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«What I can calculate, I can understand.»

After a quote attributed to Richard Feynman:
“What I cannot create, I do not understand.”

Foreword

These lecture notes emerged from a course given in the framework of the MaNEP
doctoral program in Geneva. The course is targeted to first and second-year PhD
students, mainly experimentalists, who need some training in many-body theory.

Depending whom you ask the question, the physics endeavor can be described alterna-
tively as an effort to explain experiments or an effort to ‘measure’ theories. In preparing
this course, the frame of mind has been the former. The general approach has been to
establish the link between the mathematical tools of many-body theory and some of
the prominent experimental methods used nowadays, especially for the spectroscopic
investigation of condensed-matter systems. This approach dictated the organization
of the course: a first part where correlation functions are introduced and methods to
compute them are presented, and a second part where experimental techniques are
linked with correlation functions, providing the route to interpreting measurements. In
the spirit of the citation ornamenting this page, and whenever this was within the reach
of the author’ knowledge, a special effort has been made to pursue the calculations all
the way from the basic principles down to numbers that can be put on a graph and
compared with experiment, sometimes with the help of a simple computer program.
Students are invited to reproduce this journey by themselves, in order to turn the
abstract mathematical symbols into something easier to grasp.

The lecture notes are in principle self-contained and all technical developments are
presented explicitly. There are few exceptions, though, for instance theorems like
Wick’s theorem whose lengthy proof is not essential for the understanding of the
matter; in such cases, an appropriate reference is provided where the proof can be
found. Explicit developments could easily burden the main text: in these notes, the
purely mathematical evaluations which do not require physical input are therefore
moved out of the main text in so-called ‘DOC’ pages. The readers who don’t want to
look into the motor can easily stick to the main text and consider the DOCs as mere
mathematical black boxes. It is also possible to envision the DOCs as solved exercises.

I would like to thank all of the students who had enough bravery to follow the course
regularly, and especially those who tracked the mistakes in these notes. Teaching them
has been a real pleasure, which, I hope, was not entirely useless.

Geneva, September 22, 2011
CB
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Conventions and notations vii

Conventions and notations

Grand Hamiltonian Throughout these notes, we will consider many-particle systems
at finite temperature in the grand-canonical ensemble. The relevant operator in this
case is the grand Hamiltonian, denoted K and defined as

K =H—pN. )

H is the Hamiltonian, u the chemical potential, and N the particle-number operator.
The thermal average of operator A will be denoted (A) and is defined in Eq. (2.2).

Fourier transforms For the space-time Fourier transforms, we use the convention:

1 °° 4
fr=23 f ‘;—jjf(k, w)eikr=e0 (2a)
k —00
fk,w)= f dr J dt f(r, t)e ikr—e0), (2b)

The real space is continuous and confined to a normalization volume ¥. The notation
f dr represents integration over the volume ¥. The reciprocal space is discrete with k
points defined such that the plane waves satisfy periodic boundary conditions on the
volume ¥. This convention translates into the following closure relations:

. ’ 1 5 ’
J dr eik—K)T — VS 5 Zk:elk'(r—r )= 5(r —r1) (3a)
R P dw 0y
J dt e @@ = 215(w — w'), f z_w e =) = 5(¢t —t). (3b)
—0o e

In cases where the real space is discrete, such as lattice models, the space integration
f dr is replaced by >, with R, the lattice sites, and in reciprocal space ¥~' >}, is
replaced by 47! >}, with 4 the number of elementary cells. The unit-cell volume
Vv /A is denoted Vq.

Bosons and fermions Whenever possible, the formulas are written in a form valid for
bosons and fermions. We use the symbol 7 to distinguish the two cases: n = +1 for
bosons and 1) = —1 for fermions. For instance, the commutator and anti-commutator
are written at once as

[A,B]_, =AB—nBA @

(when we write [A, B], we mean [A, B]_) and the time-ordering operators are

T, {A(t)B(t")} = 6(t — t )A(t)B(t") + nO(t' — t)B(tA(t). (5)

A generic creation operator for a boson or a fermion in state a is denoted az;. When
we refer specifically to bosons, we use instead the notation b, and for fermions we use
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ca" Likewise, the Bose-Einstein and Fermi-Dirac distributions are generically written as

1
d_n(b‘) = m, (6)

while the notations b(¢) = d_;(¢) and f(¢) = d,(¢) are used when appropriate.

Scalars and operators Ideally, a notation should be light and exact, which are an-
tithetical requirements. In order to lighten the notation by avoiding redundancy, in
these notes we generally rely on function’s arguments to help identifying the function.
The example of the particle density is eloquent:

* n without argument is the average particle-number density, n = N /¥;
* n, is the occupation number for the one-particle state a;
* n(r) is the local particle number density;

* n(q) is the Fourier transform of n(r).

Furthermore, n, n,, n(r), and n(q) can be scalars or operators depending upon the
context. In this way, we avoid fat notations like {{n(q))) for the thermodynamic average
of the Fourier transform of the density operator.

Units We use international units and, errors excepted, write all ’s explicitly. This
is a little cumbersome in a few places but, on the other hand, a global and coherent
“h = 1” convention also has drawbacks.

For convenience, we use energy rather than frequency variables in the definition of
certain functions. In general, the Fourier transform of the time-dependent correlation
function C,z(t) is the frequency-dependent C,5(w). This convention is followed in
particular for the dielectric function €(q, w) and the conductivity tensor o ,,(q, w).
The quantities defined as functions of the energy ¢ = fiw include the single-particle
Green’s function G,g(¢), all susceptibilities y,5(€) and all spectral functions p,z(€), as
well as the Matsubara function 6,5(z) where z € C has the unit of energy.
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Useful mathematical formula

Mathematical identities

* Residue theorem

jgsz(z)=Z(2”i tim L e — 2)"F (). %
O

im
n—1)! sz dgn1
%o

2, are the poles of F(z) and n is the order of each pole. As such, the formula
applies only if the orientation of the closed contour is counter-clockwise. If the
contour is followed in the clockwise direction, a minus sign must be inserted
after the “=" sign.

e Fourier transform of the Heaviside function

dtel®to(xt) = il (8)
wEi0t’

For the proof, see doc—1.
* Cauchy principal value and Dirac delta function

1
x£i0t

:9’%¢in5(x). C))

The principal value #(1/x) is defined as 2 (1/x) = 1/x for x #0and 2 (1/x) =
0 for x = 0. Equation (9) is best visualized as the limit of the function 1/(x*ie) =
(x Fie)/(x>+€*)ase - 0",

A very useful variant

1
_Elm(x:tiOJf)_ié(x)' (10)

* Composition of the Dirac delta function

5 —
QRIS

f(x0) =0. 11)

The sum extends over all solutions x, of the equation f(x) =0.

* Laplacian and Dirac delta function in three dimensions

VZ% =—4n5(x). (12)

This relation is just the Poisson equation for a point-charge at the origin.
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Plane waves and Bessel functions

+00
eixcosﬁ — Z ian(X)eim?. (13)

n=—oo

x € R and J,(x) is the Bessel function of the first kind.

Fourier transform of the Yukawa potential in three dimensions

d3 eiq-r e*kor
d = 14)
(2m)3 g2 +k5  4nr
Fourier transform of the square of the Yukawa potential
dS iq-r —kor
q e e (15)

@r) (@+K22 87k,
For the proof, see doc—2.

Sums over Matsubara frequencies

1
E Z F(iv,) = sum of the residues of —nd_, (2)F(z) at the poles of F(z).
1,

n

(16)
This formula applies provided that F(z) is analytic and that the function d_, (2)F (z)
vanishes for |z] — co. The proof is presented in doc—3.

%Z e 10(0) + nd_y(e)]e . a7

iv,—¢

This is the analogous of Eq. (8) for imaginary time. It seems to contradict Eq. (16),
but does not. For the proof see doc—4.

Three usetul integrals (a € R)

" sin d{ 1+a
=1 itO(1— 18
fo a—cos?£i0* o 1—a Fin6(1=lal) (18)
1
f duuln|u+a|=a+%(1—a2)ln 1ta 19
0 u—a 1—a
a Y
limf dum}gﬂzln(zia)mnu.lsm) (20)
amoo | u m

y ~ 0.577 is the Euler constant.
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Quantum mechanics

e Closure relation

> la){al = 1. @1)

The set of states |a) must be complete, like for instance the set of the eigenstates
of some Hamiltonian.

e Pauli matrices

e IR (I N (R
Together with the identity, these three matrices form a “basis” on which any 2 x 2
complex matrix can be expanded.

* Traces of Pauli matrices and their products

Trttighzerhs = 2je

Trt# =0, TrthitHz =26 (23)

Uitz Uyophs

€., 18 the Levi-Civita symbol, which is (—1)7twzus) if uy # u, # us and 0
otherwise, oy, ,, ..} being the signature of the permutation.

* Other relations involving Pauli matrices

My — U2 = My Mo M3 — 61
E Thr 5u1uz =3x1, E thirhertse, u, = 6i x 1. 24)
Uy o g o 3

Here, 1 is the 2 x 2 identity matrix, sometimes denoted 7°.

Second quantization

» Commutators of creation and annihilation operators with the Hamiltonian

[Cla,K Zgaﬁa +Zvaﬁy5a/j 5 e (25)
Bré
[al,K]: K]' Zgaﬂ ap Z apyé Ya;aﬁ (26)
Bré
[aZaﬁ,K]:aa[a K]+[a K]a 27)

K is defined in Eq. (2.45). For the proof, see doc-5.
* Commutators of creation and annihilation operators with the number operator

[N: a;] = az;y [N: aa] =—a,. (28)

A variant:
ezNa _ arez(N+1) ezNaa — aaez(N—l)’ (29)

for any complex number z. For the proof, see doc->5.






1

Introduction

Why correlation functions?

The concept of correlation function is at the heart of the modern quantum theory
of matter. It is also central in our understanding of the techniques that we use to
scrutinize this matter. In most—if not all—instances, the measurements performed
in condensed-matter physics are more or less directly probing one of the system’s
correlation functions. Understanding this connection for each type of experiment is
an indispensable first step before we can start thinking about what the experimental
results actually tell us. This whole course is about correlation functions and how they
are revealed by various experiments. The focus is on spectroscopic techniques, which
either use particles to probe samples in a scattering geometry or fields for measuring
their response to a stimulation. This introductory chapter picks one example of each
kind, neutron scattering and linear-response, and briefly explains the key role played
by correlation functions in each case. The thermodynamic techniques are another
source of information that is not considered in these notes. The third section of this
introduction highlights a remarkable result—which, admittedly, has more academic
than practical interest—showing that the thermodynamic functions too are tightly
bound to correlation functions.

1.1 Nuclear scattering and density-density correlation func-
tion

Consider a neutron with momentum #k and energy E;, falling on a sample cut from an

elementary material (composed of identical atoms). Let’s ignore that the neutron owns

a magnetic moment and assume that it only “feels” the target when hitting a nucleus.
We can model this interaction with the contact potential

V(r) = Vo 8(r—r) =Vyn(r), (1.1)
J4

1



2 Introduction: why correlation functions?

where n(r) is the operator giving the density of nuclei in the target. The neutron is
scattered to a new state with momentum hk’ and energy E;.. Let’s call iq and i the
momentum and energy transferred from the neutron to the target:

q Ek_k/, h(z)EEk—Ek/. (1.2)

In the process, the target has evolved from an initial state |a) with energy E, to a
final state |b) with energy E,. We do not know the initial state of the target, but we
may describe it as a mixed thermal state characterized by the Boltzmann probability
distribution p, = e PFa/ (Za ePEa). For the neutron, the transition rate from the state
|k) to the state |k’) is therefore given at lowest order, according to the Fermi golden
rule, by

2 ,
l—‘lk)—>|k’) = ?ZpaHk’alvlk B b>|26(Ek +Ea _Ek’ _Eb)' (13)
ab

The a sum accounts for the thermodynamic average over the possible initial states of the
target, while the b sum, together with the delta function, selects all possible final states
of the target such that the energy gain E, — E, is equal to the energy ficwo = E; — Ej/
provided by the neutron. We may assume that the states |k, a) and |k’, b) are actually
product states |k)|a) and |k’)|b), since the probing particle and the target are well
separated before and after the scattering event. We can therefore rewrite the transition
rate as [see doc—6]:

vz [ .
Fk>~u«>=h—2f dte'“*(n(q, t)n(—q,0)). a4

—0Q

Hence the measured scattering cross section, which is proportional to the transition
rate, is just the time Fourier transform of the density-density correlation function
(n(q, t)n(—q,0)). This function involves two kinds of terms: the “diagonal” ones giving
the temporal correlations in the motion of a given atom, (e~'9r(O="(0))) "and the “off-
diagonal” ones representing the correlated motion of a pair of atoms, (e~ tre()=re(01),
If the atomic motion is periodic in time, as occurs when a phonon is excited, these
correlation functions are also periodic functions of time and their Fourier transform
has peaks at the corresponding frequencies. The neutron enters in resonance with
these oscillations and the scattering is strong. This is how nuclear neutron scattering
can measure the dispersion relation of phonons.

Of course, the simple result Eq. (1.4) echoes the simple form of the scattering potential
Eq. (1.1). We will see in the next section that this kind of correspondence is not limited
to nuclear scattering, but is the rule rather than the exception.

1.2 Linear response and retarded correlation functions

As a second example showing the importance of correlation functions, we consider the
linear response of a quantum system to an applied external field. Imagine that a space-
and time-dependent field F(r,t) is switched on at time t = 0. Most often, this field is
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coupled to some observable A(r) of the system through a term

V=JdrA(r)-F(r,t) (1.5)

in the Hamiltonian. As a result, the average value of the observable A will change at
times t > 0. This change can be expanded in powers of the applied field: the zeroth
order term is just (A(r, £))©, i.e., the value of the observable in the absence of external
field, and the first-order term can be written in the form

(A (r, )W = ZJ dr’f dt’ y,,(r, t; 0’ t)F,(r',t"). (1.6)

This is nothing but the most general linear relationship between the two vector fields
(A(r,t)) and F(r,t). The tensor field y is called a susceptibility—some authors call
it generalized susceptibility—since it tells how “susceptible” the observable A is to the
external field. The linear-response theory ought to derive an explicit expression for
the susceptibility. We shall give this derivation in Chapter 6 when we have all relevant
tools at hand, but for the time being we just quote the result:

KT, 1’ t) = —%G(t —t)([A,(r, 0),A,(r, t)]). .7

This is called the retarded correlation function of the operators A,,(r) and A,(r"), which
will be introduced in Chapter 3. Hence the linear response of a condensed-matter
system to external perturbations can be entirely described in terms of correlation
functions. The most important examples are the spin-spin correlation function—i.e.,
the magnetic susceptibility—which gives the linear response to an external magnetic
field and the density-density correlation function—or charge susceptibility—for the
linear response to an electric field.

1.3 Thermodynamic properties and Green’s function

A large body of experiments in condensed-matter physics address thermodynamic
quantities, such as entropy, specific heat, compressibility, magnetization, etc. We have
already seen how some of these quantities can be computed, to linear order, using
the theory of linear response. Here, we show how these quantities can in principle be
obtained exactly from a particular correlation function.

Since we will always be considering the grand-canonical ensemble at finite temperature
in these notes, the appropriate thermodynamic potential for us is the grand potential
Q. All thermodynamic quantities can be deduced from Q: entropy, pressure, specific
heat, compressibility, density, can all be obtained from particular derivatives of £, as
will be recalled in Sec. 2.1.2. Now, assume that the system’s Hamiltonian is

H=H,+AV, (1.8)

where H,, is something we can solve and V is some difficult two-body interaction.
In this case, as we will see in Sec. 5.2.2.2, the grand potential can be related to the
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correlation function of the creation and annihilation operators according to

1
Qzﬂo—gﬁ %Za:[;(—maﬁ—gaﬁ)%%az(r)—a(f)]ﬁo. (1.9)

Here ) is the grand potential for A = 0 and &, are matrix elements of Hy. The
meaning of this expression will become clear later, but the point here is that, if we know
the correlation function ‘6(’}[3&; (7)—which is in fact the imaginary-time one-particle
Green’s function—for all values of the coupling constant A, then we can in principle
deduce from it all thermodynamic properties.
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Elements of quantum mechanics

The theoretical tools pervading this whole course are the equilibrium time-dependent
correlation functions at finite temperature. The formalism describing these objects rests
on four pillars: quantum statistical mechanics, time-dependent quantum mechanics,
second quantization, and complex analysis. In this chapter, we give a brief overview
of the first three subjects. This is not meant to be comprehensive: we introduce all
the ingredients that are used later in the notes, but refrain from presenting elements
that are not. We first describe the thermodynamics of quantum systems and recall
the basic concepts and relations. We then discuss the question of time dependence,
especially the interaction picture and the time-dependent perturbation theory; as an
illustration we obtain the famous Fermi golden rule. Finally, we review the second
quantization formalism as well as the basic properties of independent electrons and
phonons, including the electron-phonon coupling. The fourth pillar, complex analysis,
is assumed known and will be copiously illustrated in the subsequent chapters.

2.1 Thermodynamics of quantum systems

2.1.1 Thermodynamic average

The fundamental postulate of quantum thermodynamics is that, for a quantum system
in equilibrium with a bath at a given temperature T, the average value (A) of a property
A is a weighted average of the expectation values {alAla) of this property in each of
the system’s eigenstates |a). The weight of each eigenstate in this average is given by
the Boltzmann factor

e P(Ea—Na)
Pa= S @D
with 3 = (kg T)~!. The average value of an observable is therefore defined as
(A) =" polalala) =Tr pA. (2.2)

7



8 Elements of quantum mechanics

We have introduced the so-called statistical density matrix
1 _
p=5¢7 = Za]palaﬂal, 2.3)

with K = H —uN, and the partition function
Z =Tre PK, (2.4

Eq. (2.2) shows that a quantum system is entirely characterized by its density matrix p:
knowing p, we can compute the expectation value of any observable. For a quantum
system in a pure state |¥)—any state in the Hilbert space, not necessarily an eigenstate
of H—the expectation value is (A) = (¥|A|¥) and the wave function contains all the
relevant information. In thermal equilibrium, however, the system is not in a pure
state but in a so-called mixed state specified by the density matrix p, which replaces the
wave function |¥). We also see in Eq. (2.2) that the end result for (A) is a trace. This is
very satisfactory because the trace of an operator does not depend upon the choice of
the basis. Therefore, although we have formulated the problem using the eigenstates
|a) of H as a basis, the result is nevertheless general. It is also seen that (A) naturally
reduces to the conventional ground-state average (¥,]A|¥,) at zero temperature, since
all weights e P(Fa=#Na) / 7 become negligible relative to the weight of the ground state
which approaches unity in the limit § — oo.

2.1.2 Grand potential and thermodynamic properties

The thermodynamic potential—the grand potential 2 in our case—can be deduced
from the partition function using

Q=—kgTInZ. (2.5)

Q is a natural function of the variables ¥, T, and u: dQ=—pd¥ —SdT —Ndu. We
use the symbol ¥ for the volume in order to avoid confusion with the interaction or
perturbation V. Q moreover is, in the thermodynamic limit, an extensive homogeneous
function which can be written as

QV,T,u) =V (T,u). (2.6)

For future reference, we provide here the expression of the main thermodynamic
quantities in terms of Q or @. The entropy is given by

dQ ow
S=—— =—y— 2.7
dT)«,/ " aT @7
while the pressure is just
__ d_ﬂ) S 2.8)
P="av )~ ™ :

Note that Eqs (2.8) and (2.5) lead to the equation of state: p/(kgT) = % InZ. From
the entropy, we deduce the specific heat

ds ’w  *w du
Cy=T —| =—¥T + — 2.
v dT)«,/ (8T2 aTaudT) (2.9)
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and, with the particle number density
1 dQ ow
n=——r—| =-22, (2.10)
Vodulyr ou

we also obtain the isothermal compressibility [ see doc—7]:

1 d“V) 1 dn) _10*w
T T

=T T

_Ea

(2.11)

An illustration of these various relations is provided in doc—61, where the cases of free
fermions and free bosons in dimensions d = 1, 2, and 3 are treated.

2.1.3 Independent particles

For independent particles (bosons or fermions), the partition function takes the form
Z =[], 24 where the index a numbers the excitation energies &, = &, — u of the
system and [see doc—8]

B 1_9{% Bosons
2, = (1 _ ne*ﬁEa) m_ (2.12)
1+ e P8  Fermions.

