and a central quantum dot. The
components are separated and each is in equilibrium. (b) The leads and the dot are
brought into contact, and a coupling is established between the leads and the dot.
The coupling causes a current to flow, driving the system out of equilibrium.

begins to flow, resulting in the dot now being out of equilibrium. In this case,
the perturbation is the coupling between the dot and the leads; apart from being
switched on at time 7y, the perturbation is time-independent. The techniques we
used earlier employing Green’s function for systems in equilibrium cannot deal
with this situation; for example, the equilibrium methods cannot give the current
through the quantum dot.

To develop a method applicable to systems out of equilibrium, it is helpful to
understand why the equilibrium methods fail. Toward this end, we take a closer
look at the real-time causal Green’s function. Before doing so, however, we discuss
the Schrodinger, Heisenberg, and interaction pictures of quantum mechanics, in
the general case where the Hamiltonian is time-dependent. These pictures were
described earlier for a time-independent Hamiltonian.

13.2 Schrodinger, Heisenberg, and interaction pictures
We consider a many-particle system whose Hamiltonian is
H(t) = Hy + V + Hex(t) = Hy + H'(1). (13.1)

Hj is the Hamiltonian for the noninteracting system, V' is the interaction among
the particles, and Hex(?) is a (possibly) time-dependent potential.

13.2.1 The Schrodinger picture

In the Schrodinger picture, the usual picture of quantum mechanics, time depen-
dence resides in the state |y¥s(z)), which evolves in time according to the
Schrodinger equation

0
ih—=Ws() = HOYs@)). (13.2)
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On the other hand, dynamical variables are represented by hermitian operators that
have no explicit time dependence. Given the state |{s(fp)) at some initial time 7y,
the state at time ¢ is given by

[Ws(0)) = Uz, 10)|¥s(t0)) (13.3)

where U (t, ty) is an evolution operator; it satisfies the equation
0
ihEU(t, t0) = H(OU(t, tp). (13.4)

This differential equation for U(¢, fy), along with the boundary condition
U(ty, tp) = 1, can be converted into an integral equation,

Ut,tp) =1-— }%/ dtyH()U (1, ty). (13.5)

fo
The integral equation is solved by iteration. Exactly as we did in Chapter 8, we can
write for t > 1,

C /—i\" 1 t t
U(t,t@:Z(#) ;/ dtl.../ dt, T [H(t) ... H(t,)]

n=0 fo fo

_' t
= Texp [7’ / dt’?-[(t’)}, > 1 (13.6)

1o

where T is the time-ordering operator which orders operators with increasing time
arguments from right to left. For ¢ < 1, it is possible to show that
- ot
- —i
U(t,tp) = Texp [7/ dt”H(t/)] t < ty. (13.7)
1o
T is the antitime-ordering operator: it orders operators with increasing time argu-
ments from left to right. It is not difficult to prove the following:

Uit =1 (13.82)
Ut(t,10) = U, 19) = Ulty, 1) (13.8b)
U@, tHu”, ty=U(,t). (13.8¢)

The average value in a pure quantum state of an observable represented by the
operator A varies with time according to

(A)@) = (Ys()|As|¥s(D)) (13.9)

where Ag is the operator A in the Schrodinger picture. More generally, the system
may be in a statistical mixture of states, where we may have only limited information



334 Nonequilibrium Green’s function

about the system; for example, we may know only its volume, temperature, and
chemical potential. Then

(AYD) = PV (D As ¥ (1)) (13.10)

where p, is the probability of state |1/,,) occurring in the ensemble. An equivalent
expression for the ensemble average is

(A)(1) =Tr [ps()As] (13.11)

where pgs() is the statistical operator in the Schrodinger picture,

ps(t) = anll/fns(t))(%s(t)l- (13.12)

The statistical operator is time-dependent, due to the explicit time dependence of
the states. From the Schrodinger equation and its complex conjugate, it follows
that

)
ihgﬂs(l) = [H(), ps(®)]. (13.13)

This is the quantum Liouville equation; its solution, easily verified, is

ps(t) = U(t, 1) ps(to)U (¢, to). (13.14)

13.2.2 The Heisenberg picture

In contrast to the Schrodinger picture, states in the Heisenberg picture are time-
independent, while operators are time-dependent. By definition, the two pictures
agree at some time f( that can be chosen at will,

(V) = [Wsto)),  Anlto) = As(to). (13.15)

The expectation value of an operator, a measurable quantity, must be the same in
both pictures:

(Yl A1) = (WsOIAs|Ys)) = (Wsto) U (¢, 1) AsU (2, 10)[¥s(to))
= (YU, 10)AsU (1, 10)|[yrz).
We thus conclude that

Ay() = UT(t, 1) AsU(t, o). (13.16)
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The equation of motion of the Heisenberg operator is obtained by differentiating
both sides of the above equation,

d
ihEAH(t) = [An(2), Hy(1)] (13.17)
where
Hy(t) = UT(t, t)H)U((t, ty). (13.18)

The statistical operator in the Heisenberg picture is given by

pu = Ul 10)psU (1, 10) = U1, 1)U 1, 10)p(to)U (1, 1)U (1 10) = p(to).
(13.19)
The statistical operator is time-independent in the Heisenberg picture. In a way, the
statistical operator is unusual: as opposed to other operators, it is time-dependent
in the Schrodinger picture and time-independent in the Heisenberg picture. In a
system with a statistical mixture of states,

(A@) = Trlpn An()] = Trp(to) An(0)]. (13.20)

13.2.3 The interaction picture

The interaction picture is intermediate between the Schrédinger and Heisenberg
pictures. In the interaction picture, states and operators are related to those in the
Schrédinger picture as follows:

W) = eiHO(’_IO)/hlws(t)), A(t) — eiHo(t—to)/hAse—iHo(t—to)/h. (13.21)

The caret or “hat” above an operator identifies it as an interaction picture operator.
The three pictures coincide at t = to,

[Ws(t0)) = ) = [W1(t0)),  As = An(to) = Ato). (13.22)
It is straightforward to show that
d . N ad N
ih—2 A1) = [AQ), Hol, A==y (1)) = H' Y1) (13.23)

The time evolution of the state |1 (¢)) is similar to that of |ys(¢)), except that H'(r)
appears in place of #H(z); hence,

V() = S(, 10)|¥1 (1)) (13.24)

S(t. 10) Texp| 5[, A@ar| 1= (13.25)
t, 1y = ' R .
Texp [‘7’ ft:) H/(t/)dt/] t<t.
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Table 13.1 Relations between the three pictures of quantum
mechanics. The Hamiltonian is H(t) = Hy + H'(t). At t = 1o, the
three pictures coincide.

Schrodinger Heisenberg Interaction
ly) U@, 10)lYs(t)) [V (t0)) S(t, t0)|Y1 (1))
A Ag UT(t, 10)AsU(t, o) U=/ A ge=iHolt=to)/h
p Ut 10)pt)UT(1, 1)  plto) S(t, 10)p(to)ST (2, 1o)

The S-matrix, or scattering matrix, satisfies the following relations

St.ny=1, St 10)=S"t.10)=St.0)., St 1"SG" 1)=5¢r1).
(13.26)
A relation between S(, tp) and U (¢, ty) can be derived. For an arbitrary [i/;),

S(t, t0)[Y1(t0)) = |¥1(1)) = O My (1)) = Y (1, 10) s (10)
= =R (1, 10) |91 (1))
= S(t, ty) = 'R (1, 10). (13.27)
In the interaction picture, the statistical operator is given by

POY=D " puln, DY (W, (O] =D pae Oy, (1)) (1 (1) e ol =0/

= Z pneiHo(t—to)/hU(t’ t0)|¢ns(l‘0))<wns(t0)|UT(t» to)e_iHO(t_ZO)/h_

n

We thus find
p(t) = S(t, 10)p(t0)S' (¢, 19). (13.28)
Finally, we relate operators in the Heisenberg and interaction pictures:
An(t) = U1, 10)AsU(t, tg) = UT(t, tg)e  HoU=0/1 A (1) oU=0R T (1, 1),
Using Eq. (13.27), we find
An() = ST, 1) A(1)S(, 10). (13.29)

Table 13.1 provides a summary of the three pictures of quantum mechanics.

13.3 The malady and the remedy

We have stated that a perturbation expansion for the real-time Green’s function
is not feasible for a system at finite temperature, or for a system that is not in
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equilibrium. It is instructive to see exactly why such an expansion fails; this will
point the way to the construction of a Green’s function that is more appropriate for
the study of systems that are not in equilibrium.

Let us consider a system of interacting particles with a Hamiltonian

H=Hy+V.

At time t = ty, a (possibly) time-dependent perturbation H.(¢) is applied. The
Hamiltonian is now given by

H = H + Hex(t) = Hy+ V + Hex(t) = Hy + H'(1)

where Hqy (t < 19) = 0.
We now take a closer look at the real-time causal Green’s function G(1, 1) =
G(rot,r'c’t") defined by

G(1,1) = —i(T [y () ¥, (1)) (13.30)

where T is the time ordering operator; 1r4 (1) is the field operator (in the Heisenberg
picture) which annihilates a particle of spin projection o at position r and time ¢;
w;_[(l/ ) creates a particle, at time ¢/, of coordinates (r'o’); and (...) stands for a
grand canonical ensemble average,

oy 2 Trlot)- -]
Trip(to)]

In writing the ensemble average, we used the fact that the statistical operator is
time-independent in the Heisenberg picture. Using Eqs (13.26) and (13.29), we can
write

T [yry)] = 66 = )8 @ 0) () S NP 1)
60" — S 10)PTA)SE, Y1) S, 1).

The lower (upper) sign refers to fermions (bosons), and 8(¢ — ¢') is the step function:
0t —t') = 1(0)ift > ' (¢t < t'). Using ST(z, 1) = S(1y, 1), the above relation may
be written in a more compact form:

T [l (1)] = Sto, ta) TIS @, ) F)F 1)

where 1, = max(t, t'). We have used the fact that, under time ordering, S-operators
commute with field operators, since fermion operators come in pairs in the
S-operator. Green’s function is thus given by

iG(1, 1) = (S(ro, tu) TLS(t, t@xﬁ(l)&*(l’)]}. (13.31)
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Multiplying by S(#,,, 00)S(c0, t,,) = 1 after S(y, t,,) in Eq. (13.31), and moving
S(00, t,,) inside the time-ordered product (this is allowed because S(oo, t,,,) is an
expansion in time-ordered products of operators and all the times in S(oo, t,,) occur
later than the times inside the T-product), we obtain

iG(1.1) = (S(to, 00) T S(c0, ro)xﬁ(l)W(l/)]>. (13.32)

Thus far, our treatment is applicable whether or not the system is in equilibrium,
and whether its temperature is zero or finite. We now consider a system in equilib-
rium (Hexy = 0, H = Hy + V) at zero temperature. The ensemble average reduces
to an average over the interacting ground state (in the Heisenberg picture):

iG1, 1) = (v, | Stto, ) TS0, )P (MFA]| o, ). (13.33)

Since the pictures coincide at ¢ = fy, we may replace |y, ) with |y, (#)). The
difficulty in the above expression arises because the ground state of the interacting
system is unknown. Is there a way to express Green’s function in terms of the
noninteracting ground state? To accomplish this, we invoke the mathematical trick
of switching the interaction on and off adiabatically: we assume that V' is turned
on and off with infinite slowness:

V(t) = e €=y (13.34)

where € is a small positive number that is eventually set equal to zero. In the
remote past and in the distant future, the particles are noninteracting. At t = —o0
the interaction is slowly turned on, and it attains its full strength at t = ¢y. The
noninteracting ground state |y, (—00)) evolves adiabatically to the interacting
ground state at t = #:

[Yo,) = Yo, (t0)) = Se(to, —00)[g,(—00)). (13.35)
Here, Sc is the evolution operator determined by V' (¢) in Eq. (13.34). Putting this
into Eq. (13.33) and using Eq. (13.26), we obtain

iG(1, 1) = (0, (00) | TLSc(00, —00) (DY (111, (—00). (1336)

The state |, (00)) = Sc(00, —00)[rg, (—00)) is the state obtained from the nonin-
teracting ground state in the remote past by adiabatic evolution to the distant future,
where the system is also noninteracting; hence, both |, (—00)) and |, (00)) are
ground states of Hy. Since the ground state is nondegenerate, these two states can
only differ by a phase factor,

10, (00)) = €' |yrg, (—00))

e = (Y0, (=00) |10, (00)) = (o, (—00)]Se(00, —00) ¥, (~00)).
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Writing |, (—00)) = |Py), Green’s function may be written as

(o] T [Se(00, —00) P (1) T(1)]| Do)

iG(1,1) = (D] Sc(00, —00)| Do)

Finally, we take the limit ¢ — 0. The existence of the above expression in this
limit is assured by a theorem to that effect (Gell-Mann and Low, 1951). The final
expression for the causal Green’s function for a system in equilibrium at zero
temperature is thus

(ol T [S(00, —00) Y (1) P (1)]] o)

iG(1,1) = (Dol S(00. —00) Py . (13.37)

This form of Green’s function allows for a perturbation expansion, which in turn
gives rise, through the application of Wick’s theorem (applicable because the
average is over the noninteracting system), to a series of connected Feynman
diagrams.