Inserting Eq. (2.12) into Eq. (2.5) and performing the derivatives in Eq. (2.9), we
obtain the specific heat

ko (BED —BELE T
"”‘EZ cosh(BE,)—n

This expression assumes that the energies ¢, are independent of T; the term involving
d&,/dT accounts for the temperature dependence of the chemical potential. Using
Eq. (2.10), we also easily recover the well-known expression of the density in terms of
the Bose-Einstein and Fermi-Dirac distribution functions:

1 1 1
n= 72 P ?za:d,n(sa). (2.14)

We will use these expressions later, when reviewing the properties of independent
electrons and phonons. In practical calculations, the variable n is often used instead of
w: Eq. (2.14) must then be inverted to yield u as a function of n. The thermodynamic
properties of free fermions and bosons are discussed in doc—61.

(2.13)

2.2 Time dependence

2.2.1 Schrédinger, Heisenberg, and interaction pictures

In the Schriodinger picture, the time dependence in a quantum system is carried by
the wave function according to ihd,¥(t) = KW¥(t). It is customary to introduce the



10 Elements of quantum mechanics

evolution operator U(t) defined in such a way that ¥(t) = U(t)¥(0). Substituting in
the Schrodinger equation, we see that the evolution operator satisfies the equation of
motion ihd,U(t) = KU(t). If the Hamiltonian is time-independent, the solution with
initial value U(0) = 1 is obvious: U(t) = e X/", In the Heisenberg picture, on the
contrary, the wave function is time-independent and the time dependence is carried by
the observables according to

A(t) — U"\(t)AU(t) — eiKt/hAe—iKt/h’ (2.15)

with the last equality holding only for a time-independent K. The equivalence of both
pictures is apparent if one considers the average values of observables: (¥(t)|A|¥(t)) =
(T(O)UT()|AIU()¥(0)) = (¥(0)|A(t)|¥(0)). These descriptions are convenient when
the Hamiltonian is time-independent, but are advantageously replaced by the interaction
picture in the opposite case, where the evolution operator cannot be solved as e K¢/,
In the interaction picture, we write K = K, + V, where V, is some time-dependent
contribution,’ and we define U = U,U where, by assumption, if1d,Uy(t) = K,U,(t)
with the solution U,(t) = e~ot/M Then, the equation of motion of the evolution
operator gives

KU(t) = ihd,Uy(t)U(t) = K U(t) + Uy(t)ihd, U(t) (2.16)
which implies that
Uy (t)ilid,U(t) = (K —Ko)U(t) = V,U(t). (2.17)
Multiplying on the left by U;™(t), we find
ihd,U(t) = Uy (O)V,Up()U(t) = V()T (¢). (2.18)

We will use the notation A(t) to denote the time evolution of A in the interaction picture,
while A(t) means the Heisenberg picture. The main relations are collected below:

A(t) = eot/Mpeiot/M - K = Hy —uN (2.192)
U(t) = e Kot/I{(¢1) (2.19b)
ind, U(t) = V(t)U(t). (2.19¢)

In summary, in the interaction picture the time evolution of the operators is governed
by Ky, Eq. (2.19a), while the equation of motion of the evolution operator only depends
on the interaction V, Eq. (2.19¢). One additional useful equation is the one relating
the operators in the Heisenberg and interaction pictures:

A() =UT(D)AU(t) = UT(£)eot/Mae~ ot /M1 (1) = UT (DA U(0). (2.20)

! It is necessary to distinguish the “external” time dependence—due, e.g., to the fantasy of the experimenter—
from the “internal” time dependence governed by the quantum dynamics of the system. In these notes, the
external time dependence is denoted by the index t (often omitted) while the internal time dependence is
indicated in parentheses. Most textbooks refer to “explicit” and “implicit” time dependencies, but we find
this terminology confusing.
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2.2.2 Feynman-Dyson expansion of the evolution operator

Let us assume that the time-dependent term V, is switched on adiabatically starting
from t = —00, i.e., V_, = 0. In the interaction picture, the evolution operator obeys
the equation of motion Eq. (2.19¢) with the boundary condition U(—o0) = 1. This
differential equation can be solved formally by writing

U(t)zﬂ—%f dt, V(t)U0(t). (2.21)

—0Q

The same expression can then be used to substitute U(t,) and the process iterated in
order to generate an infinite series of terms with increasing powers of V. This is the
Feynman-Dyson expansion. The series reads

Ut)=1 +Z(—%) J dt, f . dt, V(t))---V(t,). (2.22)
n=1 —00 —0o0

Each term in the series can be rewritten in a more symmetric and convenient way by
means of the time-ordering operator T, [see doc—9]:

—00

U(t)= Z (_in/.h)n f dty---dt, TAV(ty) -~ V(t,)} (2.23)
n=0 '

This is one of the most beautiful formula in the quantum theory of many-particle
systems. It can be expressed symbolically by the elegant and suggestive notation

. t
O(t) =T, exp{—if dt’V(t’)} . (2.24)
h —00
The Feynman-Dyson expansion lays the foundations of time-dependent perturbation
theory, including the Fermi golden rule, all diagrammatic techniques as well as the
theory of the response. We will therefore heavily rely on Eq. (2.23).

2.2.3 Generalized Fermi golden rule

As an illustration of how to use Eq. (2.22), we calculate the rate of transition between
an initial state and a final state induced by a perturbation V at all orders in V. The
first-order result is the well-known Fermi golden rule.

Consider a system characterized by the Hamiltonian K. This can be a fully interacting
many-particle system just as well as a single particle. The system is initially in the
stationary state |a), an eigenstate of K with energy K, = E, — uN,. A perturbation V is
adiabatically switched on at time t = —o© and the state of the system starts to evolve
in time according to |¥(t)) = U(t)|a). The probability that the system is found in
another eigenstate |b) of K after some time t is P,_,,(t) = |(b|¥(t))|?. Therefore, the
rate of transition from state |a) to state |b) is T,,_,,(t) = dP,_,,(t)/dt. Using Eqs (2.22)
and (2.19) and performing all time integrations, we find [see doc—10]

e*i(Ka+i0+)t/ﬁ

(b|w(t)) = (b|T(K,)la) K —K, 110"

(2.25)
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where the matrix T is the so-called t-matrix:
T(e)=V +V(e+i0"—K)1T(¢e)
=[vi—(e+i0*—K)] . (2.26)

The infinitesimal shift i0" reflects the adiabatic switching of the interaction. Finally,
taking the time derivative we find [see doc—10]

2
Loy = S BITWIPE(K, ~ Ky). 2.27)

At lowest order in V, we have T(¢) =V and the Fermi golden rule is recovered. We
have considered a perturbation V that, apart from the adiabatic switching, does not
depend on time. Another important case is when the perturbation oscillates in time
like 2 cos(wt). One can perform the calculation of doc—10 in that case as well but it is
significantly more complicated because we have two terms e!“t + e~'*% associated
with each intermediate time t,. Instead of just one term at each order, there are now
2™ terms that correspond physically to the absorption or emission of one or several
quanta of energy ficw. The calculation is simple at first order, where instead of a single
delta function like in Eq. (2.27) we get the sum 6(K, —K, —Aw) + 6(K, —K, + Aiw) as
well as time-dependent terms that oscillate with the frequency 2w and vanish upon
averaging over a period.

2.3 Second quantization

2.3.1 Occupation-number representation

The second quantization is a convenient way of dealing with quantum systems contain-
ing many particles. An N-particle wave function in the real-space representation is a
complex function of the N coordinates of the particles:

Y(ryoq,...,ryON) =¥(1,...,N) (2.28)

where “1” is a short-hand notation for “(r;0,)”. More generally, if the number of
particles is not fixed (like, for example, in a metal connected to electrical contacts),
the state of the system is a linear superposition of many-particle states with different
numbers of particles.

In order to construct a basis on which we can expand such a many-particle state, we
start by choosing a complete basis for the one-particle problem: ¢,(1). The greek
indices can represent any relevant quantum number(s), such as momentum, spin,
position in real space, etc. In a solid, for instance, a convenient basis is formed by the
plane waves
o ,

00, elk-rl’ (2.29)
vV
which satisfy the relations (ko'|k’0’) = 8 ;4631 and D, ko) (ko| =1 as required
for a complete basis [see doc—11]. Dual to this momentum-space basis, there is the

ona(l) =
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real-space basis
$rg(1) = 040, 6(r —11). (2.30)

Other basis sets are of course also possible: the general second-quantization formalism
does not depend upon this arbitrary choice.

The second step is to construct basis functions for systems with N particles. These
are the so-called Slater determinants for fermions and sign-less determinants (or
“permanents”) for bosons. For two particles they read

6up(1,2) = (1,2]a, B) = % [0a(D0p(2) + n9a(2)0p(1)]. 2.31)

Throughout these notes, we shall use 7 to distinguish bosons (n = +1) from fermions
(n =—1). The two-particle wave function in Eq. (2.31) is either invariant (if n = +1),
or changes sign (if 7 = —1) under the exchange of the coordinates 1 and 2, as required
for indistinguishable bosons and fermions, respectively. In particular, it is immediately
seen that ¢, , = 0 for fermions, which encodes the Pauli exclusion principle. The
ensemble of wave functions obtained by taking all possible pairs (a, ) of one-particle
states in Eq. (2.31) constitutes a complete orthonormal basis for the two-particle
problem.! The procedure is readily generalized to N particles:

1
iy (Lo, N)=—=> 7P, (D)@, (Py). (2.32)
v ) m;n ©a,(P1) 0o, (Py

Here @ represents a permutation of the set {1,...,N}, 2, is the i" element of that
permutation, and o(#?) is the number of transpositions in . Fortunately, it is the first
and last time that we write a wave function in this form! One can indeed formulate
the many-body problem in this “conventional” representation, but the cost is a deluge
of indices and tricky combinatorics.

The solution is to adopt a more compact (and abstract) representation called the
occupation-number representation. In order to specify a Slater determinant (or a per-
manent), rather than giving the list of one-particle wave functions ¢, from which it
is constructed, one tells how many times each of the ¢,’s is used, by means of the
following notation:

[Ny, N, .ee sy, .. .). (2.33)

For example, the one-particle state |a) is denoted |0,...,0,n, =1,0,...). Figure 2.1
illustrates the procedure with more examples. Obviously, for fermions the occupation
numbers n,, are either O or 1, while for bosons they can be any non-negative integer.
In this collection of states, we find one that is of particular importance, namely the
vacuum state for which all occupation numbers are zero:

0,0,...) = |@). (2.34)

Let’s define a creation operator a:; for the state |a), in such a way that

! The indices a, 8 in the pair (@, ) must be ordered in some way such that only one of the pairs (a, 8) and
(B, a), which represent the same two-particle state, appears in the basis.
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Slater determinants
Usual representation Occupation-number representation
1-particle (1), |2), |3), ... «~— 11,0,0,0,---),10,1,0,0,---),0,0,1,0,---), ...
2-particles | [1,2),1,3), 2,3), ... «— |[1,1,0,0,---),]1,0,1,0,---),10,1,1,0,---), ...
3-particles | [1,2,3), [1,2,4),12,3,4),... «— [1,1,1,0,---),]1,1,0,1,---),10,1,1,1,---), ...
N-particles | |a,--,ay) — g ng, ng,),  DeNg =N

Figure 2.1: Correspondence between Slater determinants in the usual and occupation-number
representations for fermions. The one-particle basis states ¢, are denoted here with bold
letters which can take the values a € {1,2,3,--- }. For bosons we would have additional states,
like for example |1, 1,3), which would be denoted |2,0,1,0,---) in the occupation-number
representation.

(1lafl?) = ¢q(1). (2.35)
This is not enough to completely specify az. For this, we must indicate how a:; acts on
an arbitrary state |ny,n,,...,n,,...). We therefore move one step forward and require
that '
<192|a;5a;|®> = (Pa,ﬁ(ljz)' (236)
Exchanging a and f3 we obtain, using Eq. (2.31),
(1,2lafay|?) = ¢p.a(1,2) = 9q p(2, 1). (2.37)

In order to fullfil the requirement that ¢, 45(2,1) = Ny, (1,2), we must require that
ala}; = na}; al, in other words that [a], a};]_,7 = 0. Therefore the creation operators
must commute for bosons and anti-commute for fermions. Likewise, the hermitian
conjugated operators a, = (al )" (anti-)commute. From the 'deﬁnition, it is clear that
the only nonzero matrix elements of the creation operator a/ are between states with
all occupation numbers identical except for the one-particle state a, for which the
occupation numbers must differ by one:

(...,ng+1,...]a’|...,n,,...) #0. (2.38)

a

Taking the complex conjugate, we see that the nonzero matrix elements of a, are of
the form
(....,ng—1,...]ag]...,ng,...) #O0. (2.39)

This shows that a, removes a particle in state a, and is therefore called a annihi-
lation operator. If a # f3, the creation and annihilation operators a, and a}; also
(anti-)commute, reflecting the (anti-)symmetry of the wave functions. However, for
a = 3 we must verify the two properties

Tl T _
a,a)|@) =) and ala,|@)=0. (2.40)

The first has an obvious meaning while the second holds because it is not possible to
remove a particle from the vacuum. These relations imply that the creation and annihi-
lation operators for the same state do not (anti)-commute but satisfy the commutation
rules [a,,al]_, =1.
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In summary, if the creation and annihilation operators are to be consistent with the
symmetry properties of the bosonic and fermionic wave functions, they must obey the
following commutation rules:

[aa,ag]_n = Oup> [az,ag 1o, = [aa,aﬁ l-, =0. (2.41)

These relations are central and must be remembered: they fully take care of the problem
of symmetrizing or anti-symmetrizing the wave functions of bosons and fermions. We
are now in the position to specify the action of a, and afx on an arbitrary state in the
occupation-number representation:

all...,na,..,) =7)(Z"<‘1"")1/1+77na [..,ng+1,...) (2.42a)
agl. oy ng, ..y =n&i<a™ | n,—1,...). (2.42b)

These definitions fulfill the required commutation rules, as well as all needed properties
[see doc—12]. Note that the states Eq. (2.33) are eigenstates of the operator n, = ala,
and that the corresponding eigenvalue is the number n,. Therefore, a)a, is the operator
measuring the occupation number for the one-particle state ¢,,.

2.3.2 Operators in second-quantized form

At this point, the benefit of introducing creation and annihilation operators does not
appear clearly. But the benefit becomes obvious when we realize that all other operators
can be expressed in terms of a, and a:; through simple and intuitive formulas. For any
one-body operator T, like for instance the kinetic energy, this formula is

T = Zﬁ: Top a;aﬁ, Top = f d1e;(MT(D¢,(1). (2.43)

The proof is given in many textbooks and will not be reproduced here; see for example
Bruus & Flensberg (2004, p. 14). Hence, the operator is represented by a matrix
whose matrix elements T,z are the conventional matrix elements evaluated in the
one-particle basis ¢,. If the basis ¢, diagonalizes the operator T, like the plane waves
Eq. (2.29) do for the kinetic energy, then the matrix representing T is also diagonal
and the expression of the operator simplifies accordingly to T = Y. T,n,. For any
two-body operator V, like the Coulomb interaction, we have

V=2 D Vaprsalayasa, Vg = f d1d2 012V (1,2)¢, (p;(2).
afyd
(2.44)

Note the interchange in the order of indices for the two annihilation operators. This
time, the operator V is represented by a rank-4 tensor, whose matrix elements are
again standard matrix elements in the basis ¢,,.

One sees at this stage that a considerable simplification has been achieved. Not only
do we have a compact formalism to treat quantum systems with an arbitrary number
of particles—the symmetry properties related to the particle statistics being encoded in
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the commutation rules of the creation and annihilation operators—but, in addition,
this whole formalism rests on one single set of operators, a,. It must be kept in mind
that these operators are not defined once and for all, but relative to a choice of the
one-particle basis. We shall assume that the index is sufficient in order to identify
the basis to which the operators refer: for instance a;,, refers to the plane-wave basis
Eq. (2.29) while a,., refers to the real-space basis Eq. (2.30).! For future reference,
we reproduce here the expression of some frequently used operators.

Hamiltonian In these notes, we will be interested in interacting many-particle systems.
The generic Hamiltonian for such systems involves one-body terms (like the kinetic
energy and the Hartree and exchange potentials) as well as two-body terms (like the
part of the Coulomb interaction that is not contained in the Hartree and exchange
potentials). Hence the generic (grand-)Hamiltonian K contains a one-body part, which
we denote K, and a two-body part, which we denote V:

: 1 .
K= ) &upala,+= > Vypsalazasa =K, +V. (2.45)
L) B8

aff apys

We have chosen to write £, rather than [K; ], for the matrix elements of K, because
it is customary to denote as &, = ¢, — u the excitation energies, i.e., the one-particle
energies measured relative to the chemical potential. In the basis where K, is diagonal,
we recover the usual form K, =Y., §aa:§aa.

Particle density The particle-number operator n, = alaa allows one to define the
particle density operator in real space, n(r) =Y. _ aiaaw. Here o is most often meant
as a spin, but more generally it could be any quantum number needed in order to
specify the state of the particle, in addition to its position. It is seen that the operator
n(r) is diagonal in the real-space representation. In order to perform the Fourier
transform and obtain n(q) in terms of the plane-wave operators ay,, we need the
relation between a,., and a. This relation is not what one would guess by looking at
our convention for the Fourier transforms, Eq. (2). The correct relation is derived in
doc—13. We then obtain in the plane-wave basis

n(q) = Z aloa“qo. (2.46)
ko

This is the Fourier transform of the density—which, in a translation-invariant system,
is proportional to 6, ;—and should not be confused with the occupation number of

! The creation operator in the real-space representation is sometimes denoted v '(r) in the literature. In
terms of the operators ' (r) and 1 (r), the kinetic energy operator has the form

A2
T=——— J dr T (r)V2p(r),
2m

as can be shown from Eq. (2.43). This expression looks like the average value of the one-particle kinetic
energy —12/(2m)V? for the one-particle wave function 1 (r). The terminology of “second quantization”
finds an illustration here: it seems that we obtain the second-quantized formulas by replacing the wave
functions by operators, like in the “first quantization” we replace the dynamical variables by operators.
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the state |ko), ng, = (a;oakg), also known as the momentum distribution function.
Equation (2.46) has this very simple form because the Fourier transform is defined
over plane waves. In a generic basis, n(q) depends on the functions ¢,,.

Spin density A spin 1/2 is represented by the three operators S* = (h/2)t", where
T are the Pauli matrices given in Eq. (22). This is consistent with Eq. (2.43) if we
define creation operators that act only in the 2 x 2 spin space and if the matrix elements
are (o|S*|o’) = (k/2)t!, ,. For a distribution of spins-1/2 electrons, we must consider
the operators c,, and we can define the local spin density and its Fourier transform as

i} il .
_ i _ r
S(r)= > 020/ To0/CroCror S(q) = > k;a/ T o0/ Chko Chrgqor- (2.47)

This gives for S* and S* = S* +iS”:

: R t + i - i
S*(r)= 3 (chch —crlcrl), ST(r)= hchcrl, S7(r)= hcrlch. (2.48)
S* and S~ are called spin raising and spin lowering operators, respectively, since they
increase and decrease the value of the spin at point r by one unit of A.

Current density The expression of the current operator for particles of charge e and
mass m is derived in doc—14. The current has two components, called the paramagnetic
current jP and the diamagnetic current j<:

j(r)=jr(r)+ji'(r) (2.49a)
. in . .
Jp(r) = ﬁ;[(vraro)aro_aro (V"ara)] (249b)
idpy=—2% T
jiry=—— ;A(r)awam. (2.490)

This is a particle current, not an electric current. More precisely, it is a particle-current
density which has the units of velocity per volume. The paramagnetic current assumes
a simpler form in the plane-wave basis because the gradients of the field operators can
be evaluated explicitly [see doc—14]:

, h
@)= —> (k+ %) a,a,. (2.50)
ko

For g = 0, we recover that the total current is proportional to the total momentum,
J = (/m) Y, kngg.

It is important to realize that, although Eqs (2.46) and (2.50) express the density and
the current in the plane-wave basis, they do not assume translation invariance of the
physical system under study: these definitions are completely general and apply to
gases, liquids, and solids, as long as their one-particle wave functions can be normalized
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in the volume ¥ and therefore represented in the plane-wave basis. When the plane
waves are not the best choice, a change of basis like in doc—13 allows one to obtain
the most appropriate representation of the operators. This representation depends on
the wave functions ¢, leading to expressions more complicated than Eqs (2.46) and
(2.50). We will stick to the plane waves for the general considerations and move to
other basis sets when appropriate, like for instance in doc—22 for the density operator
and in doc—76 for the current operator.

2.4 Independent electrons

2.4.1 Electrons in a periodic potential

A seminal problem in condensed-matter physics is that of independent electrons living
in a periodic atomic lattice. The lattice acts on the electrons via a periodic potential

V(r)=V(r+R) =Y V(G)e°", (2.51)
G

where R,, are the lattice sites and G are the vectors of the reciprocal lattice defined
by the condition e!®®» = 1. The electrons are not independent in Nature, because
the Coulomb interaction is not a small interaction compared with typical electron
energies. Nevertheless, in many circumstances, it turns out that replacing the Coulomb
interaction by an effective one-body potential is not a bad approximation. Depending
upon the level of sophistication, this one-body potential can take into account only the
classical part of the Coulomb interaction (Hartree approximation), add to this the effect
of the exchange interaction (Hartree-Fock approximation), or build in approximate
correlation effects (density-functional theory and Kohn-Sham approximation). But, in
the end, the structure of the problem remains that of independent electrons moving in
a periodic potential like the one in Eq. (2.51).

In this problem, it is a good idea to use the plane-wave basis set Eq. (2.29) and
decompose the wave vector k as k + G, where in the latter expression k lies in the first
Brillouin zone. This decomposition is unique such that, if k + G =k’ + G’, then k = k’
and G = G’. Using this property, we can write the Hamiltonian of the system as [ see
doc-15]

2
H, ZZZB—m(k +G)25 40 +V(G—G’)}c;’;+Gck+G,. (2.52)
k GG’

We have omitted the spin indices for simplicity. This is just another way of stating the
Bloch theorem: in the plane-wave representation, the Hamiltonian of electrons in a
periodic potential is diagonal in the index k. Therefore, solving the problem reduces
to diagonalizing the matrix hgg (k) = %(k +G)?546 + V(G —G’) independently for
each k in the first Brillouin zone. One thus obtains series of energy levels &, known
as electron bands. Working in the basis which makes the matrix hgq (k) diagonal, we
can express the grand-Hamiltonian in the simple form

Ko= D > EnlhiCen (2.53)

kel*BZ n
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with the excitation energies &, = &, — u. Note that c;:n in this expression is the
operator creating an electron in the Bloch state with quantum numbers (k,n) and
energy €i,, not to be confused with c;i in Eq. (2.52), which creates an electron in a
plane-wave state.

The document doc—62 provides a nice practical implementation of Eq. (2.52) for
calculating the band structure of fourteen semiconductors with just a few lines of
code. To calculate energy bands in solids is a discipline per se and a great deal of
ingeniousness has been put into finding efficient and accurate methods for this task.
We will not touch this vast subject, which has gained a new impetus recently with
the burgeoning research on topological materials;’ however, we shall often refer to
one-particle excitation energies &, as we did already in Sec. 2.1.3. In doing so, we
generally have in mind the energy levels which would result from some independent-
electron treatment of the problem at hand. This serves as a basis for including the
effect of additional interactions not taken into account in the independent-electron
approximation.

2.4.2 Specific heat of independent electrons

We close this section by a problem of great historical importance, namely calculating
the temperature dependence of the electronic specific heat in a system of independent
electrons. In general, one has to inject the one-electron excitation energies &, into
Eq. (2.13) and perform the summation numerically. An approximate analytical result
is obtained by recognizing that the temperature dependence stems mostly from the
occupation numbers while contributions due to the energy dependence of the spec-
trum and temperature dependence of the chemical potential are comparatively much
smaller.? Neglecting the latter, we write

o _ ks (BEL)* 2Nel(X/ﬂ)
Cy = 2 Z cosh(BE,) +1 Zﬂ f X coshx+1 (2.54)

We have introduced the density of states,

Nl(e) = 6(e —&,), (2.55)

and changed the integration variable from ¢ to x = &. The function x2/(coshx + 1)
is of order one near |x| = 2 and becomes negligible for |x| 2 10, in other words

I See, e.g., A. Bansil, H. Lin, and T. Das, Rev. Mod. Phys. 88, 021004 (2016).

2 The chemical potential generally depends on temperature such as to keep the density fixed as the tem-
perature changes. From the condition dn/dT = 0 and the expression Eq. (2.14) giving the density of
independent fermions, we find

du _ 1 248af(a)f(=E )

dT — T %, fE)f(Ea)
The product f(&,)f (—&,) is sensibly different from zero in an energy range of the order £10ky T around
the Fermi energy. The DOS can often be considered constant in this energy range, such that the numerator
vanishes because the integrand is odd. This explains why the temperature variation of the chemical
potential can often be neglected at low temperature. For a particle-hole symmetric system, the chemical
potential is exactly temperature independent.
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|E| 2 10kgT. Therefore, if the density of states can be considered constant in the
interval —10kzT < & < 10kzT we can take it out of the integral and arrive at the
well-known result

2
cel = %ngel(O)T. (2.56)

This formula provides a route to the experimental determination of the Fermi-level
density of states—a quantity of primary importance for solids—by measuring the slope
of the linear term in the specific heat at very low temperatures. An exact calculation
of the specific heat for free electrons, including the temperature dependence of the
chemical potential, is presented in doc—61.

2.5 Phonons

Phonons are the quanta of lattice vibrations in solids. In order to obtain a quantum
description of the phonons, one first writes the Hamiltonian of classical lattice vibrations.
At second order in the atomic displacements, this Hamiltonian describes a superposition
of independent harmonic oscillators. The classical oscillators are then quantized in the
usual way and their quanta are the phonons.

2.5.1 Classical lattice vibrations

Let’s consider a lattice with unit cells at positions R,, and let’s denote by u,;(R,,) the
displacement in the cartesian direction i of the atom v in the cell located at R,,. If these
displacements are measured relative to the equilibrium positions, the whole lattice is
stationary with respect to these displacements, which means that dU/du,,;(R,) =0,
where U is the elastic energy. Hence the expansion of U starts at second order in the
displacements:

wyi (R)uy(Ry) + ... (2.57)

1 92
U=Uy+=
° 2 Z auvi(Rn)auuj(Rm) 0

nm yiuj

In the harmonic approximation, one neglects higher-order terms (anharmonic terms)
and one searches the eigenmodes of the harmonic Hamiltonian. In a perfect crystal,
the matrix of force constants

1 o*U
VMM, Ju,(R,)0uy;(Ry,)

where M, is the mass of atom v, is invariant upon translation by a lattice vector, i.e.,
W,ini(Rys Ry) = W,y i(R, — Ry,). Its Fourier transform is called the dynamical matrix:

W,ij(Rp,Ryy) = (2.58)

>
0

D(k) = > W(R,)e *Fn, (2.59)

Diagonalizing this matrix (which has dimension s~2), we obtain a set of eigenvalues
and eigenvectors:
D(k)ek)L = O)i)tek)t. (260)
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As the matrix W is real and positive-definite, the eigenvalues of D are real and positive
such that we could write them as wi , without loss of generality. The size of the
dynamical matrix is N,d x N,d, where N, is the number of atoms per cell and d is the
spatial dimension. Hence there are N,d eigenvalues for each wave vector k. d of those
are acoustic modes such that w;; o< k as k — 0. The others are optical modes with a
finite frequency at k = 0. We introduce the normal coordinates gy, which represent
the displacements u,;(R,) in the basis formed by the eigenvectors €;., of the dynamical
matrix:

1 1 .
u,(R) = ——= [€rs ]y e* R, (2.61)
mm;%x kA

A is the number of elementary cells in the system. In terms of these new variables,
the harmonic potential becomes simply [see doc—16]

1
U=Us+3 > lawa P, (2.62)
kA
Adding to this harmonic potential the kinetic energy [see doc—16]
1 1 1
= M2 (R) == Teal> == 2 2.63
3 2MAERD =3 ) il = 5 3 bl (263)

we obtain the Hamiltonian describing classical lattice vibrations:

1
Hjattice = Z > (Ipkal®+ wiﬂ%ﬂz)- (2.64)
kA

This is a collection of independent classical harmonic oscillators.! Like for the one-
electron bands ¢y, to calculate the phonon frequencies w,, is a whole field of research
that we will not touch here. For a qualitative understanding of the various vibrational
modes, one can use spring models as described in doc—63.

2.5.2 Hamiltonian of the phonons

The classical oscillators of Eq. (2.64) are quantized in the usual way by introducing

the boson creation and annihilation operators b,'c , and b, , for the oscillator’s quanta.

The quantized Hamiltonian takes the well-known form
1
Hyp, :Zhwm(b,'dbkk+ 5), (2.65)
kA
and the displacement operators in real space read

Uy (Rn) = \/LW Z[ukl]vi eik.Rn (2663)
kA

1 Quick reminder: a classical body of mass M in a harmonic potential centered at x = 0 has an energy
H= %M X2+ %sz. It oscillates with a frequency w = 4/K/M. In terms of the conjugated variables
q = vMx and p = VMx, the Hamiltonian is H = %(p2 + w?q?). The canonical equations of motion are
q=0H/dp=p,and p=—3H/3q =—w?q.
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with
h

[uk?t]vi = m [ekl]vi (bkl + blkl) . (266b)

Note that the k sums in Egs (2.61)-(2.66) span the first Brillouin zone.

2.5.3 Einstein and Debye models for the phonon specific heat

The phonons provide a large contribution to the specific heat of solids, even the
dominant contribution at ambient temperature. In order to estimate this contribution,
we again use the general expression, Eq. (2.13), specialized to the case of bosons with
temperature-independent frequencies wy:

k 2 e 2a7ph
kg (Bhewyz) _ ks iy XN (X/ﬁ). (2.67)
2 4~ cosh(fhwiy)—1 2B J_ coshx —1

ch =
NPP(g) = ks 6(e —hwy,) is the phonon density of states. The Einstein and Debye
models for the phonon specific heat result from two different crude models for the
phonon density of states. Einstein’s model simply assumes that all phonons have the
same frequency wg. This frequency plays the role of an average phonon frequency,
related to a characteristic temperature kg Ty = fiwg. The resulting phonon DOS is
Né’h(e) = Npodes (€ —Hwg). In the Debye model, it is assumed that the dispersion
relation of the phonons is exactly linear and cut at some frequency wp,, which therefore
plays the role of the largest phonon frequency in the system. The resulting phonon
DOS is quadratic up to wp and reads [see doc—17]

82

NP (e) = 31\rmodesm9(mD —e). (2.68)
D

Both models satisfy the sum rule fooo de NPP(g) = N,oges, Where Ny 4es is the total
number of phonon modes in the system. We obtain

1 (Tg/T)?
CP = kN gL 2.6
VBT TBTmedes 5 osh(Tg/T) — 1 (2.69)
3TN (™7 xtdx
CP = k,N —(—) - 2.70
7.0 = "B modes o | ' 0 coshx —1 (2.70)

Both models agree on giving C‘};h = kgNpodes at high temperature, which is the law
of Dulong and Petit. To see this in the Debye model, replace the integrand by its
expansion near x = 0, namely 2x?, as is justified if T > Tp. At low temperature,
Cf;,h increases exponentially in the Einstein model as (Tz/T)%e"#/T. In the Debye
model, we may extend the upper bound of the integral to +00, and get a T> behavior:
CE,ITD(T < Tp) = kgNyodes(47*/5)(T / Tp)?. The two models are compared in Fig. 2.2.



Phonons 23

1 i T ' I : Figure 2.2: Temperature depen-
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2.5.4 Electron-phonon coupling

The electrons interact with the ionic lattice through the one-body Hamiltonian
Hel-ion = f dr(_e)n(r)z Vv(r _Rn - Tv): 2.71)
nvy

where n(r) is the electron density, V,(r) is the potential of atom v and R, + 7, is
the position of the atom v in the cell located at R,,. The vector 7, is decomposed as
T, =1+ u,(R,) with u,(R,) the displacement from the equilibrium position. For
small displacements, the potential can be expanded:

V,(r—R,—7,)=V,(r —R,— 1) —VV,(r =R, —7°%) - u,(R,) +... (2.72)

The first term gives the interaction of the electrons with the static undeformed lattice
in the absence of phonons, while the second terms gives the electron-phonon coupling
in the harmonic approximation. Using the known expressions for the phonons, this
term can be rewritten as [ see doc—18]:

Heppn = ZZ quchaCko (qu + biql) R (2.73)
ko qA

with the electron-phonon coupling vertex given by

ie h P
= — S EE—— . V _lq‘r". 2.74
gql "Vcell Z ZM,,O.)qAJV ([eql]v q) v(q)e ( )

In an isotropic system, the polarization vectors are either parallel or perpendicular
to the phonon propagation vector q. Only the longitudinal phonons couple to the
electrons in this case. Note that the electron-phonon coupling has the dimension of
energy but contains a factor 1/+/.#. This is consistent with the requirement that the
Hamiltonian Eq. (2.73) be extensive, i.e., o< A: the k sum scales like a density n(q)
[see Eq. (2.46)] which goes like .4, while Eq. (2.66) shows that, without g,, the
q sum scales like v/ /. Note also that the coupling vertex gqx does not depend on
the electron wave vector k because Eq. (2.73) is expressed in the plane-wave basis
using Eq. (2.46); in a different basis, for instance for Bloch states, the coupling vertex
depends on the electronic quantum numbers.
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Correlation functions: definitions and properties

The correlation functions encode the relationship between two observables at different
times. This type of object is typically of the form (A(t)B(t")), where A and B are
two operators and, for a system in thermal equilibrium, (---) represents a thermal
average. One is usually interested in steady states where these functions are invariant
by translation in time, such that one can fix one of the times to zero without loss
of generality. There are various kinds of correlation functions for each given pair of
operators A and B. In this chapter, we review the diverse definitions that can be found
in the condensed-matter literature. We emphasize the similarities and differences
between them and we fix a notation in order to clear ambiguities. We present the
Lehmann spectral representation and use it to derive a number of analytical properties
and sum rules that the correlation functions must obey based on general principles.

3.1 A zoo of correlation functions

Depending upon the particular physical problem that we are considering, we may
need to introduce different sorts of correlation functions. Although all of them share
similarities and are related one to another, they differ in essential ways and should not
be confused. We refer to the correlation function of the operators A and B in general
with the symbol C,; and we use superscripts to distinguish the various flavors. We
conform to this notation whenever discussing general properties that are independent
of A and B. Other notations will be introduced later for correlation functions of specific
operators. The various types of correlation functions are:

Causal (or “time-ordered”) Cyp(t) = —% (T, {A(t)B(0)}) 3.1
Retarded first type Co(t)= —%Q(t)(A(t)B(O)) 3.2)
Advanced first type Cp(t)= —%'r}@(—t)(B(O)A(t)) (3.3)

25
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Retarded second type
(or simply “retarded”)
Advanced second type
(or simply “advanced”)

G0 == OO(AD,BOL,)  (3.4)

Cu()= TOCOIAW,BOL,)  3:3)

Greater Cp(t)= —%(A(t)B(O)) (3.6)
Lesser Cop(t) = —%n(B(O)A(t)) 3.7)
Keldysh CE (1) = —%([A(t),B(O)]H’) 3.8)

Imaginary-time (or “Matsubara” or
“thermal” or “temperature”)

Gup(1) = —(T.A(T)B(0)). 3.9

The last zoo member—the somewhat eccentric imaginary-time correlation function—is
listed here for completeness but will be described in more detail in Chapter 4. It
is nothing but a convenient tool that helps evaluating the real-time functions. The
imaginary-time function is often easier to calculate than the real-time one and is
especially well suited at finite temperature; furthermore it allows one to recover the
real-time functions by analytic continuation. In spite of its weird appearance, it will
therefore become our favorite animal.

In these various definitions, the time evolution of the operators is meant in the Heisen-
berg picture like in Eq. (2.15), (---) stands for the thermal average of Eq. (2.2), and T,
is the time ordering operator defined in Eq. (5), which sorts the operators on which it
acts by order of decreasing times. Beware that the value of 7 in Eqs (3.1) to (3.9) is not
determined by the particle statistics but by the type of operators A and B. For instance,
even for fermions we must use ) = +1 if we are considering “bosonic” operators that
involve products of two fermion operators, like spin or charge densities.

3.2 Lehmann spectral representation

The spectral representation is a way to express the time-Fourier transform of all correla-
tion functions that we have just defined in term of only two functions of energy called
the spectral-density functions, or simply the spectral functions. This representation
is extremely helpful for studying the analytic properties of the correlation functions,
finding out the mathematical relations between them, and performing various kinds
of calculations. The spectral-density functions can be written down explicitly using a
complete set of eigenstates.

All correlation functions that we have defined (except the imaginary-time function to
be discussed later) can be expressed in terms of the two functions

FEO=FLOEOMOBO)  and  FE(0) =0 0GO(BOMA0).
For example, Cup(t) = F; (t) + F, (1), C,(t) = F/(t), etc. Consider first

[ 1 . .
FX(t) = :F%e(it)ETre*ﬁKele/ﬁAeﬂKf/ﬁB. (3.10)
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We work as usual in the grand-canonical ensemble with K = H — uN. Introduce a
complete set of states |a) such that K|a) = K,|a), insert twice the identity and use
Eq. (8) to get [see doc—19]

P P75
F] (co)—f_<><> de ro e Lior (3.11)
with
> 1 —BK,
pr(e) = EZe «(alA|b)(b|Bla)6 (e + K, —Kp). (3.12)
ab
In very much the same way, we find [see doc—19]
P P56
F3 (w)_ﬁ<><> de — = (3.13)
with
< 1 —BK,
Pra(e) =—n > e PXo(alA|b) (b|Bla)5 (e + K, —Kp). (3.14)
ab

These results are summarized in the following table. It is seen that all correlators
involved in the various real-time correlation functions can be deduced from the two
spectral functions p,,(¢) and p ().

Function Fourier transform
—LO(O(ADB(O)) F ge P
o Hw—g+i0*

L0(-0)(A(0)B(0)) f(: de %
nLO(0(BOA) f(: s%

Pa(€)
fiw —e —i0+

—n36(—t){B(0)A(1))

| >
3 8

We can now write down, for definiteness and future reference, the spectral representa-
tion for each type of correlation function:

Causal Cas(£) = = B(DAB(0) — 3 B0 (BOM(D)
(Fr+F;) oo > =) <
1 2 _ Ps(8) Pas(€)
Cap(e2) = f_wd€m+ Lodgm (3.15)
Retarded, Cis(t) =~ O(HADBO)

first type

* Pas(€)
F) + ()= __Pag®) '
1 Cip(w) fwde e £10F (3.16)
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Advanced,
first type
(F3;)

Retarded,
second type
(Ff+F))

Advanced,
second type
(Ff +F;)

Greater
(Fy —F)
[see doc—20]

Lesser
(—FS +F;)
[see doc—20]

Keldysh
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Can(0) == O(-){BO)A(D)

_ (T Prs(€)
CAB(w)_f de Hew—e—i0+

—0o0

CRy(6) =~ O(ADB(0) + 1 0D (BOA))

R [ P+ o)
Cap(e) = J o —erior

—0oQ

Ciu(0) = £O(-ABO)) — 1 O(—)BO)ALD)

chor= [ ae 2030

oo fw—e—i0*

C(0) = ~LBOADB()) — 3 O(-DADB(O))
Cp(w) =—2mip;,(Aw)

Ci(6) ==z OO BOA() — 1 26— BOAD)
Cop(w) =2mi p(Aw)

Crs (1) =Co () + Cy (1)
Chz(w) =—2mi[p7(hw) — p o (Aiw)].

For convenience, we also define the total spectral function

Pas(€) = pp(e) + p ().

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

When using the definition of the spectral function, Eqs (3.12), (3.14), and (3.23), it
is important to keep in mind that these formula are valid provided the states |a) and
|b) are eigenstates of K with the eigenvalues K, and K,,. If the operators A and B do
not conserve the number of particles—for instance, single creation and annihilation
operators don’t—the states |a) and |b) have different particle numbers and the delta
functions in Egs (3.12) and (3.14) contain a term —u(N, — Np).

3.3 Independent particles

In Chapter 2, we saw how to describe many-body systems of independent particles
within the second-quantization formalism. In this section, we will see how the spectral
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representation allows one to express the correlation functions of such independent-
particle systems in terms of the single-particle energies and occupation numbers. We
focus on two correlation functions of particular importance for electrons: the one-
particle Green’s function and the density-density correlation function. All correlation
functions for independent particles can be obtained with the same method.

3.3.1 One-particle Green’s function of independent electrons

The one-electron Green’s function is the correlation function of the electron creation
and annihilation operators. As we shall see in Sec. 5.1.3.1, it has a simple physical
interpretation and is the tool of choice to describe the one-electron spectroscopies such
as photoemission and tunneling. For independent electrons, it is best to work with the
one-electron basis formed by the eigenstates of the Hamiltonian, i.e., K=, & aclca.
We obtain the Green’s function in this representation from our previous general formulas
by setting

A=c,, BECZ, and n=-1.