We have shown that all is well in equilibrium at zero temperature. The cru-
cial property used in arriving at the above expression is that the ground state is
nondegenerate; consequently, states in the remote past and distant future coincide.
At finite temperature, however, an ensemble average is taken over all states. The
excited states of a many-particle system are generally degenerate, and the argument
we developed above will break down. In nonequilibrium, even at zero temperature,
the state at ¢t = oo is not simply related to the ground state at t = —o0. For exam-
ple, a time-dependent perturbation would pump energy into the system, causing
transitions to excited states; even after the perturbation was turned off, the system
would not necessarily revert to the ground state. As another example, if we were
to couple two different metals by bringing them into contact with a thin insulating
layer, electrons would flow from the metal with the higher chemical potential to
the other metal. If the coupling was then turned off (by separating the metals),
the new ground state would not be the same as the initial one; the two metals
would no longer be charge-neutral. We are stuck with the term S(#, o) outside
the time-ordered product in Eq. (13.32). Thus, a perturbation expansion for the
real-time causal Green’s function is not valid if the system is at finite temperature
and/or out of equilibrium. In equilibrium at finite temperature, going to imaginary
time produces a Green’s function (Matsubara function) that admits a perturbation
expansion, but this approach is futile in the case of nonequilibrium.

How should we proceed when a system is out of equilibrium? For a clue, we go
back to Eqs (13.31) and (13.32); these equations hold in a general nonequilibrium
setting. Using Eq. (13.25), we can write

iG(1,1) = <T [e-é*f;? ﬁ’m)dﬁ] T [e‘%frii" F”<’1>"’up(1)x/ﬁ(1’)]>. (13.38)
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Figure 13.2 C = E') U C. The contour runs along the real-time axis from #; to

max(t, t'), as in (a), or to 0o, as in (b), and back along the real-time axis to #. For
the sake of clarity, C and C are drawn above and below the real-time axis.

We can bring this expression into some formal similarity with the expression used
for states in equilibrium by proceeding as follows. We introduce a contour-ordering
operator ¢, along a contour C which consists of two parts: Z’) from ¢, to t,, (or
oo, if we start from Eq. [3.32]) and <5 from ¢, (or 00) to g, as depicted in Figure
13.2. The contour-ordering operator is defined by

ADBGE) ST

Tc[A(T)B(t")] = ¢
+B(tHA(T) v >71

(13.39)

where the lower (upper) sign refers to fermions (bosons), and the time along the
. C .

contour is denoted by 7. The statement T > t’ means that t lies further along the

contour than t’, regardless of the numerical values of T and t’. Thus, ordering along

C corresponds to normal-time ordering, whereas ordering along C corresponds
to antitime ordering:

T+=T, Tes=T.

el
We may rewrite Eq. (13.38) as
iG(1, 1) = (T [ e A | 7 [t e Aoty )
= <TC [e*r"}fc ﬁ’(mdﬂ&(rm):ﬁ*(r’a/r’)b, .7 e C. (13.40)

All operators are now under contour ordering. The above expression is simply
Eq. (13.32) rewritten. Equation (13.32) does not give a perturbation expansion
for G(1, 1'), so Eq. (13.40) does not either. However, the form of G(1,1’) in
Eq. (13.40) suggests a generalization: rather than restricting T and 7’ and tying
them to C, they can be freed so as to lie anywhere on the contour C. This step, as
it turns out, produces a Green’s function that admits a perturbation expansion, one
that is relevant for systems that are out of equilibrium.
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T 7’ c 7
f f t t t f
t t t
" f; z‘: > A > ’ ' z‘: )
T d T

() (b) ()

Figure 13.3 The contour C consists of a forward part (E')) and a backward part

((5). Both lie along the real-time axis but are shown displaced from it for the sake
of clarity. T and 7’ are the locations of 7 and #’ on the contour. In (a) both ¢ and ¢’

are on the forward part Z'), while in (b) they are both on the backward part (5 In
<« —
(c),t € C, t' € C.Note that while ¢ < ¢’ on the real-time axis in this figure, as

. C . . c .
contour times T > 7’ in (b) and (¢), while T < 7’ in (a).

13.4 Contour-ordered Green’s function

We define the contour-ordered Green’s function by
G (rot,v'a't) = —i(Teyu(ror) Yl (a't)), 1,7 €C. (13.41)

Tc¢ is the contour-time-ordering operator which places operators with time argu-
ments that are further along the contour on the left. The contour C starts at fy,
goes to f,, = max(z, t’) or to any point beyond ¢,, on the real-time axis, and goes
back to #y, passing through ¢ and ¢’ exactly once, as shown in Figure 13.3. The
contour may pass through ¢ along the forward path or along the backward path;
ditto for #". The ensemble average is over operators in the Heisenberg picture; here
the statistical operator is time-independent: p(¢) = p(fy), where f, is the time when
the external field is switched on. For times prior to fy, the system is assumed to be
in equilibrium; hence, the contour-ordered Green’s function is given by

—i Tr [P HN T gy (1], (1]

GC(15 1 ) = Tr [e_ﬁ(H_MN)]

(13.42)

where H = Hp + V is the Hamiltonian for the interacting system in the absence
of an external field, (1)_=) (ro r& and (1) = (r'o’t’). Since the contour C is the
union of two segments, C and C , there are four possible outcomes depending on
the locations of 7 and ¢’ on the contour:

1. t,t' € C; we saw in the previous section that in this case G.(1, 1) coincides
with the causal (time-ordered) Green’s function G (1, 1").

=, = . , C
2.te C,t € C;inthiscase v/ > 7 and

Go(1. 1) = Fi (Y}, (0ot Wy(ror) = G=(1, 1).
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<~ — c
3.te C,t'e C;thent > 7t/ and
G.(1,1) = —i(WH(PGt)WL(I’/U/I/) =G7(1, 1.
= -
4. t,t" € C;inthis case Tc = Te =T and

Ge(1.1) = —i(Ty(y (1)) = GT(1. 1)

where GT(I, 1') is the antitime-ordered (anticausal) Green’s function. We can
summarize the above results as:

GTa,1) t,t
G=(1,1) te€
G>(1,1) te€
GT(,1) &t

G.(1,1) = (13.43)

Since
GT(1,1') = —if(t — )WDY, (1) F 10" — (W}, (1)),
GT(1,1') = =i 0" — 1) YD)y, (1)) F 0 — ') (¥}, (1) P,
it follows that
GT(1,1) + GT(1, 1) = =i (Y (DY, (1) F i (el (1) e (1))
=G7(1,1)+G~(1,1). (13.44)

Therefore, three of the four functions contained in G.(1, 1") are independent. The
retarded and advanced Green’s functions, G® and G4, respectively, are given by

GR(1, 1) = —i0(t — ) (Y (D), ¥)(10]5)

= —i0(t — )Yyl (1) F vl (1) Y1)

=00 —1)[G"(1,1) - G=(1, 1")] (13.45)
GAUL 1) =6 — 1) ([Ya(D), ¥l (1]5)

=0 — (WYl (1) F ¥l () Y1)
=600 —1)[-G~(1,1)+ G=(1,1)]. (13.46)

Finally, the following relations among the various functions can be verified:

GT=G"+Gf=G"+G*, GT=G"-G*=G>—-G*. (1347
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Ch Cy Ch
to ./)\f//\ t to —
~— R
3 ~3 /2

() (b)

Figure 13.4 C = C; U C, U C3. The contour segments actually lie along the time
axis, but are shown displaced from it for the sake of clarity. In both (a) and (b),

¢ /
T>71.

13.5 Kadanoff-Baym and Keldysh contours

In order to develop a perturbation expansion for G.(1, 1’), we need to express it in
terms of interaction-picture operators. The Hamiltonian is

H(t) = H + Hex(t) = Ho + V + Hex(t) = Ho + H'(2). (13.48)

The contour Green’s function, in terms of interaction-picture operators (identified
by hats), is given by

G.(1,1) = —i <TC [e*%fc F”<fl>dfu/}(1)¢*(1’)]> (13.49)

where C is the contour depicted in Figure 13.2 or Figure 13.3. A proof of this result
is presented below.

We prove Eq. (13.49) for the case when 7 lies further along the contour than #’; the

g g g 8. g C
opposite case is proved in a similar way. For 7 > 7/,
iG(1,1) = (Y (DY, (1)) = (S0, DFMS(e, T ANSH 10)).

In writing this, we have used Eqs (13.26) and (13.29). To calculate the RHS of Eq.
(13.49), we divide the contour into three segments C;, C;, and C3 (see Figure 13.4).
The contour C = C; U C, U Cs, and [ = fc, + sz + fc_;' The contour-ordered
product on the RHS of Eq. (13.49), denoted by B, can be written as

B =Te [ Hle M 1)1

o0 1 _=8 n R R . .
=> (—’) /dn.../ dv, Te [H'(v) ... H' (@) (WP 1)].
=0 n: h C c

Let us consider the term of order n. Each integral over C is a sum of three integrals,
and the term of order # is thus the sum of 3" terms. Consider one such term that has k
integrals along C3z (k =0, 1, ..., n), [ integrals along C, { =0, 1,...,n — k), and

n — k — [ integrals along C;. There is a total of n!/[k!l!(n — k — [)!] such terms that
differ only by a relabeling of their time indices; since the times are integrated over,
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these terms are equal. Therefore,

N AN
=54 (7)
n=0n! h p

=0 /=0

n—k

K —k — 1)

xf dr1-~-/ dr Te, [A'(1) -+~ B (z) 19(1)
Cs Cs

X

dtisr - f At Te, [ A (tes) - - H' (mgp)1 9T (1)
2 Cy

I
x / dTiyigr -+ f dt, Te, [ H (Teqi1) - - H' (1)1,
C] C]

Noting that

=
:
k‘

n!

K —k—D! :ZZOZ vl' _"k+’+m"'

the following expression for B is obtained by summing over » first,

k=0 1

Il
o

o0 s kl A ~ N
B = (71) k'/ dry - - /diTCg[H/(fl)'"H/(Tk)]w(l)
k=0 e

[oe] ) [ ] A A n
x Z(#) i [C dz; -- /C duTe, [H' () @) 19 (1)

00 N A A
Xg(f) %‘/;1 dr] /;1 dTmTCl[H/(T])H/(Tm)]
= Py QPR

C; extends from#fp tot’ > o = T¢, = T = R = S(¢, tp). C3 extends from ¢ to
to<t=Te,=T = P = S(t,1). C; extends fromt' to t. If t > ¢ then Te, = T
and Q = S(t, t); if t < ¢’ then T¢, = T and again (see Eq. [13.25]) Q = S(z, t'). This

ends the proof of Eq. (13.49) for the case t g 7.

Returning to Eq. (13.49), we replace H' with V + H,,,,
iG.(1, 1/) — <TC [67%fc(v(r])+1:lexl(f]))drl &(1)#7[(13])
_ <TC [e—ii Je V@dn = Jo Aeu(mdm &(1)%(1/)]) . (13.50)

The last equality in the above equation is valid since V and Hey contain an even
number of fermion operators, so they commute under contour ordering. Defining
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the operators

S =exp [—i/ V(‘L’)d‘l,’:|, S = exp [—i/ I:Iext(t)dr:|, (13.51)
h C h C
we can write
iG.(1,1) = <TC [Sg Sé’“x/?(l)l/ﬁ(l’)b. (13.52)

From the definition of iG.(1, '), if ¥ is replaced by 1 and /' is also replaced
by 1, then iG.(1, 1’) reduces to 1. Hence, we deduce from Eq. (13.52) that T¢
(SLS&) = 1.

Setting Hex () equal to zero in Eq. (13.27), which leads to U(t, #)) becoming
equal to exp[—i H(t — ty)/h], and using Eq. (13.25), we can write

S'V(t, tO) — eiHo(l—to)/he—iH(t—lo)/ﬁ (1353)

where SV (¢, ty) is defined by

SVt t0)=T |:exp (—% / V(t’)dt’):|. (13.54)

Comparing Eq. (13.53) with the following equation,
¢ PUH=N) _ (=B(Ho—uN) (B Ho y—FH
which is valid since N commutes with Hy and H, we can write
e PHZIN) = =PIV (10 — i B, 19). (13.55)
The contour Green’s function (see Eq. [13.52]) may now be expressed as

Tr [e PH=NSY (1g — iBh, to) T [SESEr (DY T(1)]]

1G.(1,1) = = 13.56
(G Tr [e PH— N3V (1 — iph, 15)] (1330

We move SV (ty — iBh, to) through T and combine it with S,

T 7/3(H07/LN)T , SV, Sext 7 1 Tt 1
iGo(1,1) = — [ clSc Sy (DY 1] (13.57)

Tr [e=PHo=1N 8V (15 — ifhi, 1y)]
where

SV, = exp [—%/ V(t)dri| . (13.58)

Here C' = C U [ty, ty — iBh] is the Kadanoff-Baym three-branch contour shown
in Figure 13.5 (Kadanoff and Baym, 1962). The contour starts at f#y, goes to
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to:

!

to—iBh

Figure 13.5 Kadanoff-Baym three-branch contour C’; it starts at fy and stretches
to max(z, t’), then returns to fy, and down to 7y — iSh.

t, = max(z, t’) or any time beyond ¢, returns to #, on the backward path, and
goes down to ty — iBh. The operator T¢ is the contour-time-ordering operator
along C'.

We may, if we choose, insert T¢ (SESEY) =1 after §Y(t9 — iBhi, 1) in the
denominator of Eq. (13.57), and then divide the numerator and denominator by
Tr [e~PHo=N)]; the result is

([ToLSESE WP TaN]),
(Te (S&S8Y)),

iG.(1,1) = (13.59)

where the ensemble average is now over the noninteracting system. Substituting the
perturbation expansion for § g and S into the above expression, Wick’s theorem
(applicable here since the ensemble average is over the noninteracting system),
yields a perturbation series for G (1, 1').

The above expression for G.(1, 1") can be used to study the behavior of a system
out of equilibrium at times ¢ > #y, after an external perturbation has been switched
on at time 7y, while taking into account the initial correlations at t = t;. Indeed, we
have used p(ty) = e PH=HN) /Tr[e=PH=1N)] which includes interactions among
the particles. In many cases, however, we are only interested in studying the
behavior of a system for times ¢ > #. For example, regarding the system depicted
in Figure 13.1, we may be interested in its steady state after all transients have
died off. The steady state, if it develops at times ¢ > f#(, will not depend on the
initial state at time #y. In such a case, we may use the statistical operator of
the noninteracting system instead of that of the interacting system. Alternatively, if
we are only interested in the behavior of the system for times ¢ >> 7y, we may take
to = —oo and assume that interactions are turned on adiabatically (but not turned
off). In this case, the statistical operator p(fy = —o0) is that of a noninteracting
system, and the branch of the contour C’ that extends from 7y to fy — ifh may
be dropped, i.e., C’ coincides with C. The contour C now extends from —oo to
max(¢, t') and back to —oo. We might as well extend the contour to +00 so that
it runs from —oo to +00 and back to —oo0; this is the Keldysh contour (Keldysh,
1965), depicted in Figure 13.6. The expression for the contour Green’s function in
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Figure 13.6 Keldysh contour C: it runs along the real time axis from —oo to 400
and back to —oo, passing through ¢ and #’ exactly once.

Ucact
X g
1 1 1 1 1 2 1" 1 23 1

Figure 13.7 Dyson’s equation. A double line represents G, the contour Green’s
function for the interacting system, while a single line represents G, the cor-
responding contour Green’s function for the noninteracting system. Ugy 1S a
one-body external potential and X* is the irreducible self energy arising from
interparticle interactions. In the figure, 1 = (ro7).

the Keldysh formalism becomes

G.(1.1) = —i <TC [sgsgxt¢(1)@f(1’)]>o. (13.60)
The above expression may also be written as
—i (Tc [SE St
G(1,1) = (T [Se e v M Tan]), (13.61)

(TC Sg S%X%

since the denominator in the above equation is equal to 1.

We may now expand S} and S& in a power series in V and He. In the second
quantized form, V and H.y are written in terms of field operators in the interaction
picture. Since the ensemble average is over the noninteracting system, Wick’s
theorem applies, and we end up with a perturbation expansion similar to the one
for Matsubara Green’s function. The only difference is that contour time ordering
replaces time ordering, so that in the resulting Feynman diagrams, the Green’s
functions that appear are contour Green’s functions. As before, all disconnected

diagrams cancel out, and G.(1, 1’) is a sum over connected diagrams.

13.6 Dyson’s equation

The perturbation expansion of G.(1, 1’) can be expressed in the form of a Dyson’s
equation, much like Matsubara Green’s function. The interaction consists of two
parts: a perturbation H.y (due to an external field), which we take to be a one-
body operator, and the interparticle interaction V, which is a two-body operator. A
graphical representation of Dyson’s equation is depicted in Figure 13.7. Thus, the
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Figure 13.8 An alternative form of Dyson’s equation.

expression for G.(1, 1') is as follows:

G.(1,1) = G?(l, 1)+ / d2 G%(l, D) Uexi(2)G (2, 1)
C

+/d2/ d3 GS(I,Z)E*(Z, 3)G.(3,1) (13.62)
C c

where Uy is the external potential giving rise to the external perturbation,
Aot = Y [ ¥ o0 Uneanyiteona’r.

and X* is the irreducible self energy resulting from the pairwise interaction V
among the particles of the system. In Eq. (13.62),

d2 = fd3r/dt.
=X [an [

We can adopt a compact matrix notation and write Dyson’s equation as
0 0 0
G.=G,+GUG. +G.T*G, (13.63)

where GSU G, and GSZ*GC stand for the second and third terms, respectively, in
Eq. (13.62).
We can also write Dyson’s equation in an alternative form. Noting that

G. =G 14+ UG +%*G)= 1+ UG+ 2*G. = GV 'G,
>G4+ U+ =G6""214+G6GU+G6G.2*=G.GY !,
we can write the following:
G.=G'+G.UG’ +G.=*G’. (13.64)

This form of Dyson’s equation is depicted in Figure 13.8. It is clear that Figures
13.7 and 13.8 produce identical perturbation series for G..

In practice, carrying out calculations with contour integrals is not convenient,
and they should be reexpressed in terms of real-time integrals. The procedure
for converting contour-time integrals into real-time integrals is known as analytic
continuation (a misnomer, since the contour is attached to the real-time axis and
no continuation from the complex plane takes place). The rules for this procedure
are taken up next.
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13.7 Langreth rules

The quantities directly related to observables are the lesser, greater, retarded, and
advanced functions G<, G>, GR, and G4, respectively; these are functions of
real times rather than contour times. We were forced to resort to the contour
Green’s function, not because it is directly related to observables, but because it
can be expanded in a perturbation series, whereas no such expansion exists for
G=<,G>,GR, and G*. To make contact with physical quantities, these functions
must be extracted from the contour Green’s function; Langreth rules (Langreth,
1977) provide the vehicle for doing that.

We note that Dyson’s equation contains terms that involve one or two contour-
time integrals. In order to keep the discussion as general as possible, we introduce
a general function A(t, t’), 7, 7’ € C, and the corresponding real-time functions,

T / / =2
Al (t,t) t,77e C
—
A<@,t) 7eC,teC
<~ —
A @, t) TeC,teC
T ’ PR~
A, t) t,77e C.

T

A(t, -[/) = (13.65)

Properties of the function A(z, t’) resemble those of the contour Green’s function
G (1, 1"). Analogous to Egs (13.45) and (13.46), we define A" (¢, t') and A“(¢, t')
by the following relations

A1, 1)y =00 —1)[A™(@, 1) — A=, 1)] (13.66)
Al 1) =00 —)[A@, 1) — A™ (@1, 1)]. (13.67)

Now consider the contour integral of the form
C(r,t) = ch(r, 71)B (11, T)dT (13.68)

where B is another function dependent on two contour times and C is the contour
shown in Figure 13.6. The lesser function C=(t, t) is given by

< l = <~ — /<« — /<
C=t,t)=C@te C,t'e C)=C@",t ):/dnA(r ,T)B(t1,t)
C

o0 —o0
:/ dzlA(t_’,tf)B(tl_’,t"_)+/ dn A=, t7)B@ ", 1'7)
—0oQ

o]

= f dty [AG™  t7)B@” 1) — AT, )BT, 1)

o0

_ /Oodtl [AT(t, 1)B=(t1. 1) — A<(t. 1,)BT (1, t’)] .

o]
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From Eq. (13.47), we can write AT = A<+ A", BT = B< — B, Thus,

C<(t,t/)=/ dny [A"(t, 1)B=(1,1") + A=(t, 1) B (11, 1)] . (13.69)

o0

This provides an expression for the lesser function in terms of functions of real
time integrated over the real-time axis.
Similarly, we can obtain an expression for C~ (z, t’),

C*(t1.1)=Cte C.l' e C)=C(t—. 1) = / AT A, 1)B(ty. 1)
C

o0 —o0
:/ dtlA(t“,tf)B(tf,zH)Jr/ du A=, t7)B@t ", 1)

o0 o]

— /Oodtl [A>(t, )BT (ty. 1) — AT (1, 1)) B> (1, ﬂ)] .

o0

It follows from Eq. (13.47) that BT = B> + B“ and AT = A> — A", Hence,

C>(t,1) = /Oo dny [A"(t,11)B” (1, 1)) + A™(t, 1) B (11, 1)] . (13.70)

o0

From Eq. (13.66), C"(¢t,t') = 0(t — t') [C>(t, t'y — C=(t, t’)]. Using Eqgs (13.69)
and (13.70), we obtain

C'(t,t)=6(t — z/)/ di {[A” (@, 1) — A=(t, )] B(t1, 1)

+ A"(t,t)[B” (11, 1) — B=(11, )]}
Using Eqs (13.66) and (13.67), we can write

oo

C'(t,t)y=0(—1) {/ dn [A7(t, 1) — A~(t,t)] [B=(t1, 1) — B” (11, 1)]
+/ dn [A”(t, 1) — A=(t, )] [B7 (11, 1) — B<(z1,ﬂ)]}

=0t —1) /d;l [A(t, 1)) — A=(t, )] [B” (11, 1) — B=(t1,1)] .

Sincet > ¢, due to the step function 8(¢r — '), it follows that, in the above integrand,
t > t; > t’; hence,

C'(t,) = foo dno(t —n) [A™(@t, 1) — A(t, 11)]

o0

x 0t —t')[B™ (1, 1) — B=(t1, 1] .
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With the help of Eq. (13.66), the above relation reduces to

o0
C'(t,t) = / du A" (t, t)B (4, 1).

o0

A similar calculation for C*(z, t’) yields

Ct, 1) = / dti A%(t, t1)B“(t1, t).

oo

We can adopt a simplified matrix notation to summarize our results:
C=AB
C==A"B~+ A~B“
C>=A"B>+ A" B*
C'=A"B", (C*=A’B“
We now consider an expression with two integrations over contour time,
D(t,17) = /Cdtl /Cdr2 A(t, 1) B(11, 12) C(12, T').
In matrix notation, D = ABC. Using Eqs (13.74) and (13.76),
D= =A"(BC)~+ A~(BC)*
=A"B"C~+ A"B=C%+ A=B“C“.
Similarly, we derive the following equations:
D> =A"B"C> 4+ A"B>C*+ A~ B*C*
D= A"B"C", D= A*B“C".

13.8 Keldysh equations
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(13.71)

(13.72)

(13.73)
(13.74)
(13.75)
(13.76)

13.77)

(13.78)

(13.79)
(13.80)

Applying Langreth rules from Eqs (13.76) and (13.80) to the two forms of Dyson’s

equation, (13.63) and (13.64), we obtain
GR‘A — GOR,A (1 _|_ UGR,A + E*R,AGR,A)

GR,A — (1 + GR,AU + GR,AE*R,A) GOR,A.

(13.81a)
(13.81b)

Note that since U depends on only one time, it is neither retarded nor advanced.
Although the above equations look like Dyson’s equation for the equilibrium
Green’s function, there is a subtle distinction: £*®4 depends not only on G°%-4,
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but also on G= and G~. We rearrange the first of these equations as follows:
GOR,A — (1 _ GOR,AU _ GOR,AZ*R,A) GR,A.
Putting this expression for G°%-4 into Eq. (13.81b), we obtain
(14 GRAU + GRAT*RA) (1 — G¥®AU — GORAT*RA) = 1. (13.82)

If the rules presented in Eqs (13.74) and (13.78) are now applied to the first form
of Dyson’s equation, (13.63), the result is

G< — G0< (1 + UGA + E*AGA) + GORE*<GA + (GORU + GORE*R) G<.