Since B = AT, the spectral functions are real. Exploiting the properties of creation and
annihilation operators for independent fermions, we find [see doc—21]

P, ()=f(=£)8(¢—=&,) and p= .(¢)=f(Ea)E(e—Ea), (3.24)

such that the total spectral function—this is what is usually meant by “spectral function”
when dealing with the one-electron Green’s function—is simply

P (&)= p;;(e) + p;;(s) =Ag(a,e)=6(e—&,). (3.25)

This is a first very important result expressing the fact that, in a system of independent
particles, the one-particle excitations are eigenstates and therefore have an infinite
life-time. We shall come back to this later. Using the spectral representation, we can
write down the retarded Green’s function for independent electrons in the basis that
diagonalizes the Hamiltonian,

[ee]

Gi(a,e) = Cfic‘»;(s/ﬁ) = J de’

—0Q

Ao(a,e’) 1

— = —. (3.26)
e—¢g'+i0t e—-&,+i0t

Here, we regard the Green’s function as a function of the energy ¢ measured from
the chemical potential rather than a function of the frequency w: this is often more
convenient and saves plenty of i factors. It is customary to use the letter “G” for the
one-particle Green’s function and the letter “A” for its spectral function. The subscript
“0” reminds that we are dealing with independent particles. These expressions satisfy
the properties

oo

1 1
Ala,g) = - ImGR(a, €), f deA(a,e)=1, and GR(a,|e| - 00)=—,
£

—0Q0

which are also satisfied in the general case of interacting electrons, as we shall see
shortly. The very simple form of Eq. (3.26) results because the operators c), create
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eigenstates of the Hamiltonian. This is also the reason why C Cac'[‘;(a)) =0 for a # B.
Other one-particle Green’s functions may be defined, for instance the momentum-space
Green’s function G(k,¢) = Cckcz(s /i), where c,'( is the creation operator for a plane
wave, or the real-space Green’s function G(r,r’,¢) = Cc ci.(¢/h), where c: creates
an electron at position r. Because c;; and c;f are related to c; by a straightforward
change of basis [see doc—13], Gy(k, €) and Gy(r,r’, ¢) are also related to Gy(a, ). For
instance, because cr' => goZ(r)c:; where ¢, (r) is the wave function of the eigenstate
created by c], we have

@, (r)e;(r’)
GR(r,r',e)=)y &+~ ~ 3.27
o= 3, 0 5
for the real-space retarded Green’s function of independent electrons. If the eigenstates
are not known and an arbitrary basis has to be used, an inversion of the operator e1—K

will be necessary in order to obtain the Green’s function, as we will see in Sec. 5.2.2.1.

3.3.2 Density-density correlation function of free electrons

We have seen in Sec. 1.1 that the density-density correlation function, i.e., the correla-
tion of the operators n(q) and n(—q), can be measured experimentally by studying the
scattering cross section for particles interacting with the material through short-range
forces. For free electrons, the calculation of the density-density correlation is easily
done by means of the spectral representation. We set

A=n(q) =D ot Cgor BEn(-a)=[n(@)], n=+1.
ko

Equation (2.46) for the density is valid provided that c;io is the creation operator for the
plane-wave state Eq. (2.29) of wave vector k. Since we are dealing with free electrons,
these states also diagonalize the Hamiltonian. We find for the spectral functions [ see
doc—21]

P (&) = ka(gk)f(—gk+q)5(s + & — Exrq) (3.28)
P (&) = —ka(—ak)f(ék+q)5(e + &k — Ekrg): (3.28b)

The retarded density-density correlation function, also known as the charge susceptibil-
ity, is therefore simply [see doc—21]

S(€1) = f (Exsq)

€+ & —Eppg + 10V

20, e)=CR o (e/h) =D (3.29)

ko

where the superscript “0” again reminds that this result applies to free electrons. This
result is also very important, because it is the basis for describing the collective charge
behavior of interacting electrons (screening, plasmon, zero sound, etc.) via the RPA
approximation, as we shall see in Sec. 5.1.4. This result can be painlessly generalized to



Analytic properties and sum rules 31

the case of independent—but not free—electrons, like e.g. Bloch electrons in periodic
crystals [see doc—22]. In such situations, the correlation function also depends on the
electronic wave functions, not only on the energies and occupation numbers like in
Eq. (3.29).

3.4 Analytic properties and sum rules

Using the spectral representation, one can prove general analytic properties, symmetries,
as well as several sum rules that the exact correlation functions must obey. These
results are useful both for checking the consistency of approximations and for the
analysis of experimental data.

3.4.1 General symmetry properties of the spectral functions

By exchanging the dummy indices a and b in the definitions of the spectral functions,
Egs (3.12) and (3.14), one easily finds that

Pap(—8) =—npg,(e), (3.30)
from which we deduce for the total spectral function:
pap(—€) = —nppae). (3.31)

As a result, the spectral function is either odd or even when A = B, depending upon
the value of 7.

We will study below the perturbation theory which allows one to calculate the retarded
and advanced correlation functions of the second type, i.e., to obtain the total spectral
function p4z [see Eq. (3.18)]. On the other hand, we have seen that it is the greater
function that is measured in scattering experiments. We therefore need a formula in
order to compute the greater and lesser spectral functions from the total one. These
relations can be deduced from Egs (3.12), (3.14), and (3.23). They are [see doc—23]

Pap(e) =—nd_,(—=e)pas(e),  pap(e) =—nd_,(e)pag(e). (3.32)

Hence the greater and lesser spectral functions are actually not independent, since
they are related by

pr(e)=—nelfp(e),  pue)=—nePpr(e). (3.33)

Lastly, by combining Egs (3.30) and (3.33), we obtain relations known as the detailed

balance:
—Be > pe <

pap(—€)=ePpr (e), pap(—€)=e"?pg, (). (3.39)

3.4.2 Sum rule for the spectral function

Integrating the spectral functions over the energy, we obtain [see doc—24]

f de p(e) = (AB) and J. de p () = —n(BA), (3.35)

—0Q0 —0Q
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such that the spectral function satisfies what is sometimes called the f-sum rule:

In electronic systems, Eq. (3.35) can be for instance used to express the average double
occupancy (nsn;) in terms of the density-density and spin-spin correlation functions
[see doc—64]. In the case of the one-particle Green’s function (A= c,, B = cl, n=-1),
the operators anti-commute [Eq. (2.41)] and consequently the sum rule equals one:

f deAla,e)=1. 3.37)

—0Q

This sum rule expresses the conservation of spectral weight. When the particles interact
one with the other, the spectral weight of the one-particle excitations is no longer
concentrated at a single energy like in Eq. (3.25), but it is spread over a certain energy
range. Nothing is lost, though, and the total weight remains one.

3.4.3 Sum rule for the occupation numbers

The average number of particles in the one-particle state ¢, is (n,) = (a}a,). Using
the spectral representation, we can show that [see doc—24]

(ng) = J de d,n(s)paaal(e). (3.38)

—00

The relation (n,) = d_, (&,) valid for independent particles is recovered if one substi-
tutes the independent-particle spectral function p, ,i(¢) = 6(¢ —&,). For fermions,
Eq. (3.38) can be used to relate the momentum distribution function (n;.) to the spectral
function:

(ng) = J de f(e)A(k, €). (3.39)

—0Q

The latter sum rule is useful in the analysis of photoemission experiments.

3.4.4 Sum rule for the energy

For a general Hamiltonian of the form Eq. (2.45), it is possible to express the average
energy (K) = (Ko) + (V) in terms of the spectral function p, qi(€):

(K) =%[<Ko>+2 f d”d—n(s)mua;@)} (3.40)

The derivation is performed in doc—24. If the kinetic energy is diagonal in the basis of
the a), its average value can also be expressed in terms of the spectral function using
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Eq. (3.38), (Ko) = >, &a ff:o ded_,(e)pq a1 (€), such that Eq. (3.40) can be put in
the form

(K) = ZJ de 5(E, +€)d_y(£)pg 41 (8. (3.41)

This is known as the Galitskii-Migdal formula. It is also interesting to check that in the
case V = 0, one recovers from this expression the expected formula for non-interacting
particles [see doc—24]:

(Ko) =D Ead_(E4). (3.42)

While the knowledge of the spectral function p, .+ is sufficient to deduce the average
energy, it is not sufficient to obtain the grand potaeﬁtial Q and thus the thermodynamic
properties. As shown by Eq. (1.9), in order to obtain 2 we have to know the spectral
function for all values of the coupling constant [see doc—46].

3.4.5 High-frequency behavior: moment expansion

At sufficiently high frequency, the correlation functions can be expanded in powers of
1/w. This expansion is easily written down using the spectral representation. Consider
for example the retarded function:

Cﬁg(w)=f 4o Pas(e) _ 1 f 1o _Pae(®)

oo hwt—g  Hot 1—¢/hw*

oo 1 o
= 2 oty J dee"pap(€), (3.43)

where we have set ico™ = fiew +i0™ and used the expansion 1/(1—x)=1+x+x2+...
Hence the (n+ 1)®-order term in the 1/w expansion is given by the n™ moment of the
spectral function:

M, = J de " pp(e). (3.44)

At lowest order, we see from Eq. (3.36) that M, = ([A,B]_,). Therefore, the asymptotic
high-frequency behavior of the correlation function is

([A,B],)

CfB(w) =

for |ew| — 0. (3.45)
We could replace Aiw™ by fiew because 1/w' = 1/w for w # 0. This result generalizes
what we have obtained in Sec. 3.3.1 for the Green’s function of independent electrons.
It also shows that if [A,B]_, = 0, the correlation function vanishes at least as fast as
1/w? at high frequency. Higher-order moments can also be expressed as average values
of commutators. For instance [ see doc—25]

M1=f dsspAB(e)=—<[[K,A],B:|7n>. (3.46)
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The generalization to arbitrary order can easily be foreseen. Such commutators are
often easier to calculate than the full correlation function and the high-frequency
behavior can thus be obtained exactly.

3.4.6 Additional relations for adjoint operators

The spectral functions are in general complex: one readily checks from the definitions
that [pZ;(e)]* = p;’;(s). In many cases of interest, though, we will deal with
correlation functions of two adjoint operators, i.e., B = A'. Several additional relations
can be proven in this particular case, owing to the fact that the spectral functions are
real. Among these relations, the most useful is perhaps

1
pan(e) = ——ImCyy, (/M) (3.47)

which follows immediately from Eqs (3.18), (3.23), and (10). This relation is commonly
called fluctuation-dissipation theorem. The spectral function p,4:(¢) indeed contains
all information about the fluctuations of the observable A, while it can be shown that
the quantity (—1/m)Im CR:(w) controls the energy dissipated when the observable A
is excited by an external field of frequency w [see doc—70]. Eq. (3.47) can also be
regarded as a Kramers-Kronig relation expressing the fact that the retarded correlation
functions are causal. Eq. (3.47), together with the spectral representation of CX . (w)
in Eq. (3.18), indeed imply that the real and imaginary parts are related by the usual
Kramers-Kronig relation:

0 do ImCR ()

w—w’

ReCR (w) = —% ?f (3.48)

—0oQ

The document doc—65 discusses the relationships between analyticity of a function in
the complex plane, causality, and the Kramers-Kronig relations.
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[maginary-time formalism

The correlation functions that we are interested in are functions of time and tem-
perature. The time dependence arises from the evolution operator, which typically
implies exponentiating the Hamiltonian multiplied by —it/f, while the temperature
dependence stems from the statistical density matrix, which is an exponential of the
Hamiltonian as well, but multiplied by —f. It turns out that the direct calculation of
time-dependent correlation functions for interacting particles at finite temperature is
hard. The very convenient tool of time ordering, which at zero temperature allows one
to order the operators in the expansion of the time evolution, cannot order operators
along both the it/ and § axes. The imaginary-time formalism introduced in this
chapter gets around the difficulty by rotating the real-time axis by ninety degrees into
the complex plane, where the evolution operator becomes identical to the statistical
density matrix.

4.1 Motivation

In order to make progress beyond the independent-particle stage that we saw in Sec. 3.3,
we need a method for calculating correlation functions without completely neglecting
the interactions. We must evaluate quantities of the kind

(A(t)B(0)) = Tr pA(t)B, 4.1)
where [see Egs (2.2), (2.15) and Sec. 2.2.1]

e BK

T Tre K’

o K=H—uN, A(t)=U"(t)AU(t), and ihd,U(t)=KU(t).

One approach is perturbation theory, assuming that the Hamiltonian can be split in
a part K, that can be solved and a part V that contains the difficult terms. We then
seek an expansion in powers of V. Expanding e PX and e~/ directly is not a good
idea because this would mix together powers of K, and powers of V. There is in fact
no reason to expand in powers of K. The solution is the interaction picture, in which
the evolution operator is written as a product U = U,U and the time evolution of

35
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the operators is governed by K|, (see Sec. 2.2.1). In the interaction picture, we have
[Eq. (2.20)] -
(A(1)B(0)) =Trp UT(D)A(t)U(1)B (4.2)

and we have seen that the evolution U(t) has a formal expansion in powers of V,
Eq. (2.23), which can be made very elegant thanks to the time ordering operator.

The difficulty is that we don’t have an equivalent expansion for p. The density matrix
follows the equation of motion —dsp = (K — (K))p—known as the Bloch equation—
which is similar to the equation of motion of U(t), however with the time variable

t replaced by —ifif3. This leads to a simple expansion of p in powers of V, but this

expansion involves an “evolution” of the interaction along the imaginary variable —i#i3

rather than along the time axis. Mixing this expansion with the expansion of U(t) in

real time leads to an intractable expression, mainly because there is no way to “time

order” mixed operators that evolve along two orthogonal axes.

The solution proposed by Matsubara' exploits the similarity between the operators
e PX and eX/" and considers an analytic continuation e *X* of both of them in the
plane of complex times fiz. One then replaces the real-time evolution that U carries
along t by an imaginary-time evolution along —ifit, T € R: e Kt/ — ¢7iK(i7) — p=K7
This is done by introducing new operators that evolve in imaginary rather than real
time. Thanks to this trick, a tractable expansion of the correlation functions of these
new operators evolving in imaginary time can be written down. Due to the analytic
nature of e"% it turns out that the real-time functions in which we are interested can
be recovered by analytic continuation of the imaginary-time ones.

—e

In order to achieve this program, we introduce the new operators
— K —TK
Alt)=e" Ae ™", 4.3)

where 7 is a real number in the range —3 < 7 < .2 Note that the unit of 7 is
inverse energy—time divided by i— rather than time. Now we ought to study the
imaginary-time correlation functions of the kind

{A(7)B(0)) = Tr pA(7)B 4.4

instead of their real-time counterparts (A(t)B(0)). This additional complication is
the price to pay for working at finite temperature, which implies using the statistical
density matrix. At zero temperature, the traces involving p are replaced by ground-
state expectation values and the problem does not occur. The imaginary time is avoided
in many textbooks that focus on the zero-temperature perturbation theory. While this
is sufficient for many purposes, it lacks the generality of a finite-temperature formalism.
After all, experiments are never performed at zero temperature.

Before moving on, we point out two reasons not to spend too much time studying
the zero-temperature formalism. First, this formalism can give the wrong answer:
in some instances, the T = 0 results do not coincide with the T — 0 limit of the
finite-temperature ones. This is due to the discontinuity of the distribution functions

1 T Matsubara, Prog. Theor. Phys. 14, 351 (1955).
2 The imaginary-time evolution is periodic with period 2.
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Figure 4.1: The imaginary-time correlation functions are real if the Hamiltonian is real, periodic
over 23, and periodic (anti-periodic) over 8 for bosonic (fermionic) operators. The example
shown is the non-interacting single-particle Green’s function given by Eq. (17) for ¢ = 2k;T;
see also Sec. 5.2.2.1. Due to the discontinuity at T = 0, it is meaningless to refer to correlation
functions at T = 0 and we shall always refer to T =0% or Tt =0".

at T = 0, a discontinuity that is absent as long as T remains finite.! Furthermore,
the perturbation theory at T = 0 delivers the real-time ordered or causal correlation
functions, Eq. (3.1), which are not very useful per se. In contrast, as we shall see, the
imaginary-time ordered correlations functions provided by the Matsubara formalism
give access to the retarded correlation functions, which are directly relevant for making
contact with experiments.

4.2 Correlation functions in imaginary time

We define the imaginary-time correlation function of the operators A and B as
6ap(7) = —(T:A(7)B(0)) 4.5)
where T, is the T-ordering operator, defined in complete analogy with Eq. (5):
T.A(7)B(0) = 6(7)A(7)B(0) + nO(—7)B(0)A(T). (4.6)

The index 7 in T, is there to avoid confusion with the temperature T'; it does not mean
that T, is a function of 7. Like for the real-time functions, the value of 7 is set by the
statistics of the operators, not that of the particles (see Sec. 3.1). We use script instead
of roman symbols for imaginary-time objects and greek letters instead or roman letters
for the time argument. The first important property to notice is that the imaginary-time
correlation functions are “n-periodic” as a function of T [see doc—26]:

Gup(T—B) =NCap(7) 0<t<§p. “4.7)

Hence 6,5(7) at negative imaginary time is not independent from %,z(7) at positive
time. An illustration is given in Fig. 4.1. Being periodic functions of 7, the correlation
functions have a representation as a discrete Fourier series:

1 .
Gup(T) = EZ%AB(ivn)e_”’"T. (4.8)

1 W, Kohn and J. M. Luttinger, Phys. Rev. 118, 41 (1960).
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Figure 4.2: The analytic continuation of the Bose-Einstein (left) and Fermi-Dirac (right)
distribution to the complex plane has poles along the imaginary axis at the Matsubara frequencies
i, and iw,, respectively.

The n-periodicity requires that e *’»(* %) = ne="7 in other words e*# = 1, which
means that
2nn/B =Q, n=+1
v, = 4.9)
@Cn+)r/f=w, n=-1.

The discrete quantities €2, and w, are called the bosonic and fermionic Matsubara
frequencies, respectively. We use the notation v, when referring indistinctively to
bosonic and fermionic frequencies. Note that the common practice is to call them
frequencies although they are actually energies. Figure 4.2 shows that the analytic
continuation d_,7 (z) of the distribution functions, Eq. (6), has poles at the Matsubara
frequencies. The inverse Fourier transform reads’

B
Cup(iv,) = f dT Gp(T)e!™". (4.10)
0

4.3 Analytic continuation

The most remarkable property of the imaginary-time ordered correlation functions is
that they have the same spectral representation as the real-time retarded and advanced
functions. To see this, we expand %,z(7) like in Sec. 3.2 using the complete set of
eigenstates of H and we obtain [see doc—271:

Cs(iv,) = f de %, 4.11)

! The definition of the discrete Fourier transform implies integration over the whole domain as % f f/s dr,
which can be recast in the form of Eq. (4.10) with the help of Eq. (4.7).
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—Im %6 (2)

Figure 4.3: The imaginary-time correlation functions 6 (z) are analytic in the complex plane
except on the real axis, where they have a discontinuity proportional to the spectral function. The
example shown is the density-density correlation function of free electrons in three dimensions
at ¢ = 2kg. The spectral function is real, such that the discontinuity is only in the imaginary part
of €(z). The spectral function gives the number of particle-hole excitations, which increases
linearly at small € and vanishes for £ > 8¢y; see Sec. 5.1.4.5.

where p,gp(¢) is given by Eq. (3.23). By comparing with the spectral representation of
the retarded correlation function, Eq. (3.18), we see that

Cro(w) = Gap(iv, — hew +107). (4.12)

In words, the real-frequency retarded correlation function is obtained by replacing in the
analytical expression of 6,5(iv,) the complex frequency (energy) iv, by Aw +i0™.

This result immediately suggests to extend the function 6,5(iv,) to the whole plane of
complex energies by a straightforward analytic continuation:

CKAB(Z)=J de pz’“%(z). (4.13)

The retarded, advanced, and Matsubara correlation functions then appear as partic-
ular instances of 6,5(z). The notation %6,5(iv,) that we chose rather than 6,5(v,)
emphasizes the fact that these coefficients are values of 6,3(2) taken along the imag-
inary axis. From the definition, we see that 6,5(z) is analytic everywhere in the
complex plane except on the real axis Imz = 0, where it has a discontinuity propor-
tional to the spectral function: Eq. (4.13) together with Eq. (9) indeed imply that
Gup(e +107) — Gup(e —i0") = —2mip,p(€). An illustration is given in Fig. 4.3. Be-
cause, on the other hand, €,5(e +i0") = CX,(¢/h) and 6,5(e —i0™) = C{;(e/N), we
can express the spectral function in terms of the retarded and advanced correlation
functions and deduce a variant of Eq. (4.13) that is sometimes useful:

. oo R _ A
ur= o [ e b=t

(4.14)

e z2—¢

One further step allows one to express 6,45(z) only in terms of retarded functions.
From the definitions Eqs (3.12) and (3.14), we see that p,5(e) = Py AT(E), from where
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it follows that C/’:B(co) = [Cf;T 4 (@)]" and finally:

i
Gup(2) = —2
T ) oo z2—E€

- J°° 1, Chole/M—ICF, (e/M]

(4.15)
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Calculating correlation functions

This chapter presents two methods that allow one to obtain approximate analytical
and numerical results for interacting many-particle systems. These methods are the
perturbation theory and associated Feynman-diagram techniques and the equation
of motion with the usual mean-field decoupling schemes. The perturbation theory
is reviewed in detail and applied to several condensed-matter problems involving
one- and two-particle correlation functions. The equation of motion is derived in
its most general form and decoupled in order to produce the Hartree-Fock—Gor’kov
approximation. From there, the main results for a spin-singlet superconductor with or
without translation invariance are recalled.

5.1 Perturbation theory and Feynman diagrams

5.1.1 Expansion of the correlation functions

Let’s come back to the problem of expanding a correlation function as a power series
in the interaction V, as presented in Sec. 4.1. Working in the interaction picture
and following the procedure used for real time in Sec. 2.2.2, we write the imaginary-
time evolution operator U(7) = e~"K as U(1) = U,(7)U(7). The resulting equation
of motion for U is —3,.U(t) = V(7)U(7), in complete analogy with the real-time
derivation. Hence a similar expansion results, with the difference that the time domain
starts at T = 0 instead of t = —00:

GEDY (_1') f Aty de, T.V(ty)-V(T,) 5.1
~ n
or in symbolic form,
U(t) =T, exp {—f dT’V(T’)}. (5.2)
0
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Inserting this expansion in the expression of the imaginary-time correlation function,
we obtain [ see doc—28]

0 B
Z o J Aty dT, (T V(7)) - V(T,)A(T)B(0))o
Gup(T) = =" - : (5.3)
Z ( 1) f dTl dTn <TT‘A/(T1) e V(Tn»o

The index 0 in the average values (- - -}, means that they must be evaluated using the
density matrix in the absence of perturbation:

Tre PKop _ D e PKa(alAla)
Tre—BKo - Za e—BK, ’

(Ao = (5.9

where K, and |a) are the eigenvalues and many-body eigenvectors of K,,. Since K,
and |a) are known by assumption, these traces can be calculated—at least in principle.
The expression Eq. (5.3) formally solves our problem: it gives a systematic recipe
for evaluating the correlation function by computing an infinite series of terms. Each
term involves operators in the interaction picture. Again, those can be computed
because they evolve in time with Ko: A(7) = eoAe 0 =" | e* &Ko) |q) (a]A|b)(b|.
Incidentally, since the average values are evaluated in the absence of interaction, the
actual value of A(7) is the same as the value A would take in the Heisenberg picture,
but in the absence of interaction. We can therefore remove the hats in Eq. (5.3) if
we remember that all time evolutions—not only the thermodynamic averages—are
controlled by K.

It is important to realize that three essential ingredients have been necessary in order
to obtain a workable perturbation expansion of the correlation functions in powers
of V: (i) the imaginary-time formalism allowed us to use the same expansion for the
density matrix p and the evolution U; (ii) the time-ordering allowed us to rewrite this
expansion in a simple way; and (iii) the interaction picture allowed us to rewrite traces
over K, + V as traces over K, only. The ingredient (i) is crucial if we want to work
at finite temperature; the ingredient (ii) explains why the perturbation expansion is
possible only for the time-ordered correlation functions (and not for the retarded or
advanced ones); finally the ingredient (iii) makes the practical calculations possible.

Although Eq. (5.3) gives a recipe, it does not mean that this recipe is easy to realize in
practice: there are infinitely many terms, each of them looking exceedingly complicated
with many operators, time ordering, and multiple time integrations. Three additional
ingredients will be needed to move forward: (i) Wick’s theorem, once generalized to
finite-temperature thermodynamic averages, will allow us to rewrite an average of a
product of many operators as a sum of products of averages of only two operators; (ii)
the “linked cluster theorem” will allow us to eliminate many of the terms and keep
only the so-called connected ones; finally (iii) the Feynman diagrams will allow us
to interpret and manipulate the remaining terms of the expansion by replacing the
complicated formulas with equivalent but much more insightful drawings.
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5.1.2 Wick’s theorem and cancellation of vacuum diagrams

Wick’s theorem states that, for a quadratic Hamiltonian (recall that the perturbation
expansion of 6,5 involves average values with respect to the quadratic Hamiltonian
K,), high-order products of creation and annihilation operators can be factorized
into lower-order products, eventually into all possible pairwise products of only two
operators. We refer the reader to Bruus & Flensberg (2004, p. 198) for a proof.

Following Wick’s theorem, the term of order n in the numerator of Eq. (5.3) generates
several kinds of contributions, some of which have the form

(V(71)--- V(T DADIB(O)(V(Tj11) - V(T,)).

We omit the T, operators and the (--- ), index in this qualitative discussion for brevity;
we also removed the hats keeping in mind that the operators evolve in time with Kj,.
Such terms are called disconnected, because they are the product of a contribution
already present at some order lower than n (order j in this example) and a contribution
appearing in the denominator of Eq. (5.3). The term of order j + 1 in the numerator
will also give rise among others to the disconnected term

(V(T1):-- V(T A(TIB0)){V(Tj41)),

and so on. It turns out that if we collect all the factors appearing in front of the connected
term (V(7,)---V(7;)A(7)B(0)) in the expansion of the numerator, we obtain exactly
the same terms as those forming the denominator—they are called vacuum diagrams—
with the same prefactors [see Bruus & Flensberg (2004, p. 239)]. The numerator
of Eq. (5.3) can therefore be rewritten as the sum of all connected terms multiplied
by a factor that cancels exactly the denominator. Moreover, each connected term of
order n is generated by Wick’s theorem in n! equivalent versions that differ only by a
permutation of the internal time arguments. Retaining only one of these topologically
equivalent terms, we can remove the n! in the expansion and get

o0 B
Cap(7) = —Z(—l)”[ dty---d, (TV(T1)---V(r,)A(R)B(0)§™ . (5.5)
0

n=0

Equation (5.5) is the starting point for all further developments presented in this section
and we shall repeatedly return to it. As we have skipped the details that conduct from
Eq. (5.3) to Eq. (5.5), the exact meaning of “con-diff”, which stands for “connected
and topologically different”, remains somewhat obscure at this stage. The practical
applications of Eq. (5.5) will hopefully clarify these notions. In order to proceed, we
have to specify the operators A and B as well as the interaction V.

5.1.3 One-particle Green's function

The one-particle Green’s function is the simplest of all correlation functions: it gives
the correlation of the operators a, and a;j and is commonly denoted by the letter G in
honor of George Green (1793-1841):

Gup(7) = 6, 01 (7) = —(T:0,(7)a 0)). (5.6)
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It goes without saying that the index f in this expression is not the inverse temperature
but a one-particle state index.

5.1.3.1 Physical interpretation

The one-particle Green’s function contains the complete information about the one-
particle excitations in a quantum system. To see this, we consider for simplicity the
case B =a and T > 0. ¥,,(7 > 0) is a thermodynamic average of terms like

(ala ()al(0)la) = (ale™a, e al|a).
—_——
(T (7)] [ (7))

|¥; (7)) is the many-particle wave-function obtained by starting from the many-body
eigenstate |a), adding a particle in state « at time 0, and letting this evolve until time 7.
|W, (7)) also starts from |a) but lets |a) evolve from time O to time T before creating a
particle in state a at time 7. A large overlap between |¥;) and |¥,) means that creating
the particle a at time O or at another time doesn’t make much difference: once this
particle has been created, it remains stable. On the contrary, a small overlap means
that the particle a created at time O has almost disappeared at time 7.

Assume that the excitation described by |¥;) is stable. This happens if alla) is an
eigenstate of K. In other words |¥;(1)) = e_(KﬂJ“ga)TaZla). Likewise, this implies
that (¥,(7)| = eX"(ala,. As a result the overlap is (¥,(7)|¥;(7)) ~ e~*«" or, in
the frequency domain, ¥,,(iv,) ~ (iv, —&,)"'. Thus, if the one-particle excitations
produced by al are stable, the Green’s function exhibits poles at energies corresponding
to the one-particle excitations energies &,. In this case, the spectral function is just
a delta function as we already saw for independent particles in Sec. 3.3.1: A(a, &) =
Py, (8) = (1)) G (9, — & +107) = 6 — E,).

Assume now that the excitation described by |¥;) is damped, for example due to
scattering on impurities, collective excitations, other particles, etc. Then |[¥; (7)) ~
e WateamT)Tql |q) with T, > 0." As a result, we would have in the frequency domain
Goa(ivy) ~ (iv, — &, +iT,)" . The spectral function is no longer a delta function
but gets broadened into a Lorentzian function of width I, (see Fig. 5.1): A(a,¢) =
(T,/m)/[(e —&,)* +T2]. ii/T, clearly represents the life-time of the excitation. This
life-time in general depends on the energy . Furthermore, for the Green’s function to
remain causal as it should, the quantity I}, must have both real and imaginary parts.
The generalized inverse life-time, or scattering rate, is denoted X, (¢) and is called the
self-energy. Our task is to calculate the self-energy.

5.1.3.2 Density of states and local density of states

Beside the self-energy, which gives access to the dynamical properties of the one-
particle excitations, a very useful quantity encoded in the one-particle Green’s function
is the density of states (DOS) and its local counterpart in systems without translational

1 This corresponds, in real time = — it /A, to an overlap decreasing exponentially like e Tat/h,
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Figure 5.1: Physical meaning of the one-particle Green’s function. If a particle injected at time
t = 0 (in this example, an electron with wave vector k) keeps its identity at time t > 0, then the
Green’s function has a pole at the corresponding excitation energy and the spectral function is a
delta function. If the injected electron loses momentum and energy by exciting electron-hole
pairs across the Fermi surface, then the Green’s function acquires a self-energy correction and
the broadened spectral function has a Lorentzian-like shape.

invariance, the local density of states (LDOS). In a system of independent particles, the
DOS counts the number of one-particle eigenstates whose energy is £ (per unit volume),
and is simply given by N(¢) = % >, 6(¢ —&,). In an interacting system, there are no
one-particle eigenstates anymore but we can still calculate the total spectral weight
contributed by the one-particle excitations at energy € as

1 1
N(e) = D ipaa(e) =5 2, (—7)mGl,(e)
= iZ(—%)Im Gua(iv, = €+1i07), (5.7)

where we have made use of Eqs (3.47) and (4.12). The DOS will be discussed more
extensively in Sec. 9.4. The documents doc—67 and doc—68 show how one calculates
the DOS of superconductors using the BCS and strong-coupling Eliashberg theories,
respectively.

In a system where the translation invariance is broken, it is necessary to consider how
the spectral weight of the one-particle excitations is distributed locally. For this purpose
we have to choose the real-space representation and work with the operator aig, which
creates a particle of spin o (or any other property needed to characterize the particle)

at point r. The corresponding Green’s function is ¥,.(r,r’,7) = —(Tram(f)ai,g,(o))
and it allows us to define the LDOS as
N(r,s)=Z(—%)Im€4w(r,r,ivn - e+i0h). (5.8)

o

We will see in Sec. 9.5 that the LDOS can be measured by scanning tunneling microscopy.
doc-66 and doc—79 provide practical implementations of Eq. (5.8).
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5.1.3.3 Diagrams for a one-body operator

The easiest way to get in touch with diagrams is to consider as our interaction V a
one-body operator, like for instance the static potential of an impurity, which has the

general form

V= Vala, = <Ak (5.9)
ap

The in-going and out-going arrows in the picture represent the annihilation and creation
operator, respectively, and the star represents the matrix element. We are interested in
calculating the Green’s function Eq. (5.6). As we just discussed, the Green’s function
describes the propagation of a particle from its creation at time O in a state 3 to its
annihilation at time 7 in a state a. We will represent this by a double line with an
arrow going from f3 to a:

Gup(7) = et (5.10)

We adopt the convention to orient the arrow from right to left such that the order of the
indices is the same as in the formula for the Green’s function; the rightmost operator
acts first (here: a/'j). According to Eq. (5.5), the expansion of ¥ reads

o0 B
Gup(T) = —Z(—D”J dty---d7, Z Va,p, Z Va,B,
n=0 0

afy a, B,
x (T,a, (t1)ag (71) -+ al, (7,)a, (7,)a,(1)a}(0)m4f.  (5.11)

Let’s start with the zero’th order term:
a

n=0: —(Traa(*r)a;g(O))o = %gﬁ(*r) = —<—€. (5.12)

T

This is no surprise... We represent the Green’s function in the absence of interaction
(often called the free propagator) by a single line. There are more terms to handle at
order one; let’s use a slightly simplified notation by omitting T, and the index (- - - ).
The term in Eq. (5.11) withn=1is

B
n=1: +J dt, Z V., (a;(rl)aﬁl(Tl)aa(’r)a;(O))c‘m'diff. (5.13)
0

a3

The Wick theorem applied to the average generates (a;(fl)aﬂl(rl))(aa(f)a; (0)),

n{al, (v1)a,()){a, (11)a}(0), and (af, (7)a}(0)){(a, (71)a,(7)). The first of these
terms is a disconnected one and the last term is anomalous, i.e., it involves an operator
that does not conserve the number of particles and therefore is zero on average.! One
single term remains, which can be rewritten as [ see doc—29]

B
1, P B
f d7y Z ggal(T_Tl)Valﬁl(gﬁolﬁ(Tl) - j_‘_a*_‘_o' .14
0

1
a1 5

! This is not true in general and would be wrong in the BCS model of a superconductor, for example. More
generally, when K, does not conserve the number of particles ([Ky, N] # 0), one must reconsider the
present derivation and introduce so-called anomalous propagators. See also Sec. 5.2.2.3 and doc—68.
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The meaning of this term is obvious: it accounts for processes in which, during the trip
from state 3 at time O to state a at time 7, the particle first goes to state 3; from which
it is scattered by the potential at time 7, into state &, before continuing towards state
a. These internal variables—f3;, T,, and a;—are summed in order to take into account
all possible processes of that kind. At order n = 2, we have the average

(af, (t1)a, (7)), (v2)a, (5)a,(T)ay(0)),

which generates 15 terms. Among them, 9 vanish because they are anomalous with
average values of the kind {(a'a'). 4 of the remaining 6 terms are disconnected, namely

(!, (v1)ag (t1))al, (v2)a, (72))(a,(v)a}(0))
n{al, (1) (e))al, (1)a,(0)) (g, (72)a}(0))
(], (z1)ag (m2))a,, (71)a), (72))(a,(v)a}(0))
n{al, (71)a (D) (a, (r1)al(0))a], (v2)a, (7)),

and the two remaining terms are topologically equivalent, i.e., one becomes the other
upon exchange of the internal variables (a;, 81, T;) with (a,, 55, 75):

(azl (Tl)aﬁz (72)) <aﬁ1 (Tl)a}g (0)) <a22(72)aa(7)>
n(ail(fl)aa(ﬂ) <aﬂ1(71)alz(’fz)> (aﬁz(Tz)a}g (0)). (5.15)

Thus we obtain at second order [see doc—29]:

B
+f dt,dt, Z Z oo, (T—T1)Va,p, 9 o (T1 = T2)Vay,9p 4 (75) =
0

a1y oy By

: Dt L gl ’Z . (5.16)

T T,

The interpretation of this term goes again without problem. Inspecting the diagrams
in Egs (5.14) and (5.16), one sees that the notions of disconnected, anomalous, and
topologically equivalent terms of the Wick expansion acquire an eloquent graphical
meaning. The diagram representing a disconnected term is composed of disjoint pieces:
for instance, by connecting 8 with a, a; with 3;, and a, with 3, one obtains the first of
the disconnected terms listed above and displayed in Fig. 5.2(a). Anomalous diagrams
have conflicting connections in the form of lines carrying opposite arrows, as shown in
Fig. 5.2(b). Finally, topologically-equivalent diagrams can be continuously deformed
to become identical, like the ones in Eq. (5.16) and Fig. 5.2(c).

The generalization to higher-order is now obvious: the n-th order term involves n
scattering events represented by matrix elements V,, s and n+ 1 free propagator lines
connecting the scattering events together, with the external lines starting at (f3,0) and
ending at (a, 7). There is only one diagram at each order, because all the different
ways of connecting together n scattering events are topologically equivalent.

One easily performs the time integrations in each diagram by moving from the imaginary
time to imaginary Matsubara frequencies. Since the expressions at all orders are just
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Figure 5.2: Examples of second-order diagrams that are (a) disconnected, (b) anomalous, and
(c) topologically equivalent to the diagram in Eq. (5.16).

convolutions in the time arguments, they become simple products in frequency space
[see doc—30]. The following expression results for ¥:

Gup(07,) = G0 (1v,) + D G0, (v )Vo5, 90 (v, + .. (5.17)
a1y

If we define ¢ (without indices) as the matrix made of the elements ¥4, and likewise
for the matrix V with matrix elements Vg, then, clearly, Eq. (5.17) can be written and
solved in a compact form using matrix products:

Y(iv,) =% (iv,) + % (iv,)VY(iv,) + % (v, )VY(iv,)V¥Y(iv,)+...
=Y (iv,) + % (iv,)V¥4(iv,)

= (9 (iv)—-V] . (5.18a)

The last line was obtained by multiplying the second from the left by ¥ ! and from
the right by ¢¥!. We could have done the same using diagrams:

- = + sie + s'e She + ...
= =+ * -
) [ L (5.18b)

We see that the problem of calculating the Green’s function in the presence of a local
potential (or, more generally, any perturbation represented by a one-body operator)
boils down to the inversion of a matrix [Eq. (5.18a)]. This is the fate of all quadratic
problems: the particles are independent such that a closed solution exists and coincides
with the complete sum of the perturbation series. We revisit in Sec. 5.2.2.1 the relation
between the Green’s function and the Hamiltonian inverse. To make further progress
toward explicit solutions, we would have to specify the unperturbed system and the
potential. We shall return to this problem later when studying the resistivity of metals
(Sec. 8.3). The document doc—66 proposes a practical implementation of Eq. (5.18a)
for the problem of one-dimensional electrons in a potential.

5.1.3.4 Diagrams for a two-body operator

We turn now to the more interesting and difficult case of a perturbation that is a
two-body operator like the Coulomb interaction. The general form is

1 .+ Blo
V= 5 Z Vaﬁ),(;a(;a/'}agay = . (5.19)
afydé agy
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Note that the labelling of the picture is not arbitrary and respects Eq. (2.44), which
implies that the interaction scatters the particle initially in state y to state a and the
one initially in state  to state 3. Using again Eq. (5.5), we can write the expansion of
¢, which is just slightly more complicated than Eq. (5.11):

00 B
1 n
(‘qaﬁ(ﬁr)z_: :(_5) f dTl.“dT"l :: Va1ﬁ17151“' :: VanﬁnYn5n
0

n=0 alﬁlYlél anﬁnYnan

x(T.al, (v1)a} (1) (71)a, (71) - af, (7,)a} (7,)a; (1,)a, (7,)a,(T)a)(0)gm .

(5.20)

At order n = 0 we get %, like for the one-body operator. But the term of ordern =1
is already more rich, since

(af, (71)a} (1) (77)a, (71)a,()a}(0))

generates 15 terms. 9 of those vanish due to anomalous averages and 2 are discon-
nected:

n{al, (71)ag (v)af (v, (7)){a,(T)a}(0))
(@l (zDa, (v0)){a) (11)ag (v1)){a,()a}(0)).
The remaining 4 terms come in two pairs. Each pair has two terms that are not
topologically equivalent (they differ by more than a permutation of the time arguments)
but give the same contribution due to the symmetry of the interaction—V (r,r’) =
V(r’,r) implying Vapys = Vpasy according to Eq. (2.44). The first such pair is
n{a, (vDa, (v1)){ap (T1)a, (7)) (a5 (v1)a}(0))
n(a;(Tl)aa(’r))(akl(Tl)a51(Tl))(ah(*rl)a;(O)) (5.21)

and it gives rise to the following contribution to the Green’s function [see doc—31]:

B
_nf dty Z (ggal(ﬂr—fl)g{%ﬁl(ﬁrl_T_l'—)valﬁﬂ’lfslg)(f)lﬂ(fl):

0 a1 81716,
Bi5"6,

a 15 N1 B
0"

T Tq

(5.22)

The factor 1/2 is cancelled owing to the two equivalent diagrams. This term represents
a process in which the particle goes from state f8 to state y; at time 7, where it
interacts with a particle-hole pair and is scattered to state a; before evolving to reach
state a at time 7T (see Fig. 5.3). Note that the Green’s function of the particle-hole
pair must be evaluated at time 0~ (see doc—31 and Fig. 4.1). In the context of the
Coulomb interaction, this term is called the Hartree term because it accounts for the
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direct (classical) Hartree interaction between an electron and the average electron
density. The second pair of terms is

(a!, (v1)a; (v)a), (v1)a,(v)){a, (1)a}(0))
(af, (v1)a, () ah (71)a, (v1)){a; (v1)a}(0)) (5.23)

which in turn gives [see doc—31]

p
_J dTl Z ggal(f_rl)(gflﬂl(ﬂrl _T-l'—)valﬂlﬁ‘il(gglﬂ(ﬂrl):
0 a117161

a @1$)y, o« almﬁl B (524

In this process, the particle evolves from state 3 to state &, at time 7; where it is
scattered into state 3; within a particle-hole pair and gets annihilated in state y,; at
the same time, the particle of the particle-hole pair is scattered from state y, to state a,
and then evolves onto state a at time T (see Fig. 5.3). Thus, the incoming particle has
been exchanged with another particle and this term is therefore called the exchange
term. The second diagrammatic representation is somewhat easier to remember but
abandons a sense of chronological order that is preserved in the first representation.