The same expression holds for G~ if we replace < with > everywhere. Rearranging
terms, the above expression for G= is written as

(1_GORU_GORZ*R) G< :G0< (1+UGA+E*AGA)+GORE*<GA

Multiplying by (1 + GRU + GRE*R) on the left, and using Eqs (13.81b) and
(13.82), we obtain

G~ =(1+G*U+G"=**) G~ (1 + UG" + =*G*) + G*x*=G".
(13.83)
Similarly, we find, for the greater function,

G” = (1+G*U +G*=*") G"> (1 + UG + £**G*) + G*x*>G*.
(13.84)
Equations (13.83) and (13.84) are the Keldysh equations for the lesser and greater
functions.

13.9 Steady-state transport

We now turn our attention to the application of the nonequilibrium Green’s function
to transport in a system consisting of a small structure, such as a quantum dot,
connected to two metallic leads (see Figure 13.1). The nonequilibrium problem
is formulated as follows. Initially, the left lead, the dot, and the right lead are
separated, and each is in equilibrium at its own chemical potential. Without any
loss of generality, we assume that the chemical potential in the left lead is larger
than that in the right lead: ©; > pg. The statistical operator for the system is
simply the direct product of the equilibrium statistical operators of the system’s
three separate components:

p=r ® il ® pif. (13.85)

At time ?(, the components are brought into contact, and a coupling between the
dot and the two leads is established, allowing electrons to tunnel from the leads to
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the dot and vice versa. The perturbation that drives the system out of equilibrium
is the coupling between the dot and the two leads.

We choose to analyze the problem in the setting described above, although other
choices are possible. For example, the three components may be initially in contact
and in equilibrium at a common chemical potential. In this approach, the initial
statistical operator is e PH—#N) /Ty e=BH-1LN) "\where H is the Hamiltonian that
includes the coupling between the dot and the leads, u is the common chemical
potential, and N is the number of particles operator for the whole system. The
perturbation that drives the system out of equilibrium is the increase in the chemical
potential of the left lead due to an applied bias voltage (Cini, 1980; Stefanucci and
Almbladh, 2004). An increase in the chemical potential by A means an increase,
in the amount of A, of the energy of each single-particle state in the left lead.The
first approach is simpler, since our purpose is to study steady-state transport across
the quantum dot.

13.9.1 Model Hamiltonian

The Hamiltonian for the system, consisting of the left lead, the right lead, and the
dot, is written as

H=H;+Hr+ Hp+ Hr. (13.86)
H; and Hpy are the Hamiltonians for the left and right leads, respectively,

Hy = €aClyyCica. @ =L.R (13.87)
ko

where o is the spin projection, and k is a collective index representing the spatial
quantum numbers of the electronic states in the leads. In writing H,, we have
assumed that the electrons in the leads are noninteracting, except for a possible
average interaction which can be taken into account through a renormalization of
the single-particle state energies €;. Neglecting correlations in metals generally
yields a good approximation, especially for simple metals. The term Hp is the
Hamiltonian for the dot,

Hp = Hp({d!}, {dus ). (13.88)

Hjp is expressed in terms of creation (d,J,rg) and annihilation (d,,,) operators associ-
ated with single-particle states in the dot. These states are characterized by n and
o. Again, n is a collective index that stands for the spatial quantum numbers of the
electronic states in the dot. Various model Hamiltonians for the dot may be chosen.
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Figure 13.9 In the Anderson impurity model, the dot has only one energy level,
and it can be occupied by up to two electrons. If there is only one electron, the
energy of the dot is €; if the level is doubly occupied, the energy of the dot is
2e 4+ U. The two electrons that occupy the level must necessarily have opposite
spin projections.

The simplest model describes the dot in terms of noninteracting electrons,

Hp = exd),dns. (13.89)

This model is used to describe resonant tunneling through a quantum dot. Another
model is the Anderson impurity model (Anderson, 1961); here, it is assumed that
the dot has only one level of energy € such that

Hp =€) dlids, + Unyn, (13.90)
where n, (0 =%, |) is the operator that represents the number of electrons in the
level with spin projection o . If one electron occupies this level, the energy of the dot
is €. However, if two electrons occupy the level, one with spin up and the other with
spin down, the energy of the dotis 2¢ 4+ U, where U > 0 is the Coulomb repulsion
energy of the two electrons (see Figure 13.9). Other model Hamiltonians for the
dot may be considered; e.g., one may be formulated that includes the interaction
between electrons and atomic vibrations in the dot.

The coupling between the dot and the leads is given by the last term in the
Hamiltonian, Hy. The coupling is represented by terms that describe tunneling of
electrons from the dot to the leads, and vice versa:

H=Y" Y (Vkaa,ngc,iwdm + V,;';,amdjgcm) . (13.91)

kon a=L,R

Vioa.no 18 the matrix element for the tunneling of an electron from state |no) in
the dot into state |ko) in lead «; it is determined by first-principles calculations,
but here we take it as a known quantity. The second term in Hy is the hermitian
conjugate of the first term, and it describes tunneling from the leads into the dot. It
is assumed that in tunneling between the leads and the dot, an electron maintains
its spin orientation. The equilibrium Hamiltonian is H; + Hg + Hp, while Hy is
the perturbation that drives the system out of equilibrium.
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In considering the model Hamiltonian for the three-component system, we
assume that no direct coupling exists between the left and right leads. Further-
more, we assume that the creation and annihilation operators in the Fock space
of one component anticommute with the operators in the Fock space of another
component.

13.9.2 Expression for the current

The electron current from the left lead into the dot is determined by the rate of
change in the number of electrons in the left lead:

I.(t) = —e(dNy /dt) = —e(Ny). (13.92)
The operator Ny, represents the number of electrons in the left lead,
Nye=)clchoL (13.93)
ko

Since i N, = [N, H], and N; commutes with H; , Hg, and Hp,
I, = (ie/n){[Nr, Hrl). (13.94)
‘We can calculate the commutator

NL’ HT] |:Z Cko'LCko'L s Z Z (Vkaa n”ckaad"” + Vkaa nodnockda)i|

kon a=L,R

by using [AB,CD]= A{B,C}D — AC{B, D} + {A,C}DB — C{A, D}B,
{Chorar c,Lm} = {croa’s Choa} = 0, and {crorqr, c,tw} = 811856/ 0uq’. The result is

1.0 = Ge/m) Y Viorao (o1 Odio0)) = Vi o (dfs Ocior )]

kon

This expression motivates the definition of the mixed lesser functions
Fut o) =i <c,ﬁUL(t/)dm(z)> (13.95)

Gt t'0)=i <d,L,(t’)ckaL(t)>. (13.96)
In terms of these functions, the expression for the current is

1) = /M) Y {ViernoGrp (t1:0) = Vi, 1o Gip 1t 1:0)}

kon

For any two operators A and B, (AB)* = ((AB)") = (BTAT). Therefore,

Gipat. ;o) = =[Gy (t.t;0)]". (13.97)
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Figure 13.10 Graphical representation of the Dyson-like equation for the contour
Green’s function G,z (7, 7’5 0).

We can thus write

I,(t) = (2e/h)Re [Z VioLno G (1,15 a)j| : (13.98)

kon

To determine G; (I, 1;0), we first calculate the contour Green’s function
Gui(t, ts0) = —i(Tch(r)czaL(r’)), then apply Langreth rules. Recall that
the unperturbed Hamiltonian is H; 4+ Hi + Hp, while the perturbation is Hrp.
In the absence of Hy, the contour Green’s function Gg,k . (t, T/;0) vanishes, i.e.,
(Tc d,,c,(t)c;[(r . ()0 = 0. A Dyson-like equation for the contour Green’s function
is shown in Figure 13.10.

The term ) kon Vko L no c,ta 1dne in Hy does not contribute to the contour func-
tion; G, x.(t, T’;0) contains c,ta 1. » Whose contraction with cz,a, 1, 1s equal to zero
(unless the left lead is a superconductor), and the contraction of clg . with d,,
also gives zero: (Tcdmcza )0 = 0. The algebraic expression for the mixed contour
function can be read off Figure 13.10:

1
Guir(t,750) = —Z/ dT1G (T, 1130 Vi o Gi (11, T'h0)  (13.99)
h —Jc ’

where G2 (11, T'; o) is the noninteracting contour Green’s function of the electrons
in the left lead, and G,,,(t, 71; 0) is the contour Green’s function of the electrons
in the dot:

G, (11, 7' 0) = —i <TC ckaL(r)cZGL(r’)>O (13.100)

Gom(, T130) = —i <TC dm(z)d;a(r’)). (13.101)

Alternatively, Eq. (13.99) can be derived by expanding G, x1(7, t’;0) in a pertur-
bation series and applying Wick’s theorem to contract the creation and annihilation
operators of the electrons in the left lead (this is made possible by assuming that
the leads contain noninteracting electrons).
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We now apply the Langreth rule, Eq. (13.69), to obtain the lesser function
1 * R 0
< /. . < /.
G (t:150) =+ Em foo dty (G, (1, 1150)GY~ (11, 1'50)

+ Gyt 1:0)GL A 1 150 Vi e (13.102)

As indicated earlier, our interest is in studying the system in the steady state, i.e., at
times long after the moment when the perturbation is switched on. In this state, the
current is independent of time, and all Green’s functions depend on the difference
between their time arguments. We can then Fourier transform the various functions
that appear in Eq. (13.102):

1 [ .
Gfm(t,tl;a)szm(t—tl;a)zEf doGER (w;0)e™"). (13.103)

—0o0

Similar expressions are written for the other functions that appear on the RHS of
Eq. (13.102). Using the relation

00 ) ,
f dte' @ =27 8(w — o),

o0

we obtain
1 w . !
Gn<,kL(tv t/; G) = 277h Z/ dweilw(tit )VI::rL,ma X
m —0Q

[GR (0;0)G) [ (w;0) + G, (w3 0)GR (w; 0)]. (13.104)

nm

Setting ¢’ = ¢ gives us G, (t, 1;0). Inserting this into Eq. (13.98), we find

e oo
I = _2/ a’a)ReZZ VioLno VigL mo X
wh —00

nm ko
[GR (@;0)GY (w;0) + Gy (@;0) G A (@; )] . (13.105)
For the left lead
G (w;0) = 27 fr()8(w — €or/R) (13.106)
G M @;0) = (@ — 4o /B — i01)! (13.107)

where f;(w) is the Fermi function in the left lead (see Problem 6.6 and Eq. [6.56]).
We also note that

nm

1o
G (t —t'50) = i(d! (t)d, (1)) = o / dwe G = (w;0)
T

—00
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and that
1 > —iw(t'—t) < < (4 - gt ’
7 dwe G, (w0)=G, (t —t;0)=il{d, (t)dn(t))
T J-0
= [ild}, ()i ))] = =[Gt = 1:0)]'
= —i /O;we_iw('_’/)G< (w;0) ' = —L /o;we_i“’(t/_’) [G< (w'o)]*
27-[ oo nm ’ 27[ o nm N .

‘We thus conclude that

Gy (@0)=—[Gy (@;0)] . (13.108)

nm

A similar calculation yields

GR (w;0) = [G2 (0;0)]. (13.109)

nm

Using Eqs (13.106-13.109), the following expression for the current is derived:

. o0
L= 5 ;/_gowTr{rL(w;a>[fL<w)(GR(w;a) — GM(@:0)) + G(w:0)]}
(13.110)
where the level-width function I':(w; o) is given by
2
LE(@30) = =53 Vi VeoLna (@ = €iL ) (13.111)
k

In Eq. (13.110), a matrix notation is adopted: 'Y, GR, G4, and G= are matrices
with matrix elements T'L . GR =~ GA ~and G, , respectively. The product is a

nm? nm? nm? nm?

matrix product, and the trace of the resulting matrix is taken. Below, a derivation
of the current formula is given.

We rewrite Eq. (13.105) as follows:

e o0
;] = — doX(w
’ nhZ/_oo @)

X =ReY > Vior.no ViL mo | Gan(@:0)GL [ (@:0) + Gry (@:0)G (w3 0)]

nm ko
The real part of a complex number z is (z + z*)/2; hence,

1
X = E Z Z {VkaL,na VkZL,ma (Gfm G2L< + Grfm GQLA)

nm ko

+ VkirL,mr Vk(rL,ma (Grlfmx< G2L<* + G;m* G?LA*)} .
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The arguments of the functions have been suppressed for now. Using Eqs (13.108)
and (13.109),

1
X= E Z Z {Vk"Lv"“ Vk*o'L,ma (G;}fmGgL< + G:mGgLA)
nm ko
— Vio 1no VioLmo (GanGii + GrnGR)} -
Interchanging n and m in the second term,
1 * < <
X = z Z Z VkaL,na VlmL,ma [(Grfm - Gr?m) GgL + Gnm (GgLA - GgLR)] .
nm ko

The zeroth-order functions that appear in the above expression are known,
Gl — GO = (0 — €ror/h —i0%) ™' — (0 — €or /A +i07)
=27ié(w — €xor/h)
Gy = 2mi fu(@)8(e — €xor /).

Inserting these into the expression for X,

l
X@) =53 D Vi Visrmo 278 = €ioL/R)

nm ko
X { fr(@) [G(@;0) = G, (@;0)] + G,y (@3 0)} -
We now introduce the level-width function (a matrix),
1
Pon@0) = = 3 Vi 1o VirLna 2780 — k1. /).
k

The expression for X (w) reduces to

X(@) = 5 37 Tk @:0) {11 [Gly ©:0) = Gy (@30)] + Gi@50)
_ % Tr {0 (@;0) [ fu(@) (GF(@;0) — GH(©;0)) + G=(@;0)]} .

a

The expression for the current, Eq. (13.110), immediately follows.

The current from the right lead to the central dot has exactly the same expression
as I; except that R replaces L. In the steady state, I = I}, = —Iz. A symmetrical
expression for the current is obtained by writing I = (I, — Ig)/2; it is given by

I= %gfdz)ﬂ{[ﬁ(w)ﬂ(w; o) — fr@)I " (@;0)][GF(w:0) — GA(w;0)]

+ [ (@;0) = T¥(w;0)] G=(w;0)} . (13.112)
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Figure 13.11 Graphical representation of Dyson’s equation for the contour
Green’s function G,,,(t, T’; o) of a quantum dot in contact with two metal leads.

This is the Meir—-Wingreen formula (Meir and Wingreen, 1992) for the current in
the steady state; it expresses the current in terms of the Green’s functions of the
dot that is in the central region, between the two leads. In general, the calculation
of these functions is highly nontrivial.

A simplification is possible in the special case of proportional coupling, when
the left and right level-width functions are proportional: I'*(w) = AI'¥(w). Since
I =1, = —1Ig, wecan write I = xI; — (1 — x)Ig for an arbitrary x. The current
is then given by

x Tr [T*{[Axfr(@) — (1 — x) fr@)] [G® — G*] + [Ax — (1 — 1)1 G7}].

The arbitrary parameter x is now fixed so as to eliminate the term multiplying
G=:x =1/(1 + A); then,

I = %;/_mdw[fL(w)—fR(w)]

. Tr { I'(w; )T R (w; 0)

IN'(w;0) + I'k(w;0) [GR(w;O) a GA(“’;O)]} . (13.113)

The ratio of the coupling matrices is well defined, since I'* and I'® are proportional.
The condition of proportional coupling does not generally hold, but it may be a
reasonable approximation if the level-width functions have a weak dependence on
energy.

13.10 Noninteracting quantum dot
In the case of a noninteracting quantum dot, the dot Hamiltonian is
Hp = exd),dn. (13.114)

To evaluate the current, given by Eq. (13.110) or Eq. (13.112), we need G¥ — G4
and G=. These are obtained from the contour Green’s function, which, in turn, is
determined by Dyson’s equation; this is shown graphically in Figure (13.11).
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Algebraically, Dyson’s equation reads

Gum(@;0) = Gl (@:0) + Y Goy(@:0)Z(@;0)G pm(wio)  (13.115)
Lp

where the proper (irreducible) self energy is given by
1
Zip(@;0) = = D Viais Gra(@:0) Viga,po- (13.116)
k,a=L,R

The superscript “*” on X is dropped in this section and in the next one. We note
that G, (w; ) = G, (w; 0)8,,,. In matrix notation, Dyson’s equation is written as

G=G"+G"2G (13.117)

where G is a diagonal matrix. Applying the Langreth rule, Eq. (13.80),

GR = G® + G'R2RGR, G*=G" +G"=AGA (13.118)
where G°F and G%4 are diagonal matrices, and
Rl w0) =Y Vi, 10Ghe " (@©:0)Vica,po- (13.119)
ka

The self energy and the level-width function are related,

1
hE@i0) = @0 = £ ) Viass [l (@30) = Gig@:0)] Viea,po
ka

1 .
=+ D218 — €k /] Vi 1o Viowpo
ko

= —i [ (@;0) + Tf(w;0)]. (13.120)
From Eq. (13.118) for G® and G*, the following expression is derived
G* —G* = —(@i/mG* (T* +T*) G*. (13.121)

A proof of this statement is provided in the shaded area below.

Consider Eq. (13.118):
GR — GOF 1 GORSRGR.

Multiply on the left by (GOR)_I and on the right by (GR)_I; the result is
(%)™ = (G®) ™ + =X

Similarly,

()" = (6" + 34,



362 Nonequilibrium Green’s function

Since the matrices G°% and G%4 are diagonal, (GOR)_l and (GOA)_] are also
diagonal. Furthermore,

(G®) " =w—e€/h+i0", (G") =w—e¢/h—i0".

—1 =Il
nn nn

It follows that (G°%) ™' = (G°4)~". Therefore,
(GR)™ + 2R = (G4 + 34,
Multiplying by G® on the left and by G# on the right, we obtain
G*+G*2*G* =G* + G*"24G* = GF - ¢ =G" (2 - =) G".

Using Eq. (13.120) to replace (XX — £4) by (—i/h) (T'F 4+ I'R), Eq. (13.121) is
obtained.

In order to obtain G=, we use the Keldysh equation (13.83). Here, U = 0 (see
Eq. [3.117]), and the Keldysh equation reduces to

G* = (1+G*=%) G (1+x2%G*) + G*==G". (13.122)
From Eq. (13.81) we deduce that 1 + S4G4 = (G*)™' G*. Thus,

G< = (1+G*z®) 6% (6*) ' 6" + GRz=G". (13.123)

Since G5 = 27i f()3(0 — €, /M)Sum and (GO4) | = (@ — €y /i — i0)3pm, it

follows that G°< (GOA)_l = 0. The Keldysh equation thus takes the simple form
G~ =GRx=GA. (13.124)

From the expression for X, Eq. (13.116), we find

1 2mwi
o= ;?ka’;a,m(;gg Vioups = —5- D fa ) Viaied@ = €toa /) Vica,po
ko o k
= (i /W)(fLT" + frT ). (13.125)
Therefore,
G= = (/MG (fLT" + frI'F) G (13.126)

Putting Eqs (13.121) and (13.126) into the equation for the current, Eq. (13.110),
we obtain

1 ‘ f do[fL(@) = fr(@)] T (o), (13.127)

2kt )
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where

T(w) =Y Tr [ (w;0)G*(w; o) (w;0)G (w;0)]. (13.128)

(1 /hz)T(w) is interpreted as a transmission probability. Equation (13.127) for the
current is known as the Landauer formula (Landauer, 1957, 1970). We note that it
is applicable only if the quantum dot is modeled as a noninteracting system.

13.11 Coulomb blockade in the Anderson model

We now consider the quantum dot to have a single energy level and onsite Coulomb
repulsion, which is the Anderson impurity model. The dot Hamiltonian is

Hp = edld, + Unyn, (13.129)
where € is the energy of the level, U > 0 is the onsite Coulomb repulsion, and
n4(n ) is the operator representing the number of electrons in the level with spin up
(down). For simplicity, we assume that 'Y = AI'%, so that we can use Eq. (13.113)
for the current. In this case, where there is only a single level in the quantum dot, the
quantities I'2, I'®, GR, and G* are all scalars. From the spectral representations
of GF and G# (see Eqgs (6.36) and (6.37)) we deduce that ReGX = ReG* and
ImGR = —ImG*; it follows that GR — G4 = 2i ImGR. The expression for the
current thus takes the form:

[:;—;ngﬁmdw[fL(w)—fR(w)] X

{ I'(w; o)’ (w; o)

I'l(w;0) +T'R(w;0) [1m GR(“);U)]} . (13.130)

Here, GR(w; o) is the Fourier transform of the retarded Green’s function G(’f )
of the single-level quantum dot in the presence of coupling to the leads. GX(t) is
defined by

GR (1) = —i9(t)<{dg(t), d;(O)}>. (13.131)

Let us denote the retarded Green’s function of the isolated quantum dot by DX.
This function was calculated in Chapter 7 (see Eq. [7.11]); it is given by
1 —(ns) (ns)
D! w) = 13.132
) = Tt i0r T o=t U)h 1 i0F ( )
where n; = n_,. This is the exact retarded Green’s function for the isolated single-
level quantum dot.
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Vk*a Vk(!
X X
_— = @ ———— =+ : :

do do do koo do

Figure 13.12 Dyson’s equation for the contour Green’s function of the quantum
dot placed between two noninteracting metal leads.

Our next step is to calculate the retarded Green’s function GX of the quantum
dot in the presence of the tunneling Hamiltonian,

HT = Z (Vkacltaadﬁ + szdlckoot) . (13133)

koo

We have assumed that the tunneling matrix elements are spin-independent; that
assumption, along with the assumption of a single level in the dot, makes it super-
fluous to add any additional subscripts to Vi, and V/},.

The exact calculation of the dot’s retarded Green’s function is not possible, so
we must resort to approximations. Our approach will be to treat the exact Green’s
function Df of the isolated dot as the unperturbed function Ggo (w), and then
calculate a correction resulting from the inclusion of tunneling. The assumption
made here is that the coupling between the dot and the leads is weak.

Dyson’s equation for the contour Green’s function of the dot, G 4, (®), is depicted
graphically in Figure 13.12. We can thus write

Gao(®) = GY (®) + GY, (0) 2, (0)G o (@) (13.134)

where the proper self energy is given by
1
Yo () = = Z |Via|* GY. (). (13.135)
ka

Applying Langreth’s rule, Eq. (13.80), we find

GE (w) = GOR(w) + GYR (@) ZX(w)GE (w)
1
[GO%(@)] ' — Sk

= GX (w) = (13.136)

Replacing GY%(w) with the exact retarded Green’s function of the isolated dot (see
Eq. [13.132]), we obtain

hiw—e€ —U++ (nz)U
(w—€/h)how —€ —U) — ZR(w)hiwo —e — U + (n;)U]

GF () = (13.137)
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I

%
Figure 13.13 A plot of I vs V in the Coulomb blockade regime.

This is too complicated. As an approximation, we ignore the real part of £, which
only leads to a small shift in the energy level of the dot. If we also ignore the w-
dependence of =X, then, using Eqgs (13.120) and (13.135), we obtain F = — %4 =
—i(I'y 4+ T'r)/2h, where I', and 'y are constants. However, the calculation of the
current is still complicated because of the presence of (n;) in the expression for
GR (w); this is given by

(ne) = (didy) = —i / 90 = o). (13.138)
2

The lesser function is given by the Keldysh equation (13.83), which again reduces
to the simple form:

G, (@) = GE (0)25 ()G, (w) (13.139)

where
< _ i 2 ~0< 0< _ . _
5 @) = 5 ) WViel Glso(@), G (@) = 27iful@)8( = €xa/).
ka
It follows that

s (w) = ;; Z Ja(@)Tq (13.140)

where the w-dependence in ['; and 'k is ignored. We thus see that (n; ) depends on
the retarded Green’s function of the quantum dot, Ggﬁ, which, in turn, depends on
ny. A self-consistent solution for G is called for, using numerical techniques. If
such a calculation is carried out, using reasonable values for the various parameters,
a plot of the current / versus the applied bias voltage V, as in Figure 13.13, will
be obtained (Pals and Mackinnon, 1996; Swirkowicz et al., 2004; Zimbovskaya,
2008).

A qualitative understanding of how the current varies with bias voltage is gained
by appealing to the so-called Coulomb blockade model. Current flow requires the
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addition of an electron to the dot between the metal leads. Adding an electron to
the dot costs an energy of e?/2C, where C is the capacitance between the dot and
the leads. Since the quantum dot is of nanoscale size, C is extremely small, and
e?/2C may attain a large value. There is thus an energy barrier, called a Coulomb
blockade, to the flow of current through the quantum dot: no current flow takes
place unless the bias voltage exceeds a threshold value. A plateau in the /-V plot
results from the fact that the energy barrier to the flow of two electrons is larger
than the barrier to the flow of one electron (Kastner, 1993).

The first step in the /-V plot corresponds to the addition of one electron to the
dot, while the second step results from the addition of two electrons. The first step
is twice as large as the second step: the first added electron may have its spin up or
down, but the second added electron can be of only one spin orientation, the one
opposite to that of the first added electron.

Further reading

Datta, S. (2005). Quantum Transport: Atom to Transistor. Cambridge: Cambridge Univer-
sity Press.

Di Ventra, M. (2008). Electrical Transport in Nanoscale Systems. Cambridge: Cambridge
University Press.

Haug, H. and Jauho. A.-P. (1996). Quantum Kinetics in Transport and Optics in Semicon-
ductors. Berlin: Springer.

Rammer, J. and Smith, H. (1986). Quantum Field-Theoretical Methods in Transport Theory
of Metals. Reviews of Modern Physics 58, 323-359.