Before moving on to the second order, we point out that the two first-order diagrams
become matrix products in the frequency domain, exactly like in the case of a one-body

(@) o
ag g ffj P
Hartree a oy B 5" &
(D @)
By 5, B o« B 5 B
B« o Q. i <

R

- @

R
<

Exchange @ almél B yit yl.

Figure 5.3: Interpretation of the Hartree and exchange diagrams for fermions. (1) The incident
electron represented by a dotted black square interacts with another electron represented by a
dotted circle in the Fermi sea. The latter can only be excited to a state outside the Fermi sea
due to Pauli exclusion. (2) The excited electron can either recombine with the hole while the
incident electron continues its exciting life (Hartree term), or continue to live outside the Fermi
sea while the incident electron takes a rest by recombining with the hole (exchange term).
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operator [ see doc—321:

+ m = 94°>iv,)=V(iv,)4°(iv,) (5.25)

1 S
/- .
251/;(1 Vn) - E Z Z (ggﬂ’l (l yl)e“’lo (_nVaY1ﬁ51 - Vay161ﬁ)'

i 716;

The same is true for all diagrams of all orders. For the notation i ¥;, see remark at the

end of doc—30. We will see that Zsﬁ)(ivn) is an example of the self-energy that was
introduced in Sec. 5.1.3.1.

The complete analysis of the second-order term in Eq. (5.20) becomes obviously more
tedious and we leave it to the adventurous reader. Up to here we have drawn diagrams
in order to illustrate formula; this is the point where we start using diagrams to effec-
tively replace cumbersome calculations. Here are some figures: 9 x 7 x 5 x 3 = 945
terms of second order are generated by Wick’s theorem, 825 are anomalous and 40 are
disconnected. The remaining 80 are grouped in 10 families of 2! x 22 = 8 equivalent
members (n! for topological equivalence and 2" for symmetry of interaction). The 10
relevant diagrams of second order can be constructed either by combining first-order
diagrams:

17 T ] e

(2.2) (2.b) (2.0 @2.d

by “decorating” internal particle lines in first-order diagrams with first-order Hartree
or exchange corrections:

@@ CON A

(2.e) 2.0 2.9 (2.h)
by decorating interaction lines in first-order diagrams with
particle loops like in (2.i)—note that diagram 2.e can also
be obtained in this way—or by decorating vertices in first-
order diagrams like in (2.j)—note that diagrams 2.f and .
2.g can also be seen as vertex corrections. Finally, another (2.0)
recipe to generate some of the diagrams of order n + 1
from diagrams of order n is to connect all pairs of particle g,ﬂ"""\(
lines with an interaction line. Thus (2.g) and (2.i) can be w
obtained from the first-order Hartree diagram while (2.h)
and (2.j) follow from the first-order exchange diagram. (24)

Two important remarks must be made at this point. The first concerns the sign of the
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diagrams. Each term generated by Wick’s theorem has a sign that reflects the number
of individual permutations needed to generate this term starting from the un-decoupled
average—this sign is always +1 for bosons. How can we know this sign for fermions
by just looking at the diagram? The trick is to count the number of fermion loops, i.e.,
any continuous closed path along fermion lines. We will not try to prove this here but
rather trust the generations of physicists who checked that this gives the correct sign
(Fetter & Walecka, 1971, p. 98). Another sign comes from the prefactor (—1)" with n
the order of the diagram. Hence the sign of a diagram is (—1)"n* with L the number
of loops.

The second remark concerns the translation of diagrams from the time domain to the
frequency domain. In practice, we shall mostly work with Matsubara frequencies such
that each particle line in a diagram represents a free propagator ‘ggﬁ(i ;) carrying a
different frequency. We must, however, satisfy the constraint that the total frequency
entering and leaving each interaction line is the same. This can be understood by
considering an interaction at some time 7:

B
—iV T =iV T ,—iVg(—T) =iV (—T) _
- J.dre 1T 12tttV =B 85,49, 9549,
0

The Fourier transforms of the propagators on the four lines yield four phase factors
and there is no other dependence on 7; after integrating on 7, which is an internal
variable, there results a constraint on the frequencies.

We can now pursue the expansion. At third order the number of diagrams increases
drastically. Here are two examples:

i I

(3.a) (3.b)

(3.2) is a combination of the first-order Hartree diagram with (2.i) while (3.b) is
obtained by connecting two particle lines in (2.i). How many are they? 74: Wick’s
theorem generates 13 x 11 x 9 x 7 x 5 x 3 = 135’135 terms, 130’095 of which vanish,
1488 are disconnected and 3552 remain in 74 families of 3! x 2% = 48 equivalent
pieces... We are slowly getting buried under diagrams and we need a new idea.

5.1.3.5 Dyson equation and self-energy

This new idea comes from the observation that there are two kinds of second- and
higher-order diagrams. Some of them like the series (2.a-2.d) and (3.a) are (matrix)
products of lower-order diagrams. Such diagrams are called reducible. Graphically,
reducible diagrams can be split in two parts by cutting just one particle line. On the
contrary, the diagrams of the series (2.e-2.j) and (3.b) are irreducible. This simple
observation allows us to make tremendous progress, because infinite series of diagrams
can be resumed at once. Consider for instance the following approximation for ¥,
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which we could call the “infinite-order Hartree” approximation:

SRS ROt SN i

It is obvious that the complete series can be rewritten as

- = + ?: H (5.27)

as can be verified by direct substitution. To solve the latter equation, one multiplies

from the left by the matrix (———)"" and from the right by (="=H)_13

-1
-— = [( Yl — ? ] (5.28)

In this way we have obtained an approximation for ¢ that contains terms up to infinite
order in the interaction, but is not harder to evaluate than the first-order approximation
e+ «24_, since in both cases only one non-trivial diagram is needed. The trick
can be easily generalized. For instance, the “infinite-order Hartree plus exchange”
approximation would read

. H+exch _ ? m

99 9
b T N,

Il
+

[(«—)‘1 —( 2 + jff_\)]l (5.29)

Note that the diagrams containing the interaction in Eqgs (5.28) and (5.29) have no
external lines. Proceeding with the same logic, we see that by including all irreducible
parts in the parenthesis of Eq. (5.29), the whole series for 4,4 is indeed generated:

< — + @

P00 T
e o T s
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In mathematical terms and matrix form, this expression becomes

-1

G(iv,) = 9(iv,) + G(iv,)Z((v,)9(iv,) = [ 9, (iv,) — Z(iv,) ] (5.31)

This is known as the Dyson equation. The quantity X is the self-energy that we have
introduced in the qualitative discussion of Sec. 5.1.3.1. We have already encountered
another example of self-energy in the section about one-body operators: Eq. (5.18a).
The self-energy was in that case simply given by the perturbation V itself. For a two-
body operator, Eq. (5.30) shows that the self-energy is obtained by taking all irreducible
diagrams of the Green’s function and removing the two external lines.

There are 2 irreducible self-energy diagrams at first order, 6 at second order, 42 at third
order, etc. In most textbooks, many of these diagrams will not even be displayed for the
following reasons. As we will see in Sec. 5.1.3.7 devoted to the Coulomb interaction,
some diagrams are real and furthermore yield a constant result (i.e., they depend
neither on a or 3, nor on the energy iv,). This happens for instance to the first, third,
and fourth diagrams in the right-hand side of Eq. (5.30). A real and constant self-energy
is equivalent to a shift of the chemical potential. Therefore, the contribution of these
real constant diagrams can be absorbed in a redefinition of the chemical potential,
which must anyhow be determined self-consistently in order to fix the density. We also
see that the fifth diagram in the right-hand side of Eq. (5.30) has an internal line that
is modified by a real and constant self-energy. This diagram is also automatically taken
into account by the adjustment of the chemical potential: the latter is carried by ¥,
and will therefore be reflected on all internal lines. Moreover, there are diagrams like
the second in the right-hand side of Eq. (5.30) that turn out to be real and independent
of frequency. These diagrams can be absorbed in a redefinition of the one-particle
energies & ,. Likewise, the sixth diagram is accounted for by redefining the one-particle
energies on the internal line. Finally, the only really interesting diagrams in Eq. (5.30)
are the last two.

In summary, thanks to Dyson’s equation the calculation of the one-particle Green’s
function by perturbation theory is reduced to the evaluation of all irreducible self-
energy diagrams. The crucial point is that any low-order approximation to the self-
energy automatically leads to a much better infinite-order approximation to the Green’s
function. Second-order perturbation theory often leads to divergences and the only
way to cure these divergences is to include high-order terms. The self-energy and
Dyson’s equation are very convenient tools for achieving this goal.

5.1.3.6 Self-energy diagrams for impurity scattering

The scattering of electrons on defects is the process that dominates the resistivity
of metals at low temperature. The defects break translation invariance and perturb
locally the electronic structure. We model this perturbation by a local potential acting
on the conduction electrons. This potential alone cannot explain resistivity: a local
potential induces elastic (energy-conserving) scattering and no dissipation can result.
In other words, the life-time of the conduction electrons remains infinite consistently
with the fact that the self-energy is real: see Eq. (5.18a) and Sec. 8.2. The scattering is
elastic provided that the whole pattern of quantum interferences generated at each
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defect remains coherent over the entire volume. In real materials, other scattering
mechanisms blur this long-range coherence and defect-induced resistivity becomes
possible over length scales exceeding the typical coherence volume. A convenient way
of modeling the loss of coherence is to wash out any information about the relative
distances between the defects by averaging over their positions. The so-called impurity
average' must be performed after having calculated the Green’s function for each
configuration of the impurities. The strategy will be to write down the Green’s function
for one particular configuration of the impurities, their positions being chosen at
random, and then to average over all configurations in order to recover a translation-
invariant Green’s function. For simplicity, we will consider only one type of impurity
characterized by a potential v(r) such that the total potential is

N;

V(r)=>_v(r —Ry) (5.32)

(=1

with R, the positions of the N; impurities. We start in the real-space representation
where the potential is diagonal. Following our results for the one-body operators, the
self-energy is also diagonal:

Tap = Vap = Vo = 6(r —r")V(r). (5.33)

As a result, if we assume that the unperturbed system described by ¥, is invariant by
translation, the Dyson equation takes the form

G(r,r',ivy) =% (r—r'iv,)+ J dry YGo(r —ry, iv)V(r))Y(ry —1',iv,)
+ f dridry Gy(r —r,iv,)V(r)9(r, — 1y, iv )V (1) (ry—r',iv) +... (5.34)

We can now perform the impurity average of each term in Eq. (5.34) by means of the
following prescription:

V() V() imp = % f dR;--+dRy V(ry)---V(r,). (5.35)

Starting with n = 1, we have simply [see doc—33]
(V(r1)>imp =n;v(q =0), (5.36)

with n; the impurity concentration and v(q) the Fourier transform of the impurity
potential. This is a constant that gives the first-order correction to the chemical
potential in the presence of the impurities: the chemical potential must adjust in order
to compensate the overall shift of energy levels due to the superposition of impurity
potentials. Since (V(r;));n, does not depend on r, any longer, the second term in the

1 W, Kohn and J. M. Luttinger, Phys. Rev. 108, 590 (1957).
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right-hand side of Eq. (5.34) becomes a function of r —r’, hence translation invariance

is restored as expected. Fourier transforming this term, we obtain [see doc—33]
n;

19=0

nv(q = 0)[%(k,iv,)]* = ﬁ_ (5.37)

If not for the replacement of the potential by its spatial average, this result is the same
as Eq. (5.14). For n = 2 we find [ see doc—33]

(VEDV(r))imp = ni(n; =¥ Hv(g = 0)1* +n f drv(r)v(r +r —r,), (5.38)

which is a function of r; — ry. The first term is the second-order correction to the
chemical potential while the second term describes processes in which the particle
scatters two times on the same impurity. Assuming n;(n; — ¥ !) ~ nl.z—in other words,
n; > 1/, there are many impurities in the volume ¥—and Fourier-transforming, the
third term in the right-hand side of Eq. (5.34) yields

nl'zvz(o)[%o(kr i vn)]g + ni% Z %O(k’ Wn)V(Q)(go(k —q, ivn)V(—Q)go(’Q i vn) =
q

n; n; n;
*|' * —-q /‘K
0 0 AN
l l + . (5.39)
k k k k k—q k

Here the impurity average produces something new compared with Eq. (5.16): the
second term describes an electron scattering twice on the same impurity with exactly
opposite exchanges of momenta, an outcome of the restored translation invariance.
The momentum exchanges would be independent from each other without impurity
average.

The analysis can be continued at n = 3 and gives five terms:

* % % * % * % * *
| | | | // \\ // \\ | //*\\ // | \\
| | | + | i \ + 2 \ | + i + l

Like for the two-body operator, we get reducible and irreducible diagrams. It is then
straightforward to perform the infinite sums of reducible diagrams like in Sec. 5.1.3.5
and deduce a Dyson equation in which the self-energy is made of all irreducible terms:
* * *

| /*\ , / * AN N /

|
/
Y(k,iv,) = 4@ =4+ 4=+ 4 + l

+ + -t + ... (5.40)

At lowest order, the self-energy is simply the constant n;v(0). The net effect is therefore
a shift of the chemical potential that compensates the average potential induced by
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the distribution of impurities. For all practical purposes, we can forget this term and
consider that it is included in the definition of the chemical potential. The second term
in the self-energy yields the first Born approximation (1BA):

/

. N 1 E |l(Q)|2
1BA —
z (k,l Vn) = L = ni; 2

—_ (5.41)
1V — gk—q

We shall come back to this expression and evaluate it explicitly in Sec. 8.3 when we
study the resistivity. An improved version consists in taking into account all diagrams
of lowest order in the impurity concentration n;, which are expected to dominate
since generally n; is much smaller than the particle density. These diagrams describe
repeated scattering on one impurity [ see doc—34]:

/* /*|’\ //*:\
ZFBA(k,ivn) — / \ + / | N n - 1/ \& ~ n
1o vEw(gskivy)
= - = (5.42a)
ldj/; lvn_gk—q
1 —q’ "k, i
W@k, i) = viq)+— S A aMas D) (5.42b)

v q’ LYy _gk—q’

This is the full Born approximation. Finally, the self-consistent Born approximation is
obtained by replacing the free propagator (iv,—&, )" in Eq. (5.42) by the full propaga-
tor, 4(k,iv,) = [iv,— & —X5®A(k,iv,)]™ . In practice, the first Born approximation
is sufficient for many purposes: the correction to v(q) in w(q; k,iv,) turns out to be
small (Bruus & Flensberg, 2004, p. 222).

5.1.3.7 Self-energy diagrams for the Coulomb interaction

In this section, we use the methods of diagrammatic perturbation theory to calculate
the self-energy corrections due to the Coulomb interaction in fermionic systems. It may
appear dubious at first sight to use perturbation theory for the Coulomb interaction, as
this interaction is not at all weak compared with the typical energy scale of a fermion gas,
which is the Fermi energy. Among the effects associated with the Coulomb interaction,
some are one-particle effects that can be captured by mean-field, independent-electron
approximations. Once those are subtracted out, the remaining interaction is ready for
perturbation theory, at least for systems that are not strongly correlated. In the latter,
the Coulomb interaction leads to radical change in behaviors such as a phase transition
toward a new ground state and the perturbation theory is not appropriate.

In order to describe the Coulomb interaction, we work in the plane-wave basis,
Eq. (2.29), such that the matrix elements of the interaction in Eq. (5.19) become
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[see doc—35]

Vapys — (k101ky0,|VIk303k,04) Ko, ka2

1
= 50103 502046k1+k2,k3+k4;V(k1 - k3) =

7Vlki—ks)  (5.43)

kXG 1+ k*? C’.1

where V(q) = e?/(e,q?) is the Fourier transform of the Coulomb potential. Note that
we did not take into account the constraint on momenta when labeling the diagram.
In view of the discussion in the preceding paragraph, one is tempted to use for V(q)
the screened Coulomb interaction. This procedure is not quite rigorous, though, and
induces a risk of counting some diagrams twice. There is nevertheless a well-controlled
way of replacing the bare Coulomb interaction by the screened one within perturbation
theory, as we shall see in Sec. 5.1.4.6.

We assume that the system under consideration is translation-invariant and non-
magnetic, such that the matrix Green’s function in Eq. (5.20) and the matrix self-energy
in Eq. (5.31) are diagonal in the momentum basis and independent of the spin o

(ga/j(ivn) — 60’0’5kk’ g(k, iwn), Zaﬁ(ivn) — 50’0’5kk’2(k’ lCl)n) (544)

The Dyson equation, Eq. (5.31), reduces to an algebraic equation for the diagonal
elements ¥(k,iw,),

Y(k,iw,) = - ! (5.45)

iw,— & —2(k,iw,)’
where we have used the fact that ¢, (k,iw,) = iw, — &.

Let’s start with the Hartree contribution to the self-energy %(k,iw,). Following the
rules for calculating diagrams, which are summarized in doc—36, we find [see doc—36]

with n = N /¥ the electron density. As anticipated, this is a real constant value
(independent of k and iw,). One should not be troubled by the fact that this constant
is infinite! It is actually expected, since we have been considering a many-electrons
system without positive ions to ensure neutrality. The infinite Hartree self-energy is the
shift of chemical potential needed to compensate the electrostatic shift of the energy
levels, which is infinite in the thermodynamic limit. In a more complete model—the
so-called jellium model—there would be a uniform density n of positive ions, whose
mutual repulsion also produces an electrostatic shift +nV(q = 0), but whose attractive
interaction with the electrons induces a negative shift —2nV (q = 0), such that these
purely electrostatic contributions exactly cancel in a neutral system.

The exchange contribution to the self-energy is [see doc—36]
1
Sy = _ng(k1 —K)f (Eg,) = T (k). (5.47)

This term is also real, shows a dependence on k but is independent of the frequency
iw,. The net effect of the exchange term is to “renormalize” the one-particle energies
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Figure 5.4: Interpretation of the second-order Coulomb self-energy diagrams. The rightmost
interaction vertex in the diagrams describes a process where the incoming electron (momentum
k and energy ¢) interacts with an electron in the Fermi sea (momentum k; and energy &y, ).
The incoming electron is scattered to momentum k, and the Fermi-sea electron to momentum
k; =k +k; —k,. The energy cost is £ + &, — (&, + &, ), which explains the energy denominator
in Eq. (5.48); for the process to be possible, k; must be an occupied state and k,, ks must
be empty states, hence the indicated combination of Fermi factors. The leftmost vertex in the
diagrams describes the process where the two virtual particles interact again and are scattered
back to k and k; without (top) or with (bottom) an exchange of the electrons.

according to & — & = & + »*N(k) as can be seen from Eq. (5.45). Noteworthy,
this renormalization is negative which reflects the energy gain due to exchange. The
renormalized excitation with &} < & therefore has a larger effective mass m* > m.

We see that no life-time effects are found at first order: the exchange term changes
the one-particle energies but does not lead to a damping of the excitations because
the corresponding self-energy has no imaginary part. In order to find life-time effects,
we must go to second order in the self-energy. We obtain for the two second-order
diagrams [see doc—361]:

1
§ § TNy = 5 2 [Vl IOF =Vl =KV ~ k)]

y S € ) (=81, )f (=Eeri, 1, ) + F (€3 )f (€3, )f (Ehen,—k,)

iy + &, — &k, + Ererkey—k,)

(5.48)

These two terms depend on both k and iw, and do have an imaginary part. Figure 5.4
proposes a step by step interpretation of these scattering processes. We will come
back to the evaluation of these terms in Sec. 8.4 when discussing the resistivity of
metals. The crucial property is that the imaginary part of these diagrams behaves as
e? + (nkg T)? at low energy, which, as we shall see, is the reason for the ~ T? scaling
of the electron-electron scattering contribution to the resistivity of metals.
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5.1.3.8 Self-energy diagrams for the electron-phonon interaction

The interaction of electrons with phonons in solids leads to inelastic scattering processes
in which an electron emits or absorbs a phonon, thus changing its momentum and
energy. As a result, the energy and momentum of an electron excited above the Fermi
surface is progressively redistributed to phonons and other electrons; after a while,
everything is dissolved into an incoherent soup of low-energy excitations. The resulting
finite life-time of excited electrons is encoded in the self-energy. In this section, we use
perturbation theory to calculate the self-energy due to the electron-phonon coupling.
Unlike in the previous sections, we have to deal here with a system containing two
kinds of particles: electrons and phonons. When the two families of particles are
decoupled, there is no worry: the wave functions are simple products of wave functions
describing particles living in orthogonal Hilbert spaces. When the particles interact,
this nice property breaks down. Fortunately, in perturbation theory all time evolutions
and thermal averages must be evaluated with the coupling set to zero.