Problems

13.1  Evolution operator. Derive Eq. (13.7).
13.2  Properties of the evolution operator. Verify Eq. (13.8).
13.3  Ensemble average of operators. Prove Eq. (13.11).

13.4  Scattering matrix. Show that S(z, t') satisfies the properties given in Eq.
(13.26).

13.5 Relations among G-functions. Derive Eq. (13.47).

13.6 G, interms of interaction picture operators. Prove the validity of Eq. (13.49)
for the case when ¢’ lies further along the contour than 7.

13.7 Langreth’s rule for the advanced function. Derive Eq. (13.72).
13.8  The Keldysh equation for the greater function. Derive Eq. (13.84).
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13.10

13.11

13.12

Problems 367

Retarded and advanced functions. Prove the validity of Eq. (13.109) which
relates the retarded and advanced Green’s functions.

Conductance. Using the Landauer formula for the current, show that the
low-temperature, zero-bias conductance, defined by G = d1/dV |y _,, is
given by

2
e
G = T, (EFp).
mg;; (EF)

E ¢ is the Fermi energy, and t,,’s are the eigenvalues of the matrix T (E g /h),
where T is given by Eq. (13.128).

Green’s operator. In the independent-electron approximation, the Hamilto-
nian for a system of electrons is

2
H= Z [_f_mviz + V(l‘i)] = ZH(i)-

V (r;) is the potential energy of electron i; it includes the potential produced
by the nuclei, as well as the average interaction with other electrons. Let

H|¢v> - Eu'(bl))-

(a) Show that the retarded Green’s function is given by

. Pu(r)gp; (')
i =) o T io

(b) Now define the retarded Green’s operator G(w) by
G(r, r’;w) = (r|G(w)Ir).
Show that
G(w) =[w— H/h+i0%]7".

LCR system. Consider a system which consists of a semi-infinite left lead
(L), a semi-infinite right lead (R), and a molecule in the central region
(C). The molecule is in contact with both leads, but the leads are not in
direct contact with each other. Treat this problem using the independent-
electron approximation. The Hamiltonian for the system is written by using
a basis set of real atomic-like orbitals centered on the atoms. There may be
more than one orbital centered on any one atom. In terms of this basis, the
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Hamiltonian is a matrix of the form:

Hyp Hie O
H = | Hci Hce Hcr
0  Hpc Hgr

Assuming that there are N basis functions in the left lead (N — o0), N
basis functions in the right lead, and M basis functions in the molecule
(M is finite), H;; and Hgpg are each an N x N matrix, while H-c is an
M x M matrix. Hy ¢ and Hg¢ describe coupling between the molecule and
the leads. The matrix H is real and symmetric.

The retarded Green’s operator is

Grr Gic Grr
G)=|Gecr Gee Ger
Grr Ggrc Grr

According to the previous problem, G (w) is obtained by solving the equation
(w—H/Mh+i0MHG(w) = 1.
Show that
Geel@) = [0 = Hee /i = TP(@) = 3 P(@)]
where
2 (w) = Hep gL(w) He,  S%®(w) = Heg gr(®) Hre.
g1 (gr) is the retarded Green’s operator for the isolated left (right) lead:

gr(@) = (@— Hyp +i0N) ™", gr(w) = (0 — Hgg +i07) 7.



Appendix A

Second quantized form of operators

We present a detailed derivation of the second quantized form of one-body and
two-body operators. We consider a system of N identical fermions, and follow by
the case of a system of N identical bosons.

A.1 Fermions
A.1.1 One-body operators

Consider the one-body operator Hy = ZlN: L h(i). Let |¢1), |¢2), ... be a com-
plete set of orthonormal single-particle states. Hy acts upon the vector space
VM =V, ® V, ® --- ® Vy, the direct product space of the spaces of the N
particles. The vector space V;, the Hilbert space of particle i upon which A(7)
acts, is spanned by the basis set |¢;);, |¢2);, .. .. For any |¢,); in this basis set,
(rl¢,); = ¢,(i); for example, (r|ko); = \Lﬁveik'ri |o);, where r; is the position vec-
tor of particle i and |o); is its spin state. The orthonormality of the basis states
means that ; (¢, |¢,); = 8,,, and completeness means that Y |¢,); (¢, = 1.
For the case |¢,) = |ko), these relations mean that ; (ko |kK'c’); = ks and
Y ko |ko)i i(ka| = 1. Note that an expression such as ; (¢, |¢,) , for i # j, is not
an inner product because |¢,); and |¢,/); belong to different vector spaces; it is,
in fact, the operator |¢,/); ;(¢,|. Inserting the completeness relation into Hy, we
obtain

Hy=h(1)+---+h(N) = Z v )1 1 (v |A(D)dv)1 1 (o] + - - -

+ ) b dn N Do BN pu)w v (ol = Y Y budi i{burlA@Ibo)i i pol-

v/ v i
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The matrix element ; (¢, |h(i)|¢,); is independent of i, since the coordinates of
particle i are integrated over, and it is written as (¢, |h|¢,). Thus,

N

Z«m |hl¢y) Z Gudi idul = D (B lhlgy) Ry (A1)

i=1 vy’

We have introduced the operator R,

N
Ryv =Y 1¢w)i i{gul. (A2)
i=1

The Slater determinants form a properly symmetrized basis for the expansion of
the N-fermion wave function. We consider how R, acts on an arbitrary Slater
determinant |W) = |@,, ... ¢y, ). Ifv € {vi, ..., vy} thenv & {P(v)), ..., P(vy)},
since the sets {v{, ..., vy} and {P(vy), ..., P(vy)} are identical (the elements of
the second set are merely a permutation of the elements of the first set). Since

% ¢ {P(Vl), "'5P(VN)}7

i) =

1
ﬁ (ol XP:(_I)P|¢P(U1)>1 e |dpan)i e 1@PeIN

1
= —— D Ibpn -+ 1 Bulpin)i < Ibpamn =O.
VN! 5
The last equality follows since v # P(v;). Therefore, unless v € {v;, ..., vy} the
action of R/, on |W) yields zero. So let us assume that v = v;. Then

Ryy|W) = Zm )i ¢>U|Z< D bu ) ety - [60) piiy - ) Pvy-

The sum is now over the permutations of coordinates. Recall that the Slater deter-
minant has two equivalent forms: the sum in one form is over the permutations
of coordinates, while in the other form, it is over the permutations of indices. In
the summation over i from 1 to N, each i belongs to the set {P(1),..., P(N)},
its elements being a permutation of 1, ..., N. Since the single-particle states are
orthonormal, only when i = P(j) will R,,|W) be nonzero. When i = P(j) ,
lpv)i i{Pvld) p(j) = Idv)i = |dv)p(j)- Hence, the result of the action of R, on
|W) is simply to replace |¢,) in |¥) by |¢,),

Ry W) = J_Z( DP g ) pay -+ ¢ by - 1oy ) pav)

= |¢v1 c Py "’¢VN> = C,,/Cv|¢v1 ey '¢UN> = C,,/CUNJ)-
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No minus sign is needed: ¢, is moved to the leftmost position, replaced by ¢,,
which is then moved back to the original position of ¢,. If the first movement
produced a minus sign, so would the second. Since |W) is an arbitrary Slater
determinant, we conclude that

Ry =cle,. (A3)

The second quantized form of Hy = va: 1 h(i) is therefore

Hy =Y (pvlhlgy)chcy. (A4)

vy’

A.1.2 Two-body operators

Consider the two-body operator H' = 5 Zl 2; V@, j). Given a complete set
|$1), |@2), - .. of orthonormal single-particle states, we may write

1
= E[v(1,2)+v(2, D4+v(1,3)+---4+v(N,N —1)]

1
=3 |:Z ki) 1.2 1.2(Dk@rlv(L, 2)|@mPn) 12 1.2(PmPnl + - - -

klmn

+ ) I vv—1 N1 (kB VN, N = DIdmn) -1 N.v-1 <¢m¢n|} :

klmn

In the above equation,

|Pir)ij = 1@k)i ® |Pu)j = |dw)i 190) > ij{Dul = i@l j(ul.

The matrix element ; ; (dri|v(i, j)|pmen)i,; is independent of i and j, since the
coordinates of i and j are integrated over, and we write it simply as (¢rd;|v|P, D).
Hence,

1 1
H' = 2 ulvldmn) ) 18e)ilon) i(bnl j(bul = 53 (bulvIdmn) At

klmn i#j klmn

Amn = Y 1¢)ild1) i (bl j(ba] = Z|¢k,,¢m|2|¢z,,¢n
i#] JoJ#i
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Apimn 18 a product of two operators. We rewrite it as follows,
Apgmn = Y _1di il | D 10); 1(@ul = 1)1 1 (]
i J

= 1)i i(dml D 1) ; j(dnl = D 1w i {dmld)i i (pul
i j i

= RimRin — Sy Rin = C]J[cmc;rcn - 8mlc]:rcn-
We have used Eqs (A.2) and (A.3). The anticommutator {c,,, clT} = 8,1, it follows
that cmc;r =& — c;rcm. Hence,

5 ol f i f i

T T
Akimn = ¢;(8mi — €] Cm)Cp — i ClCn = —C1C} CuCpn = C1C} CpCpy.

We thus arrive at the second quantized form of the two-body operator,

1
H' =2 ) (oudilvlgndn)ele] cacn. (A.5)

klmn

A.2 Bosons
A.2.1 One-body operators

We assume that we have a complete set |¢,), |¢), . . . of orthonormal single-particle
states. For a system of N identical bosons, the basis states are
PO p— 1 D 1gu) |Bu) (A.6)
= HMWW ~ v/ P(1) vy /P(N)- :

n, is the number of times the state |¢,,) appears in the product, i.e., n,, is the number
of particles that occupy the single-particle state |¢,,). The one-body operator Hy =

>, h(i) is given by

N
Hy =Y (ulhlp)Ron. Ry =Y Ib)i i{dol- (A7)
vy’ i=1
It is clear that if v ¢ {v;,..., vy} then R,,|®5) =0. Let us assume that
v € {vy,...,vy}. First we consider the case v’ # v. Suppose that n, particles
P(iy), P(i2), ..., P(iy,) occupy the single-particle state |¢,), and n;, particles
P(j1), P(j2), ..., P( j,,///) occupy the single-particle state |¢,/). In the number rep-
resentation, l

|8y =|...ny---n, o). (A.8)

v
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Applying R, to |®2), we obtain

|®F) = |v)i i
l)l) \/T l—[ \/7\/—' ;lzl: ¢U ¢l)
HFV,V
[' D) iy D) PGy 1PV PG |¢v’>P(jn//) o ] . (A9)
Wheneveri € {P(i}), ..., P(in,)}, theresult of the action of |¢,/); ; (¢, is to remove

one particle from state |¢,) and add a particle into state |¢,), i.e., it produces a
state with n, — 1 particles in state |¢,) and n/, + 1 particles in state |¢, ). For
i ¢ {P(@1),..., P(,,)}, the action of |¢,/); ; {¢,| on |®8) yields zero. We thus find

n, 1 1
ny!nl,U T /nu! /NI

nFV,V

xZ[ D) Pk 1B Pt D) Py dwdeag |-

Rv’v|q>B> =

Noting that

n, Jnoa/ny + 1

Sl U S, = DI, +

we find, for v #£ v/,

Ryl ---ny...nl, )y =g /nl, +1]ony, —1eeonl, +1--+)

:aI/av|...nv...n’v,...)‘

Now consider the case v’ = v. In Eq. (A.9), whenever i € {P(iy), ..., P(iy,)}, the
action of |¢,); ;(¢,| on |®?) leaves |®5) unchanged, since it simply removes a
particle from the single-particle state |¢,) and adds a particle into the same state.
Fori ¢ {P(i1), ..., P(i,,)}, theactionof |¢,); ; (¢, | on |®?8) yields zero. Therefore,

va|q>B>:Rw|' lld)v"' ny-- )

uMz

= > |¢u>ii<¢u|---nv--->=nu|---nv--->=aIau|---nu--->.

P€{P(i1),.... P(in,)}

We conclude that R/, = aI,av. The one-body operator is thus given by

= (pvlhlgy)ala,. (A.10)

vy’
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A.2.2 Two-body operators

Following the same steps as in the case of fermions, we obtain the following
expression for the two-body operator

1
H = 3 Z(kllvlmn)Akzmn

klmn

Akimn = Rim Rin — 8 Ry = azama}.an - 8mla;(ran-

The commutation relation [a,,, alT] = §,.1, for bosonic operators, implies that
ama;r =6 + a,Tam; hence

Arimn = a,lL(Sml + a;am)an — (Smla}:an = a,];a;raman = a,:ra;ranam.

The second quantized form of the two-body operator is therefore

1
H = 3 Z(kllvlmn)aza;anam. (A.11)

klmn

This is the same expression as in the case of fermions.



Appendix B

Completing the proof of Dzyaloshinski’s rules

A Feynman diagram of order N is a sum of N! time-ordered diagrams correspond-
ing to the N'! permutations of 7, 12, ..., Ty. Consider the diagram I"y ; obtained
from some permutation for which, say, tp, > tp,_, > --- > 7p,. The contribution
of this diagram is

Bh Tpy Tp,
SgFN*‘ O(/ dtp,enty / dtp, €11 / dtpeh™,
0 0 0

We asserted in Section 9.8 that the sole surviving term is obtained by keeping
only the contribution at the upper limit of each integral for all integrations over
Tp,, Tpy,s - - - » Tpy_,- 1O prove this assertion, consider the term obtained by keeping
only the lower limits on the first d; integrals over tp, Tp,, ..., TPy, then only the
upper limits on the next u; integralsover zp, ., ... Tp, ., , thenonly the lower limits
on the next d, integrals, then only the upper limits on the next u, integrals, and so
on. Only the upper limits are kept on the last u; integrals. Let S| be this sequence of
lower and upper limits, S} : ugdy . .. u2dru1d;. The diagram I'y ;, without external
lines, is represented in Figure B.1, where, for simplicity, times are arranged in
decreasing order from left to right (instead of top to bottom). In the figure, we lump
the u; vertices tp,, ..., TPy i1 together into L, and the vertices TPy - TPy
into L;. We show fermion and boson lines that connect the two lumps L and L.
The term obtained by sequence S; is denoted by 8g§lN". We will show that this
term is cancelled out by another term that arises from a sequence in a different
time-ordered diagram.

Consider the time-ordered diagram I'y ,, obtained from a second permuta-
tion which orders the times as follows: 7p, , > -+ > tp > Tp, > -+ > Tp,, .
This diagram is the same as that in Figure B.1 except that the lumps L; and
L, are interchanged. As a result of this interchange, the lines connecting the
lumps have their directions reversed. In evaluating §g"¥2, consider the sequence
Sy drug_1di—1 ... urdrui(dy + 1)(uy — 1). Note that, in S,, the lower limit from

375
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Ly Lo

k]

Figure B.1 A time-ordered diagram, with time decreasing from left to right, is
divided into two lumps that are connected by fermion (solid) and boson (wavy)
lines. The external lines are not shown.

the integration over tp, is the one that is kept. We will show that the term (Sggz’v ?
exactly cancels out the term § ggl'v ' It is easy to check that, in both § g;N and § ggz'v 2,
time integrations produce the same denominators. We also note that (SggzN 2 differs

from & gglN "' by the following:

1. A factor of —1, which results from keeping the lower limit rather than the upper
limit in the integral over zp, .
2. A factor of exp[—ph(ep, + -+ €Py )] this results from the fact that, in

8g§]N "', we kept only the upper limits in the last u; integrals, which produces

the factor exp[Bhi(ep, +---+€p,, ;). In (Sggz'v * we kept only the lower limit
in the integration over 7p, .

3. A factor of (— l)Jexp[ ,th —N—u+1 ZN ”‘(epp — €p;p,)], where J is the
number of internal fermion lines connecting L to L,. The reason for this factor is
the following. As aresult of interchanging L; and L,, all lines connecting L and
L, are reversed. For each vertex tp, in Figure B.1,i = N, N — 1, N —u; + 1,
the lines connecting tp, to all Tp, € L, are reversed. Upon reversal of lines, for
each fermion line directed from tp, € L to tp, € L2, the factor —(1 — feP ’,
must be replaced by fEP = —exp(—phep,p)[—(1 — feP r, )], whereas for each
fermion line directed from Tp, € Latotp, € Ly, the factor feP » must be replaced
by —(1 — fEP n ) = —exp(Bhep,p,) feP n . Also note that upon reversal of lines,
for each boson line directed from 7p, € Ly to 7p, € L, the factor (1 + Rep,p, )
must be replaced by ne, b = = exp(—phepp )1 +ne, , ), whereas for each boson
line directed from 7p, € Ly to tp, € Ly, the factor Mep,p, must be replaced by
1+ e, ) = exp(Bhe PP, )nGP » . Hence, the reversal of the lines produces the
factor given above.
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Summarizing,
( N N— U
er 7 —Bh(epy+teny_, Pt
= e exp | <R Y ens, —enn) | 557
i=N—-u+1 j=I1
Using the definition of €p,,
N
€py T F EPy_iy+1 = E €p,
i:N—Mk+1
N N N N
= E - E €pp;, + E €p,p, T 1wy dp N —iwy,8p,.1 | = E
i=N—up+1 j=1 j=1 i=N—up+1
N—uy N —uy
E EPP_E €pp, T E EPP+§ €p,p, +iwy dp N —iwp,8p, 1
J=N—ux+1 J=N—ur+1
N —uy
= E E (—€pp, +€p;p) +iwn, E Sp.N —iwy, E dp,.1-
i=N—-u+1 j=1 i=N—u;+1 i=N—u;+1
Therefore,
N N
Cyo2 J . . Ly
8g = —(=1)"exp | ifhwy, E dp. v — ifhiw,, E dp.1 8g .
i=N—up+1 i=N—up+1

If we are interested in the self energy of a boson, then J is even and w,, = 27n,/ph,
Wy, = 2mny/Bh; this gives § ggzN 2= —6;” "' On the other hand, if we are interested
in the self energy of a fermion, then:

(a) If both external lines enter and leave L, then J is even, and

8ng 2 _ _eiﬂh(wnl —wnZ)agglN,l _ _8;1\1.1
(b) If both external lines enter and leave L,, then J is even, and (Sggz’v = —(SFN "
(c) If one external line enters L; and the other line leaves L,, then J is odd, and
aggzNz = (— l)odd lw”I/%SgFN‘ — _nglN,l

(d) If one external line enters L, and the other line leaves L, then J is odd and

aggzN.Z — _(_l)udde—iwnzﬂflag;N 8gFN]

In all cases, (Sg;” —(SgFN :



Appendix C

Lattice vibrations in three dimensions

C.1 Harmonic approximation

Consider a crystal having N unit cells with a basis of r atoms in each unit cell.
Choosing the center of one unit cell to be the origin, the instantaneous position of
atom [ in unit cell n is

X = Ry +uy. (Cl)

R,; = R, + d; is the equilibrium position of the atom, u,; is its displacement from

equilibrium, R,, is the lattice vector from the origin to the center of unit cell n, and

d, is the equilibrium position vector of atom /, measured from the center of the unit

cell to which the atom belongs. The various terms are shown in Figure C.1.
Denoting the mass of atom [/ as M, the kinetic energy of the atoms is

T = Z nla/ZMl, o=x,Y,2Z (C.2)

nlo

The potential energy V is assumed to be a sum of pairwise interactions between
the atoms. A Taylor expansion of V about equilibrium gives

V= V0+Z Uple + = ZZ

nla n'l'a’ aunlaaun/l/ '
W is the potential energy of the crystal when the atoms sit at their equilibrium
positions. Being merely a constant, V will be ignored (we can always set it equal
to zero by measuring energies relative to it). Since V' is a minimum at equilibrium,
the second term in Eq. (C.3) vanishes. The harmonic approximation, which we
adopt here, consists in keeping only the third term in Eq. (C.3), ignoring higher
order terms. The justification for this is that the displacement from equilibrium is
very small compared to the lattice spacing (this is generally true for temperatures

UnlaUn'l'o +--- (C3)
0

unla
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Up, Up,
® ( >
d1 d2

Figure C.1 A two-dimensional crystal with two atoms per unit cell. The center O
of one unit cell is chosen as the origin of coordinates. R, is the vector from O to
the center of unit cell n. d; and d, are the equilibrium position vectors of the two
atoms relative to the center of the unit cell to which they belong. u,; and u,, are
the displacements from equilibrium of the two atoms that belong to unit cell n.

far below the melting point). Thus,

1
V= 3 Z Z d(nla, n'l'a Yupqtype . (C4

nla n'l'a’

The force constants ¢p(nla, n'l’a’) are given by

CR%
onla,n'l'e)y = ———| . (C.5)
aunlaaun’l’a’ 0
C.2 Classical theory of lattice vibrations
The atoms’ equations of motion are given by Newton’s second law
Miiigq = =V [Ottyq = — Y _ p(nlor,n'l'e Nty (C.6)

n'l'a’
This is a set of 3Nr coupled, linear, differential equations. The general solution
is written as a linear combination of the normal modes. This is analogous to the
situation in quantum mechanics where the general solution of the time-dependent
Schrodinger equation is written as a linear combination of the eigenfunctions of the
Hamiltonian. Here, normal modes play the role of the eigenfunctions in quantum
mechanics. We search for the normal modes of the system; their number is 3Nr,
which equals the number of degrees of freedom. In a normal mode all atoms
vibrate with the same wave vector and frequency; we thus consider the following
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trial solution

eV (q)e @R, (C.7)

W, =
1
The allowed values of q are determined by the periodic boundary conditions. €(q)
is a vector to be determined, A is a constant, and the factor 1/+/M is inserted for
later convenience. Putting the above expression into Eq. (C.6), we obtain
1 , .
2 (D) _ 170 0y () iq.(R,,—R;)
wie = —o¢nla,n'l'a’)e, e . C.8

() ,%JW‘M )ey (@) (C8)
This is a set of 3r algebraic equations (! = 1, ..., r; o = x, y, z). The translational
symmetry of the lattice implies that the force constants depend on R,; — R, and not
on R,y and R,, separately (to convince yourself of this, think about how potential
energy changes if two atoms, one in unit cell n and another in unit cell »n’, are
displaced from equilibrium, while all other atoms in the crystal remain fixed). We
define Dy(la, I'a’) by

Dy(la, l'ay = (M;My)~"/? Z d(nla, n'l'a)e' 4R =R (C.9)

n

Since the summand depends on R, — R, and not on R, and R, separately, we
may set R, = 0. Relabeling n’ as n, we obtain

Dy(la, I'e) = (M M)~ 2>~ ¢(Oler, nl'el )e' 3™, (C.10)
Since the force constants are real, it follows that
Dy(la, l'a"y = D_q(la, I'd’). (C.11)
Using Eq. (C.9), we rewrite Eq. (C.8) as an eigenvalue equation,
> Dy(la, I'a)el)(q) = wlel(q). (C.12)
I'a’
To make this notion more manifest, we define the 3r x 3r dynamical matrix
Dy(1,1) Dg(1,2) ... Dgy(l,7r)
Dy(2,1) Dg(2,2) ... Dg2,71)
D(q) = : : : (C.13)
Dy(r,1)  Dg(r,2) ... Dg(r,r)

Here, Dq(/, ") is a3 x 3 matrix whose aa’ entry is Dg oo/ (I, I') = Dq(la, I'a’). We
also define the 3r-column polarization vector

€ = (efcl) e§,” egl) efc’) 63) ey))T = (" €? ... N, (C.14)
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The superscript T means “transpose.” Equation (C.12) now becomes

D(q)e(q) = wge(q). (C.15)
We note that the dynamical matrix is hermitian, since

D;(la, l/O{/) = (MZMI/)_1/2 Z ¢(nla, n/l/a/)e—iq.(Rn/—Rn)

n

= (MZMI,)_I/Z Z (]5(11/[/0{/, nla)eiq.(Rn—R”/)
n/

= Dy(l'd, lo). (C.16)

The first equality results from the definition of Dg(ler,I'e’) in Eq. (C.9) and
the fact that the force constants are real. The second equality is valid because
onla, n'l'a’) = ¢(n'l'a’, nla). The hermiticity of D(q) implies that:

o The eigenvalues w(zw A =1,...,3r,are real. Furthermore, wq, is real; if it were

not, the displacement u,; would be a monotonically increasing or decreasing
function of time, rather than an oscillatory one.

e The 3r eigenvectors €,(q), A = 1,...,3r can be chosen to form a complete
orthonormal set; any 3r-column vector can be expanded in terms of them.

We also make the following remarks:

(1) The definition of Dg(la, I'at’), as given in Eq. (C.9), along with the equality
¢'6Ri = 1, implies that Dg(lat, I'a’) = Dy (le, I'a’) for any reciprocal lattice
vector G. The dynamical matrix thus satisfies the property D(q) = D(q + G);
consequently,

wg. = Wg+Gr,  €(qQ) = €.(q + G). (C.17)

In other words, the mode (q 4+ GX) is identical to the mode (qA). It is therefore
sufficient to restrict the values of q to the first Brillouin zone: q € FBZ; this
exhausts all possible normal modes. Since there are N g-points in the FBZ,
there are a total of 3Nr eigenvalues wg, and 3Nr corresponding eigenvectors
6(q), qeFBZ, A=1,...,3r.