The electron-phonon coupling Hamiltonian is given in Eq. (2.73). This coupling
involves pairs of phonon operators in the form b Tt b" o It is therefore convenient
to introduce the creation operator

Bl,=bl,+b_,, (5.49)

which adds momentum q to the phonon system, either by creating a phonon of polar-
ization A with momentum q or by removing a phonon of polarization A and momentum
—(. A quantity of importance in the following discussion is the correlation function of
the operators By, in the absence of coupling. We find [see doc-37]

(1) =84q:62225(q, 7), (5.50)
where @g(q, 7)=—(T.B . A(T)BZ ,(0)) is the free-phonon propagator. In the frequency
domain, this propagator has the form [see doc—37]

1 _ 1 _ Zqu;\
Q,—hwgy i +hwgy  (19,)2— (Hewgy)?

27(q,iQ,) = l_ (5.51)

Following Eq. (5.5), the expansion of the Green’s function for electrons coupled to
phonons reads:

00 B
Y(k,7)= —Z(—l)nf dty - dT,(T:Hepn(t1) ‘Hel-ph(Tn)Cko-(T)C;;O-(O)>Bon-dlff-
0

n=0
(5.52)
As shown in doc—38, this can be transformed into the form

) B
Gk, 7)=— > (-1)" f dry - d T (T VL (1) VI (7,0, (Tep, (004,
n=0 0
(5.53)
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h . . . . .
where Vj_el is an effective electron-electron interaction given by

B
1 /
ERCREPIDI NN IEEECRERD

kioi koo qA

Xt rao (D g0 (T 6. (e (). (5.54)

This interaction is very similar in its form to the Coulomb interaction which, from
Egs (5.43) and (2.44) follows as

Vep(7) = % IO @Clﬁqal(T)sz_qaz(T)CkZUZ(T)Cklal(T). (5.55)

ko1 ky00 4
The main differences between Veﬁil and V, are that Verl’il has an explicit time de-
pendence encoded in the 7’ integral and is of second order in the electron-phonon
coupling g,,. The physical interpretation is that the effective interaction between
electrons is mediated by the exchange of phonons: a phonon is emitted (absorbed)
at some time by the electronic system and absorbed (emitted) at some later time,
leading to a retarded interaction. If the phonon propagation were instantaneous, i.e.,
@g(q, 7—1") o< §(7 —1’), then Veﬁ_};l would be instantaneous as well like the Coulomb
interaction.! But the phonons have their own dynamics, as shown in Eq. (5.51), which
leads to a non-trivial frequency dependence of the phonon-mediated interaction. This
brings us to another difference between Veﬁ’_};l and Vg, one with spectacular conse-

quences: while Vi, is positive (repulsive), Vell’il is attractive at low energy because
D*(q,¢) = 27(q,iQ, — £ +10") is negative for || < fiwy, (see Fig. 5.5). Supercon-
ductivity is known to result from this attractive interaction.

The formal similarity between Vefl’_};l and V¢, allows us to use the results of Sec. 5.1.3.7
in order to calculate the self-energy due to the electron-phonon interaction, with only
a few adjustments. We represent the interaction vertex like this:

k2\902 T keO2

— >, 180217 23(q, v—7") (5.56)

q0Q £, o

K 1

T

Like for the Coulomb interaction, the total momentum is conserved and a momentum
q is exchanged between the electrons.” However, unlike for the Coulomb interaction,
an energy if2,, is also exchanged between the electrons, reflecting the retarded nature
of the interaction. A simplification with respect to Vg, is that diagrams involving

1 Of course, in reality the Coulomb interaction is retarded because the photons propagate at the speed
of light. We do not consider relativistic effects in these notes, however, but instead assume that Vg, is
instantaneous.

2 In a periodic lattice, the momentum conservation is to be enforced modulo a vector G of the reciprocal
lattice [see Eq. (2.51)]. Processes in which the total momentum of incoming and outgoing electrons differ
by some vector G are called Umklapp processes and they dominate at large momentum transfers.
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Figure 5.5: (a) Energy dependence of the real part of the phonon Green’s function (thick line).
This quantity controls the energy dependence of Velfil and is negative for € < fiw,,. For real, i.e.,
non-free phonons, the singularity at ficwg, is suppressed (thin line). u* indicates the average
value of the screened Coulomb repulsion on the Fermi surface: if u* is sufficiently small, the net
interaction between electrons is attractive on the Fermi surface. (b) Simplified Bardeen-Cooper-
Schrieffer interaction: the interaction is attractive up to a typical phonon frequency, taken as the
Debye frequency wp.

contributions of the kind

o< |gg=oal? (5.57)

where the shaded circle represents any connected sub-diagram, vanish because the
exchanged momentum is ¢ = 0 and the electron-phonon coupling vanishes at ¢ =0
[see Eq. (2.74)]. At first order in Vjil, we only have to consider the exchange diagram

in the self-energy Eq. (5.30), which reads [see doc—391]:
—&_o)+ b(Aw o)+ b(Aw
% < e[S W) G bon]
o iw, —(hwgy +&x—q) 1w, +hwgy — &k

The interpretation of this result in formulated in Fig. 5.6. The existence of two terms,
representing two different processes, is a consequence of the retarded nature of the
interaction: we can have T > 7’ or 7/ > 7 at the vertices [see Eq. (5.56)]. The first
term in the square brackets corresponds to the process in which the incoming electron
of momentum k and energy ¢ first emits a phonon of momentum q and frequency
wg; and then re-absorbs this same phonon at a later time. After emitting the phonon,
the electron has momentum k — q: for this to be possible, the state k —q must be
empty, which explains the factor f (—&;_q) in Eq. (5.58). The energy difference, on the
other hand, is € — (fiwg + &x—q) explaining the denominator. The correction b(fiwg ;)
represents the physical phenomenon of stimulated emission: the emission of phonons
is enhanced if phonons are already present. The second term in the square brackets
contributes mostly for negative energies € and is therefore best visualized as a process
for a hole at momentum k and energy ¢. This hole is first “filled” by an electron of
higher energy, hence a factor f (£;_q), leaving a hole in state k —q;; the phonon is then
absorbed by the electron in state k, which returns to k —q and leaves the initial hole
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Figure 5.6: Interpretation of Eq. (5.58). The first term corresponds to emission and re-
absorption of a phonon by an electron (top). The second term is the equivalent process for a
hole (bottom).

in state k. The fact that the intermediate state is a hole (the k —q hole) is seen in the
diagram in the fact that the corresponding propagator goes “back in time”.

These various mechanisms contribute to “dress” the electrons with a cloud of phonons,
making the electrons heavier with an effective mass m* > m and short-lived with a
finite life-time. Mathematically, the effective mass and the life-time are seen in the
facts that the self-energy depends on energy and possesses an imaginary part. These
important aspects are discussed further in Sec. 7.3. In doc—75, Eq. (5.58) is evaluated
analytically in the simpler case of a phonon spectrum with a single dispersionless
optical phonon. For acoustic phonons, the imaginary part of Eq. (5.58) goes like |¢|3
and explains the dominant contribution ~ T? of the electron-phonon interaction to the
resistivity of metals. Higher-order terms can be evaluated in the same way and describe
the so-called multi-phonon processes. In the case of acoustic phonons, it turns out that
the second-order terms are smaller than the first-order term, Eq. (5.58), by a factor
(m/M)Y? ~ 1073, where m and M are the electron and nucleus masses, respectively.'
Therefore, the higher-order processes can generally be ignored.

5.1.4 Two-particle correlation functions

The Green’s function studied in the previous section, Eq. (5.6), is a one-particle cor-
relation function in the sense that it describes the time evolution of a single particle
created at time zero. Two-particle correlation functions describe the evolution of a pair
of particles or, as will be discussed in this section, the evolution of a particle-hole pair.
These correlation functions are of the kind:

a o
Gupyo () = (T (D), (Dl 0) =~ BBE . (559
g i

Like in Eq. (5.10), the right vertex corresponds to imaginary time zero and the left
vertex to imaginary time 7. The shaded box represents all interactions that can take

1 A. B. Migdal, Soviet Phys. JETP 7, 996 (1958). See also Schrieffer (1964, p. 156).
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place like the double line in Eq. (5.10) and the minus sign in front of the diagram will
be explained below.

5.1.4.1 Physical interpretation

The object defined in Eq. (5.59) describes the propagation of a particle-hole pair
created at time O—the particle being created in state y and the hole being created by
annihilating a particle in state 6—and annihilated in another state at time 7. Like
the Green’s function for single-particle excitations, this propagator will therefore have
poles at energies corresponding to stable particle-hole excitations.

Usually, one considers correlators constructed by summing over the indices a, f3,
Y, and 6. One thus describes the propagation of a superposition of many particle-
hole pairs: such superpositions are collective excitations. For example, the density-
density correlation function %,(g),—q)(7) with n(q) = Do azaak g0 describes the
propagation of density fluctuations, i.e., collective excitations made of particle-hole
pairs with the same relative wave vector q. It is sometimes called the density-fluctuation
propagator. We will see that €,q)n(—q)(i2,) has poles at energies and wave vectors
corresponding to the resonant density oscillations, like for instance the plasmon.

As a first step, we look at the lowest-order term in the perturbation series for €g,5.
This term is know as the particle-hole bubble.

5.1.4.2 Particle-hole bubble

The zeroth order term in the perturbation series Eq. (5.5) for 6,p,5(7) is simply [see

doc—40]
5

6%y 5(1) = —1 95 (T)92,(—7) = — Q (5.60)

The minus sign in front of the diagram comes directly from the definition Eq. (5.59)
while the 7 factor is accounted for by the diagrammatic rules because there is one
particle loop. It is customary to work in the representation in which the Green’s function
is diagonal, i.e., 9,5 o< ,4. In that case, the particle-hole bubble takes a familiar
form in the frequency domain [see doc—40]:

d—’q(ga) - d—n(gﬁ)

0, + €,y (61

%gm(inn) = 64505,

One easily sees how the free-electron density-density correlation function, Eq. (3.29),

can be deduced from Eq. (5.61). Cgo?ﬁy s Plays in the diagrammatic perturbation the-

ory for two-particle correlation functions a role similar to ‘53/3 in the diagrammatic
expansion of the one-particle Green’s function. Unlike (ggﬂ, (50?/37 s has an explicit tem-
perature dependence due to the distribution functions in the numerator. The reason
is that particle-hole excitations depend on the occupation of single-particle states, as
illustrated in Fig. 5.7. In contrast, the injection described by ‘ggﬁ of a new particle in a
system is unrelated to the occupation numbers in that system.
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Figure 5.7: Interpretation of the particle-hole bubble for fermions. In the particle-hole emission
process (a), one expects a pole when the injected energy iQ2, equals 5 — &, provided that the
state a is occupied and the state 3 is empty. In the recombination process (b), the energy i, is
released (minus sign) by the transition of energy &,—¢& , if the state 3 is occupied and the state a is
empty. Summing the two terms, we obtain Eq. (5.61) since f (E,)[1—f(&p)]—f (Ep)1—F(E)] =
FED—F(Ep).

5.1.4.3 Diagrams for a one-body operator

Like for the Green’s function, we start by the case of a one-body operator since this is
the simplest case and it can be solved exactly. The general formula Eq. (5.5) gives:

oo B
) = |y, T S
n=0 0

a1 5 By
(T.al, (71)ay, (71)-+-a, (7)a, (7)al(7)a, (F)al(0)az (O™, (5.62)

At order n = 0, we find the particle-hole bubble %SM 5(7) that we have just encountered.
At order n = 1, the Wick theorem generates two terms that are nonzero, connected,
and topologically different, namely (omitting summations for simplicity):

a 5
Va,p, M <Trall(71)aﬁ(’f))o <Traﬁl(71)a;(0)>o (TTaZ(T)a5(0)>O =—
—19p, (=7 —0 (7)) 090, (~) e
and b a
a 5
Valﬂl (Tfa;(’rl)aa(O))o <Tra/51("71)a;(f)>o <Tra,5(7)a;(0)>o =- <f>
%3, (=71) —99 (71-7) —49 (7) p !

It is not difficult to foresee what will happen at orders n > 1: terms with increasing
numbers of scattering events on the particle and hole lines will be generated, such that
by summing all these terms we simply get a “renormalized” particle-hole bubble in
which the two free Green’s functions in Eq. (5.60) are replaced by the exact Green’s
function given in Eq. (5.18b):

H -
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In this case, the particle and the hole in the particle-hole pair propagate and are
scattered by the potential independently. This is, of course, due to the absence of
interaction between the particle and the hole. Quite generally, in a non-interacting
system the many-particle correlation functions will be simple products of the individual
one-particle propagators: this is just another way of stating Wick’s theorem. In this
particularly simple situation, we can use the spectral representation of the exact Green’s
functions to express the correlator in the frequency domain as [see doc—40]:

| > d_,(e1)—d_, (&)
mm(znn)=f deyde; Py, gy (61)P,, o (e)—o 2.

—00

(5.64)

iﬂn +81 — &y

Equation (5.64) is the expected generalization of Eq. (5.61), to which it reduces if the
spectral functions are replaced by delta functions.

For non-interacting particles subject to a one-body potential, Eqs (5.63) and (5.64)
provide the exact result. This is of course not true for particles interacting via two-body
forces. In the latter case, two new types of particle-hole diagrams emerge as will be
seen in the next section, which are collectively called vertex corrections. Nevertheless, in
many problems and actual calculations it is customary to neglect the vertex corrections
and use Eq. (5.63) as an approximation to the exact particle-hole propagator, with
the full line —e— taken as the appropriate Green’s function for the system under
consideration.

5.1.4.4 Diagrams for a two-body operator

For a two-body operator, we find as for a one-body operator diagrams corresponding
to a “decoration” of the particle or hole, such as

Diagrams of this kind describe processes in which the particle and/or the hole encounter
scattering events in their propagation but without influencing one another. The sum
of all such diagrams is generated by replacing the free particle and hole lines in the
particle-hole bubble by the renormalized lines, like in Eq. (5.63). However, there
are also two other types of diagrams which do not appear in the case of a one-body
operator. The first such type involves interactions between the particle and the hole,

for instance
@ (5.66)

The second type involves diagrams connecting together different bubbles with interac-

tion lines, for instance
OMQ (5.67)

These latter diagrams describe processes in which the particle-hole pair interacts with
another particle-hole pair and recombines. This corresponds to the (classical) inter-
action between density fluctuations; these diagrams are therefore crucial to describe
electrostatic effects such as screening.
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Here, very much like for the single-particle Green’s function, it is possible to perform the
summation of infinite series of diagrams and define the analogous of an irreducible self-
energy. Indeed, one notices that the diagram in Eq. (5.67), unlike those in Eqs (5.65)
and (5.66), can be separated in two disconnected pieces by cutting just one interaction
line. We will call such particle-hole diagrams reducible, and the others irreducible.

Then, if
Hepys = <7//’> (5.68)

represents the sum of all irreducible particle-hole diagrams, we can write

<%> - <7/,> +-ID B> o

as can be checked by direct inspection. This is the counterpart for two-particle corre-
lators of Dyson’s equation, Eq. (5.31). The quantity II is called the polarization. We
will see in Sec. 5.1.4.6 that it indeed describes the polarization of the system, which
has the effect of screening the bare interaction. Please note that there is no minus sign
in front of the diagram in the definition of the polarization Eq. (5.68), unlike for the
other two-particle correlation functions Eq. (5.59).

The sum of all irreducible diagrams entering the polarization I1,4. 5 can also be written

in a suggestive way as

afy

>-<C > 5.70)

In this representation, one can see the appearance of a renormalized vertex given by
the sum of irreducible vertex corrections:

4:<+<§+4}+<§:§+<g+... (5.71)

It is important to notice that only one of the two vertices must be renormalized in
Eq. (5.70). Otherwise most diagrams would be counted twice. On the contrary, both
propagator lines are renormalized because they are not topologically equivalent, one
representing a particle and the other a hole.

A very common scheme, known as the random-phase approximation (RPA), consists in
using the particle-hole bubble as an approximation for the full polarization:

277,
< } _ Q (5.72)
Y/

Obviously, this approximation neglects both the propagator renormalization and the
vertex corrections. However, when used in Eq. (5.69) it allows one to take into account
the complete series of diagrams of the kind Eq. (5.67). An improved version, the
self-consistent RPA, makes use of the renormalized particle-hole bubble:

%%
<: RPA$> = @ (.73)
VI,
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5.1.4.5 Density-density correlation function

Generalities We have already encountered the density-density correlation function
in Secs 1.1 and 3.3.2. In imaginary time and for a translation-invariant system, this
function is defined as

(g, 7) =—(T;n(q, 7)n(—q,0)) (5.74)

with n(q) the density operator given in Eq. (2.46). The density-density correlation
function is a superposition of particle-hole diagrams like Eq. (5.59) with a specific
relation between the particle and the hole, namely a difference q in their wave vectors:

ko k'—qo’

nn\% > = 5.75
e =— CEEY 679

In this diagram and in the subsequent ones of the same kind, unlike in Eq. (5.59), the
variables (ko) and (k’c’) are summed over like in the definition of the density. The
variables that remain, q and 7, belong to the external “connectors”. One can indeed
see that there is a flow of momentum #q from right to left in the diagram. A density
fluctuation of wave vector q is injected from the right (at time zero) by kicking a hole
from k’ —q to k’ and released from the left (at time 7) with the recombination of an
electron from k + g to k. In a system of free particles, the expression of )(T(l’n is easily
worked out using Eq. (5.61) and gives

2°.(q,i9,) =" d_ (€)= d—y(resq)

- ) (5.76)
i~ 12, + &~ Cxq

as we have already found using the spectral representation [see Eq. (3.29)]. In the
particular case of free fermions, we can perform the momentum sum exactly at zero
temperature. The resulting expression for the retarded function is somewhat compli-
cated [see doc—41] but contains much useful information. We only quote here the
behavior of xgn (q,¢) in a few important limits—in the following we use the notation
%0 rather than y°® for the retarded function:

g=¢=0 »°(0,0)= —NOQI(O) [first e =0, then ¢ — 0]
Free fermions at T =0

e=0  2@0)=-N'O[;+3(G—x)in[i%] ,
X 2 = ﬁzn;;q
1-0 )(,?n(q—>0,£O<q)=_N;1(0)(1_%1n|% ) R2K2 h2q2
= q
0 3N (0)epeq &= 5r, €4 = 5
&€= 00 Xnn(q)g)zg—z (5 77)

In these expressions, Noel(O) stands for the density of states (DOS) at the Fermi energy,
namely Ngl(O) = mkp¥ /(n*h?) for free electrons in 3D. The result xr?n(O, 0)= —NSI(O)
has a wider validity, though, and holds for any system of independent fermions [see
doc—41]. The high-energy behavior o< 72 is also a general property valid for all
two-particle auto-correlation functions, due to the fact that their spectral function is
an odd function of &. As a result, all odd powers of 1/¢ disappear in the moment
expansion Eq. (3.43). That the term in ¢! disappears can also be directly seen from
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Eq. (3.45), since [n(q), n(—q)]_ = 0. Therefore, while the high-energy behavior of the
single-particle Green’s function is always exactly 1/¢, the high-energy behavior of the
retarded density-density correlation function is controlled by the first moment of its
spectral function:

oo
1
)(fn(q, £ — 00)= = J d€ € Pp(qin(—q)(€)- (5.78)

—00

These various limits of )(r?n(q, ¢) will be used below to discuss the general features of
the charge-excitation spectrum.