(2) The dynamical matrix satisfies the relation D*(q) = D(—q), a consequence of
Eq. (C.11). Since wy,, is real, it follows that

Og = 0_qi. €@ = E(—q). (C.18)
(3) The orthonormality of the eigenvectors (polarization vectors) means that

@e@ =8, =Y ewe, (@ =8 (C.19)

la



382 Lattice vibrations in three dimensions

(4) If we plot wgq, vs q along a certain direction in the FBZ, we obtain a curve for
each value of L. Therefore, along any given direction in the FBZ, there are 3r
curves, or branches. Of these, three are acoustic branches, while the remaining
3r — 3 branches are optical branches. For the three acoustic branches, w — 0
asq— 0.

The general solution of the equation of motion, Eq. (C.6), is a linear combination

of the 3Nr normal modes,

1 .
W= N, %: Qg (D)€} (@' ¢ (C.20)

where the factor exp(—iwgt) is absorbed into the expansion coefficients Qg (1),

and the factor 1/ /N is inserted for later convenience. The coefficients Qg (t) are
called normal coordinates. Using the equality

'(qfq/)~Rn J—
> = Nbyq
n

and Eq. (C.19), it is not difficult to show that Eq. (C.20) gives

1 Dy iR
0w) = — Y VM uy ()P (q)eaR. (C.21)
Q- N ;10; [ Uni reld
Since u,,, is real and e;lﬁ(—q) = Eil,)a (q), it follows that
05,1 = Qi) (C.22)

C.3 Vibrational energy

The total energy of the atoms can be expressed in terms of the normal coordinates.
The kinetic energy is given by

1 1 . e
T =33 M, =553 3 ) Qo Qa6 (D6 (q)e D5,

nla nla qr q')

Carrying out the summation over n: ), JdWTOR — 8q'.,—q, then over [ and o:
Yol eil’)a (q)ef\l,)’a(—q) = 8, , the expression for T reduces to

1 .
T=- q; 040 g (C.23)
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The potential energy is given by

V= % Z Z d(nla, n'l'od Ytpigtty e = % Z Z Z Z(Msz)_l/z

nla n'l'a’ nla n'l'a’ qr ')
1 (0] ) N iq.R, iq Ry
x ¢p(nla, n'l'a") Qgp OQqn €, o (@€, o (@) eI !5
.. . .y . ’ P _ . .
Writing /4R /@' Ry — o/(@+4)-Ru piq Ry —=R0) yy5ing Eq. (C.8), summing over n, and
using the orthonormality of polarization vectors, we find that

1
v=s Y 0} 0 O—gr (C.24)
qi

The Lagrangian L is equal to T — V. The canonical momentum conjugate to Qg
is

Py =0L/3Qg = O—q.- (C.25)

In terms of the dynamical variables Qg and Py, , the Hamiltonian is

H= (> Pu0gp—L
qA

Op=P_q.

1
=5 > (P Pogp + 03, 0qr Qg - (C.26)
qA

C.4 Quantum theory of lattice vibrations

The quantum theory of lattice vibrations is obtained by treating Qg and Py, as
operators that satisfy the following equal-time commutation relations:

[qu’ Qq’)\’] = [qu, Pq’k’] =0, [qu Pq’k’] = ihdqq S (C.27)

Analogous to the case of the harmonic oscillator (see Section 1.2), we define two
new operators:

1 , ; 1
gy = —(qAQqAJHPfql)’ Agp =

I . _iP .
%qu %qu (CUqAQ qr ! q)‘)

(C.28)
These operators satisfy the commutation relations

lage. aqr] = [al,. al, 1 =0, lag. al, ] = 84 8. (C.29)
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We can use Eq. (C.28) to express the normal coordinates and momentum operators
in terms of the new operators:

h i . [hog. |
Qg = 2om, (ag +a_gy), Py =i > (ag, — a—q)- (C.30)
Using the above expressions, it is straightforward to show that
H = hogalaq +1/2). (C.31)
qA

The values of q are restricted to the first Brillouin zone: q € FBZ. The Hamiltonian
is thus a collection of 3 Nr harmonic oscillators. The operator a(];x (aqp) is interpreted
as a creation (annihilation) operator for a particle-like entity, called a phonon, of
wave vector (, branch index A, and energy fiwg;.



Appendix D

Electron—phonon interaction in polar crystals

D.1 Polarization

Polar crystals are generally semiconductors or insulators that, at low temperatures,
have fully occupied valence bands and empty conduction bands. It is possible,
however, to introduce electrons into the conduction bands. For example, absorption
of photons of appropriate energy leads to the promotion of electrons from the
occupied valence bands to the empty conduction bands. Raising the temperature
produces a similar effect. In semiconductors, doping introduces free electrons into
the lowest conduction band (or free holes into the top valence band). The electron—
phonon interaction in these systems is not adequately described by the rigid-ion
approximation. In an optical mode, the ions in the unit cell move relative to each
other, resulting in an oscillating dipole moment which, in turn, gives rise to an
electric field that acts on the electrons. The electron—-LO phonon interaction in
polar crystals is mainly the result of this coupling of electrons to the induced
electric field.

We consider the case of a cubic crystal with two atoms per unit cell. The ionic
charges are £e*. The volume of the crystal is V, and the number of unit cells is
N. In the long wavelength limit (q — 0), the two ions in the unit cell vibrate out
of phase, while the displacements in one cell are almost identical to those in a
neighboring cell. We denote by u; (u_) the displacement of the positive (negative)
ion within a unit cell (see Figure D.1).

Due to ionic displacements, a dipole moment p = e¢*u, whereu = u, —u_, is
induced in the unit cell. Since the ions are not rigid, the resulting electric field
further polarizes the ions; the polarization is thus

P= n(e*u + aEiocar) (D.1)

where n = N/V, a = oy + «o_ is the sum of the polarizabilities of the ions, and
E;ocar is the electric field at the site of the dipole. The crystal is viewed as a

385
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Figure D.1 In a long wavelength optical mode, the motion in neighboring cells
of a lattice is essentially the same. Within a unit cell, the two ions vibrate out of
phase. The dipole moment in a unit cell is p = e*u; — e*u_.

collection of dipoles, each of which occupies one unit cell. The local field acting
on a dipole differs from the average macroscopic field E in the crystal; they are
related by the Lorentz relation:

Elucal =E+ (47[/3)1) (CgS), Elocal =E+ (1/3EO)P (SI) (DZ)

This relation is derived in standard electricity and magnetism textbooks (see, for
example, [Griffiths, 1999]). In what follows we adopt the cgs system of units.

In a long-wavelength optical mode, all positive ions in adjacent cells have almost
the same displacement u,, while all negative ions have almost the same displace-
ment u_, whose direction is opposite to that of u... The short-range restoring force
acting on any one ion is proportional to u, — u_. The equations of motion of the
ions are thus given by

My = —y(uy —u_) + e*Ejpear (D.3a)

M_i_=—-y(- —uy)— e*Ejpcal- (D.3b)

y is a constant related to the strength of the short-range restoring force between the
ions. Multiplying the second equation by M, /M_ and subtracting the result from
the first equation, we obtain

Mi = —yu+ e*Eipcal (D.4)

where M = M M_ /(M + M_) is the reduced mass of the two ions in a unit cell.
Defining w = /N M/ Vu, a bit of algebra shows that Eqs (D.1), (D.2), and (D.4)
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give the following:

w=b 1w+ brE (D.5a)

P = b;ow + byE. (D.5b)

The coefficients by, by», and by, are constants. We can express these coefficients
in terms of experimentally measurable quantities. In the presence of an externally
applied static electric field, the ions are displaced from their equilibrium positions
to new equilibrium positions, and a polarization develops even in the absence of
ionic vibrations. In the static case, w = 0,w = —(b12/b11)E, and P = (—b%z/b“ +
b»)E. Since, in this case, e(w = 0)E = D = E + 47 P, it follows that

1
by — by /by = 2 [eO =11, (D.6)

where €(0) = e(q — 0, w = 0) is the static dielectric constant.

If an external electric field with a frequency much higher than the vibrational
frequencies is applied, the ions will not be able to follow the fast variation of the
field; hence w = 0 and P = b E. Since, in this case, e(c0)E = D = E + 47 P, we
obtain

1
by = ym [e(c0) — 17, (D.7)
T

where £(00) = &(q — 0, @ > @Wphonon) 18 the high-frequency dielectric constant.
We write the solution to Eq. (D.5) in the form

(w, E, P) = (wy, Eg, Pp)e/ @0, (D.8)

Since V.D = 0 (there are no excess free charges in the crystal; it is neutral), it
follows that

q.(E+47P) = 0. (D.9)

For a transverse optical mode, q.P = 0 = q.E = 0. Furthermore, in the electro-
static approximation, V x E = 0 implies that q x E = 0; hence, for a transverse
optical mode, E = 0, and Eq. (D.5a) becomes w = b;;w. We therefore conclude
that

b1 = —wh, (D.10)

where wr( is the frequency of the transverse optical phonon.

One may object to the conclusion that the electric field vanishes for the trans-
verse optical modes, based on the electrostatic approximation, since the correct
Maxwell’s equation is V x E = (—1/¢)dB/dt. This should be solved along with
V.E = 0 (which is correct for the transverse modes) and V x B = (1/c)oD/dt =
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(e/c)OE/dt, where ¢ is the dielectric constant. Writing V x V x E = —V?E +
V(V.E) = —V’E, we obtain V’E = (¢/c?)3’E/dt>. This gives ¢ = c?q*/w?.
Since D = ¢E = E + 47 P, we see that E = 0 if ¢ > 1. Since the optical mode
frequency @ ~ 10'3s~!, we find that & > 1 for ¢ > 10° m~!. Since the width of
the Brillouin zone is &~ 10'© m~!, we conclude that, except for values of q in
an extremely tiny volume surrounding the Brillouin zone center, the electrostatic
approximation is indeed satisfied.

For the longitudinal optical mode (where w, E, and P are parallel to q), Eq. (D.9)

implies that E = —4x P. Writing for this case w = —wﬁow, it is straightforward to
show, from Egs (D.5), (D.6), (D.7), and (D.10), that
2 €0)
= — D.11
®ro = ¢ (00) @70 ( )

where wy o is the frequency of the longitudinal optical phonon. The above relation
is known as the Lyddane—Sachs—Teller (LST) relation.

When the relation E = —47 P, valid for longitudinal optical vibrations, is sub-
stituted into Eq. (D.5b), we obtain

b b
P= 2 w=""w (D.12)
1+ 47Tb22 S(OO)

In the last step we used Eq. (D.7). Solving for by, from Egs (D.6), (D.7), and
(D.10), and replacing w with /N M/ Vu, we obtain

P NM( L 1)}1/2 D.13
_wL°[4nv g0y e0)] " ©.1)

D.2 Electron—-LO phonon interaction

In order to write the electron—LO phonon interaction, we make the approximation
of treating the crystal as a continuum, i.e., we express the polarization as a function
of position inside the crystal. To do this, we need to write u as a function of position.
The relative displacement u,, can be expanded as

iq.R,

1
u, = m ; Qq€r(qle

where €(q) is the unit polarization vector of the LO phonon, and the normal
coordinates Qg satisfy the equation O = —w?, Qq (the longitudinal optical modes
are assumed to be dispersionless: wq = @y o). In the continuum description we thus
write

1 4
u(r) = m Z Qqer(q)e' .
q

Inserting this into Eq. (D.13) gives polarization as a function of position.
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The interaction energy of an electron at position r; with the polarized medium is
—e®(r;), where ®(r;) is the electric potential produced at r; by the polarization.
The polarization induces a charge density which, in turn, produces the electric
potential ®(r;). The induced charge density is

_ 1 1 1 12 o
p@):?_vj):_ﬂamo[4nV’(8@%)__8«D)] 2; Qqq.€.(q)e?".

(D.14)
In the sum over q, the q = 0 term vanishes; the prime on the summation indicates
that the q = 0 term is excluded. The electron—-LO phonon interaction is given by

3
Ho (o= _ez d(r,) = _62/ p(r)d’r
j 7 =l
, 1 1 1 “”cﬁ
=iewo |:4nV (a(oo) - 8(0))] Z Z 0qq.€ L(Q)/ r

zq (r— r,)d3

. 1 1 i iq.r
=ZewLO[47rV (8(00) 8(0))] ZZQqqeL(q)eq/| -1

A change of variable r — r + r; shows that the above integral is simply the Fourier
transform of 1/r, which is equal to 47 /g>. We thus obtain

1 1 1\ — .
H, 10 =iewio [471V (s(oo) - 8(0)>] Xq: Qqq.éL(q)(47T/q2); e,

(D.15)
Finally, by writing ) i ¢'977 in second quantized form in terms of electron creation
and annihilation operators, and by expanding Qg in terms of the phonon creation
and annihilation operators, we obtain Eq. (11.46).
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