Let’s consider now the case of interacting particles. Following the reasoning of the
previous section, we can rewrite y,,(q,i2,) in terms of the irreducible polarization as

1+ +V(q)(q,i%,)

In translating Eq. (5.69), we must be careful about the signs: <R > =—y,<F4 > =11,
and ~~~ = —V /¥, the latter sign being the one associated with each power of the
interaction in Eq. (5.5). Eq. (5.79) is the basis for studying the collective charge
excitations in a system of interacting particles. Stable collective modes correspond to
poles of y,,(q,i9,) and are therefore determined by finding the values of g and ¢ that
satisfy the equation

(5.79)

xnn(q’iﬂn) =

1+ 2 V(q)I(q,iQ, — ¢ +i0") =0. (5.80)

Clearly, this equation can only be satisfied in regions of the (q, £) space where ImI1(q, e+
i0") = 0. One can distinguish four kinds of solutions. Solutions such as ¢ = hvq
describe sound-like waves propagating in the system. An example is the Landau zero
sound with v > v, which shows up when the interaction V is short-ranged like in *He.
There are also solutions of the form ¢ = g, + Ag?. Those correspond to the plasmon
which appears when the interaction is long-ranged and which, like an optical phonon,
has a finite energy at ¢ = 0. There might also be solutions such that ¢ =0 and q # 0.
The latter correspond to static (¢ = 0) and periodic (q # 0) charge modulations known
as charge-density waves (CDW). If a charge-density wave solution exists, this generally
means that the system is unstable toward the formation of an ordered ground state
in which this density wave is realized. An example is the Wigner crystal. Finally, a
solution at ¢ = 0 and q = 0 also signals an instability of the system toward an ordered
ground state in which the density is reorganized, like e.g. in a ferroelectric material.

Density excitation spectrum in RPA, plasmon and zero sound Since in the RPA
approximation one takes [see Eq. (5.72)]

HRPA(q:iQn) = _Xr?n(q’iﬂn)a (581)
the density-density correlation function in the RPA approximation reads

10 (q,i9,)

. (5.82)

1F(q,i0,) =
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Figure 5.8: Density excitation spectrum in the 3D homogeneous fermion gas for (a) long-range
and (b) short-range interaction. The color scale represents the value of | xf:"(q, ¢)|, and shows
the plasmon in (a) and the zero sound in (b) as bright lines. Typical particle-hole excitations are
sketched in (a).

Based on this expression, we can draw a graph representing the density excitations
of the interacting homogeneous fermion gas (Fig. 5.8). It is convenient to measure
the wave vectors in units of 2kp and the energies in units of 4eg, i.e., to work with
the variables x = q/(2kg) and y = ¢/(4¢p). The region of the (x,y) plane where
particle-hole excitations do exist corresponds to the region where Im y,,,(x,y) # 0. In
the RPA approximation, this region coincides with the region where Im xgn(x, y)#O0.
We see in doc—41 that the imaginary part of )(Sn is proportional to y if y < x —x2. This
defines a first region in the graph below the line x —x?2, where electron-hole excitations
prevent the formation of collective modes.! More precisely, collective modes that
would exist in this region are strongly damped by exchanging energy with incoherent
electron-hole excitations and therefore would have a short life-time. This attenuation
of collective modes is known as the Landau damping. Particle-hole excitations are also
present in the region between the lines x?+x and x®—x, where Im x° (x, y) decreases
as y increases. x? + x is the highest energy that can be reached for a particle-hole
excitation of momentum Xx, i.e., when the wave vector is normal to the Fermi surface,
while x? — x is the minimal energy attainable with a wave vector larger than 2k (see
Fig. 5.8).

The type of collective excitation that can exist in the region where Im y,,,(x,y) =0
depends on the range of the interaction V. In the limit g — 0 ({™! = x/y — 0), we

! In one dimension, )(Sn(x, y) =0 for y < x — x? because in this case the Fermi surface reduces to two
points and therefore only excitations with q ~ 0 and q ~ 2k are possible close to £ = 0.
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can see from Eq. (5.77) that

20(a = 0,8)= N2 (2) +0[ (£)'] (5.83)

and therefore xr?n increases like (q/¢)2. If the interaction is long-ranged like the
Coulomb interaction, i.e., V(g — 0) o< g2, then V(0)x° (0, > 0) is finite and
the equation 1 — %V(O) xr?n(O, g) = 0 admits a solution for a finite ¢ = fiw,. In the
homogeneous electron gas, one thus obtains the plasmon excitation and its dispersion
as [see doc—42]

sz e’n

2 4 2
+0(q"), =—. 5.84
T0o, 4 TOWD,  wp= (5.84)

wplasmon(q) = wp +
p

The plasmon and its dispersion are visible in Fig. 5.8(a) as a bright line. We also see
on the figure how the Landau damping destroys the plasmon, which dies out upon
entering the continuum of particle-hole excitations at high energies. The plasmon and
its quadratic dispersion have been observed in many simple metals and found to be in
good agreement with the RPA result Eq. (5.84) in Na,! Mg,? AL® and even Si,* while
some deviations were found in K, Rb, and Cs.!

If the interaction is short-ranged, V(q = 0) is finite. We then see that the equation
1-— %V(q) 10 (q,€) = 0 can still be satisfied in the limit ¢ — 0, provided that the
excitation is a kind of sound with ¢ = fvyq or ¥y = {x, such that x/y becomes a
constant. In this case, the parameter { measures the wave velocity relative to the
Fermi velocity, { = v,/ Vg, with vy = fikz/m. We can no longer rely on the expansion
Eq. (5.83) because x/y is not a small number. Instead, we must solve the full equation
1-— %V(O)xﬁn(q — 0, &) = 0 which, using Eq. (5.77), can be recast as

—1+£1n
2

1
= . (5.85)
ZV(0)NE(0)

1+¢
1-¢

The graphical solution of this equation is illustrated in Fig. 5.9. We see that there are
always two solutions, one with { < 1 and one with ¢ > 1. The first solution implies
vy < Vg and corresponds to a damped sound: the line y = {x in Fig. 5.8(b) lies within
the region where Im y,,, # 0 if { < 1. On the contrary, the solution with v, > v
corresponds to a propagating sound which appears clearly in Fig. 5.8(b). The velocity
of this sound approaches v in the limit of vanishingly small interactions. This sound
is quite different from the ordinary sound in materials and has been called the zero
sound. The driving force for ordinary sound is the pressure gradient generated by
oscillations of the density away from thermodynamic equilibrium. Therefore, local
equilibrium must be restored in the time interval between two density oscillations for
a normal sound to be able to propagate. This is only possible if the typical collision
time 7, is short compared with the sound frequency, i.e., w7, < 1. As 7, typically

L A. vom Felde, J. Sprosser-Prou, and J. Fink, Phys. Rev. B 40, 10181 (1989).

2 C. H. Chen, J. Phys. C: Solid State Phys. 9, L321 (1976).

3. Sprosser-Prou, A. vom Felde, and J. Fink, Phys. Rev. B 40, 5799 (1989).

4 C. H. Chen, A. E. Meixner, and B. M. Kincaid, Phys. Rev. Lett. 44, 951 (1980).
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Figure 5.9: Graphical solution of the equa-
tion giving the velocity of the zero sound F 1
in the RPA approximation for a gas of
fermions interacting with short-range inter- 1
actions. Only the solution with vy > v; cor- | LVv(0)NE(0)
responds to a propagating sound, the other 0
excitation being damped by particle-hole ex-

citations.

0] Q 1

$=vo/vr

increases like T~2 with decreasing temperature (see Sec. 8.4), the condition w7, < 1
is no longer satisfied as T — 0 and the ordinary sound disappears at low temperature.
On the contrary, the driving force for the zero sound is the direct interaction between
particles and, for this sound not to be damped by collisions, we must be in the opposite
limit, w7, > 1. One thus sees that nothing prevents the propagation of the zero sound
down to the lowest temperatures, hence its name. The zero sound was discovered by
Landau and has been observed in *He, which behaves like a liquid of neutral fermions
interacting via short-range forces.'

Charge-density wave instabilities and nesting It may happen that the density-density
correlation function exhibits poles at ¢ = O for a finite wave vector Q, even in the
absence of interaction. As is clear from Eq. (5.76), if & = &jq for some vector Q and
sufficiently many vectors k in the Brillouin zone, xr?n(Q, 0) can diverge. The property
&k = Ek+q is a special case of nesting and Q is called a nesting vector. As an illustration
of this behavior, Fig. 5.10 shows )(T?n(Q, 0) for the two-dimensional square lattice with
a tight-binding nearest-neighbor dispersion & = 2t(cosk,a + cosk,a) — u, where
a is the lattice parameter. If u = 0, the band is half-filled and the density amounts
to one electron per lattice site. In these conditions, the Fermi surface (§;, = 0) is
a square as indicated in Fig. 5.10(a). This square is perfectly nested with a nesting
vector Q = (£71/a,+m/a). The corresponding free density-density bubble Eq. (5.76)
at ¢ = 0 and zero temperature is displayed in Fig. 5.10(b). One can see the divergence
at Q = (t/a, m/a), which results from the nesting of the Fermi surface. Since poles
in the density-density correlation function correspond to stable excitations (in other
words, eigenstates) of the system, a pole at € = 0 indicates that there exists a competing
ground state characterized by a periodic modulation of the density. The uniform ground
state—the one that was initially assumed to be the true ground state when calculating
x,?n—is said to be unstable towards the formation of an ordered ground state that
breaks translational symmetry. Such a symmetry-breaking state is called charge-density
wave (CDW). The mechanism is analogous to the Peierls instability of one-dimensional
systems.

This kind of instability will generally be suppressed by electron-electron interactions

L W. R. Abel, A. C. Anderson, and J. C. Wheatley, Phys. Rev. Lett. 17, 74 (1966). % K. Skéld, C. A. Pelizzari,
R. Kleb, and G. E. Ostrowski, Phys. Rev. Lett. 37, 842 (1976). % P A. Hilton, R. A. Cowley, R. Scherm, and
W. G. Stirling, J. Phys. C: Solid State Phys. 13, L295 (1980).
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|%9,(a0)l
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Figure 5.10: Charge-density wave instability in the 2D square lattice at half filling. The
45°-rotated square in (a) shows the perfectly nested Fermi surface. The nesting vector Q = (%, =
is also indicated. The corresponding zero-energy density-density bubble is plotted in (b) and
shows a logarithmic singularity at Q.

since, according to Eq. (5.82), x,,(Q,0) approaches the finite value —¥/V(Q) if
)(gn (Q,0) diverges. But the interaction can also trigger other CDW instabilities, which
correspond (in the RPA approximation) to solutions of the equation xgn(Q, 0) =
¥ /V(Q). Since x,?n(Q, 0) varies with temperature, the solution, if any, occurs at
one particular temperature to be interpreted as the critical temperature for the CDW
phase transition. Let’s consider a simple case of nesting where this can happen, namely
Ek+q = —& for all k. This condition is obeyed at half-filling (u = 0) by the two-
dimensional tight-binding dispersion discussed above. It is easy to see that the nesting
condition implies

oo

20(Q.0)=—¥ f 1N L <0, (Gug=-8 (580

—0oQ

Because X,?n(Q, 0) < 0, there is no instability for a repulsive interaction. If the in-
teraction is attractive, like the phonon-mediated interaction of Eq. (5.54), there will
be a CDW instability but also, of course, a superconducting instability. The system
is said to have competing ground states: only the instability occurring at the highest
temperature has a chance to be realized in practice. In order to estimate the CDW
transition temperature T°", we may assume the simple form N¢'(¢) = N¢'(0) over
the bandwidth extending from —W /2 to W /2, which leads to the following equation
for the critical temperature:

L4 W/2 e
—— =72%(Q,0)= ”VNEI(O) J tanh (—
(@ 2

~—¥NE(0)In (0 567 - ngnw) (5.87)
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where we have used Eq. (20), assuming ks T°°" < W. The solution is

ks TSPW A0 0.567 W e!/IV QN O], (5.88)

This expression is similar to the BCS superconducting temperature Eq. (5.144): the
half-bandwidth W /2 replaces the Debye energy ficwp, and the total DOS replaces the
DOS per spin (the BCS pairing interaction only acts between electrons of opposite
spins). If T*"" > T, the occurrence of the CDW might prevent the formation of the
superconducting state at lower temperatures.

CDW are most often observed in one-dimensional and quasi-one dimensional materials
like NbSes, TaSe;, or the organic conductors TMTSF or TTF-TCNQ. In such materials,
the CDW state is usually accompanied by a lattice distortion which stabilizes the CDW.'
CDW also often occur on surfaces, which are realizations of two-dimensional systems
analogous to the square lattice of Fig. 5.10. The CDWs on surfaces are most commonly
called surface reconstructions.

5.1.4.6 Polarization and dielectric screening

In addition to being useful for determining the collective density excitations and
the charge instabilities of a system, the density-polarization I1(q, if2,) appearing in
Eq. (5.79) is closely related to the dielectric screening. To see this, we note that it
is possible to define a Dyson-like equation for the screened interaction, in complete
analogy with Egs (5.30) and (5.69):

. = e M{%}W (5.89)

The right-hand side of this equation generates all possible decorations of the interaction
line ~~~~ obtained by polarization insertions. Like the phonon-mediated interaction
of Eq. (5.54), the screened interaction W(q,if2,) is energy-dependent and can be
deduced by solving Eq. (5.89). The latter reads, schematically, —W /¥ = -V /¥ +
(=V/¥)I(—W /¥), which gives (we assume translation invariance in this section):

V(q)

W(q,iQ,) = —.
1+ 3V(g)(q,i%,)

(5.90)

If we replace ~~~ by ~~~ in our diagrams, we are performing yet another partial
resummation of diagrams up to infinite order. In doing so, we must be careful not to
count some diagrams twice. For instance if we use the screened exchange self-energy

diagram,
Iy

we should not also retain the first of the second-order contributions in Eq. (5.48), since
the latter is already accounted for in the screened exchange.?

1 See e.g. G. Griiner, Rev. Mod. Phys. 60, 1129 (1988).
2 A popular and successful approximation to the self-energy of interacting fermionic systems is the so-
called “GW” approximation. In the GW approximation, both the interaction screening and the propagator
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By definition, the ratio between the bare and screened interactions is the longitudinal
dielectric function €)(q, w) [see doc—43]. From Eq. (5.90), we read:

1
eg,w)=1+ ;V(q)HR(q,hw). (5.91)
This relation is sometimes written as
_ 1
€' (g, @) =1+ ZV(@)x,,(q, Fiw). (5.92)

Using Eq. (5.79), one easily checks that these two definitions are indeed equivalent.
Working within the RPA approximation, we can now recover a few well-known expres-
sions for the dielectric function. In the RPA approximation, we have Eq. (5.81) and it
follows that:

1
eﬁPA(q, w)=1— ;V(q )22 (g, hw). (5.93)

In the homogeneous interacting electron gas, we therefore get in the static limit and at
zero temperature, using Eq. (5.77):

K. [1 12k 1+ 5%
SRR R G )l
2prel
where the Thomas-Fermi wave vector is given by k%F = Zf;o). In the long-wave length

limit, we recover the famous result which can also be derived from the Thomas—Fermi
approximation:

k2
ei™(g —0,0)=1+ — (5.95)
q
In the same limit, the screened interaction is therefore
RPA e? 1
W™ (q —0,0)= ——————. (5.96)
60 q2 + kTF

Fourier transforming with the help of Eq. (14), we find that the screened interaction is

short-ranged:

eZ e—kTFr

WRA(r - 00,0) = (5.97)

4meq T

A more accurate calculation that takes into account the complete Lindhard function
Eq. (5.94) leads to a screened interaction displaying Friedel oscillations at large dis-
tances:

WRPA(T‘ — O0,0) —

e? [ekTFr 2k3k2,  cos 2kgr

—4
e Gy O )]- (5.98)

4meg

renormalization are taken into account by using the diagram

2‘”5@»

This approximation solves the band-gap problem when used in conjunction with Density-Functional Theory
(DFT) and can produce accurate quasi-particle energies. See L. Hedin, J. Phys.: Condens. Matter 11, R489
(1999).
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These oscillations result from the discontinuity of the occupation numbers at the Fermi-
surface, which in turn leads to the logarithmic singularity at ¢ = 2k in Eq. (5.94). The
oscillations are therefore damped at finite temperature. Finally, we quote the standard
expression in the high-frequency limit, which can be derived using Eq. (5.77):

2
eﬁPA(q,wﬁ o00)= 1—@—2. (5.99)
These few simple results show how the perturbation theory, once properly resummed
in order to include infinite series of diagrams, allows one to recover approximate
expressions which can also be obtained by other methods. The advantages of the
perturbation theory is that it provides a fully first-principle approach to the various
problems, and indicates directions to develop systematic improvements over existing
approximations.

5.1.4.7 Spin-spin correlation function

Analogous to the density-density correlation function defined in Eq. (5.74), the spin-
spin correlation function is

Xss(q:T)Z_(TTS(qrf)'S(_q70)>r (5100)

with S(q) the Fourier transform of the spin-density operator given in the plane-wave
basis by Eq. (2.47). The Pauli matrices 7*, 77, and 7% are given in Eq. (22). It is
customary to introduce longitudinal and transverse components for this correlator,
where “longitudinal” in this context means parallel to the spin quantization axis taken
as the z axis. As shown in doc—44, for electrons interacting via spin-conserving forces
like the Coulomb force, we have

. 2 . .
%65(2,12,) = (8) [x1(g,12) + 11 (g, i2,)] (5.101a)
(q,iQ,) + 422911 (q,iQ,)1,,(q,iQ,
X“(q’iﬂn):_ (q ) «;:/(q)ﬁ(q. ) 11(‘1 ) (5.101b)
1+ —=7-1(q,i8,)

where the spin-dependent polarizations are

,,(q,iQ,) = U{%>U (5.102)

o o

and IT = I}, + 11} is the total polarization entering Eq. (5.79).

For non-interacting and non-spin polarized electrons, we have V(q) = 0 and I1}; =
I, =1, =, = 311° = —3 ¥° . We therefore obtain

2 . .
(2)" x2(q,i2,) =3x° (q,i%2,). (5.103)

Up to numbers, the free density-density and spin-spin correlation functions are identical.
The factor 3 reflects the three components of the spin. This result is expected because the
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density and spin excitations are both carried by the same particles and, in the absence
of interactions, the propagation of these excitations is governed by the propagation of
that free particle. The situation is going to be different in the presence of interactions
because a density excitation produces a charge disturbance and is therefore sensitive
to the Coulomb interaction, while a spin excitation can be charge-neutral.

We can see this by considering the case of an interacting paramagnetic system for
which [Ty, =11 =TI} =TI = %H, such that Eq. (5.101) gives a result similar to that
of independent particles:

(%)2 %1s(q,1Q,) = —31(q,i,) (paramagnetic system). (5.104)

This is quite different from the density-density result Eq. (5.79) and it shows that
the interaction does not lead to such things as spin plasmons or spin-waves in a
paramagnetic electronic system. The existence of static spin-density waves (SDW) is
still possible, though. At the RPA level, for instance, we have simply y " oc y° such
that the system of Fig. 5.10 has a SDW instability at Q = (%, Z), which indicates the
existence of a competing anti-ferromagnetic ground state.

In a fully polarized system, one can to first approximation assume that only one spin
state is available (I, =11 and I, = Il;; = I, = 0). Since in such a system the
density n = n,, the existence of the density plasmon also implies the existence of a
spin plasmon, an oscillation of the local magnetization. Hence one expects to have a

pole in the spin susceptibility. We indeed find from Eq. (5.101) that, in this case,

1(q,i%2,)
1+ X211(q, i2,)

2 . .
(%) xss(q’lﬂn):_ ZXnn(q’lQn)

(fully polarized system), (5.105)

such that the spin and density excitations have identical structures as expected.

The formulas given in this section were derived for an interaction that does not depend
on the spin, like the Coulomb and phonon-mediated interactions. One of the most
popular model used to investigate the properties of strongly-correlated electrons, the
Hubbard model, represents the interaction by a contact potential V(r,r’) = U&(r —r’),
or V(q) =U. As a result, the interaction becomes spin-dependent because of the Pauli
exclusion principle: electrons with parallel spins cannot occupy the same position in
space and therefore cannot feel the interaction. For the Hubbard model, the interaction
vertex of Eq. (5.43) carries one additional constraint, namely 6, _,,. The analysis of
the spin susceptibility must be revisited accordingly: in the diagrammatic equation of
doc—44, the second term on the right-hand side disappears. Repeating the analysis, we
then find

U
=251y,
U2 ?
1—(5) Ty,

while the expression of y| remains the same as above. In a paramagnetic state, the

Hubbard _

2 (5.106)
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spin-spin correlation function becomes

1- 351, i2,)

2 g .
(;) XSSUbbard(qalQn) -
(paramagnetic state). (5.107)

Collective excitations are now possible unlike in Eq. (5.104), if the denominator
1— %%Re II(q, ¢ + i0") vanishes. Note the sign difference with respect to Eq. (5.80).
These opposite signs for the charge and spin susceptibilities imply, in particular, that in
the case of the nesting condition considered in Eq. (5.86), where we have seen that
no CDW instability occurs for a repulsive interaction, a SDW instability does occur,

corresponding to an ordering of the spins with wave vector Q.

5.2 Equation-of-motion method

The perturbation theory is useful when there exists a small parameter and expanding
in powers of this parameter makes sense. In other situations, the equation-of-motion
method is an alternate analytical approach to evaluate correlation functions. This
method provides a direct and elegant solution to the problem of independent particles.
Furthermore, it allows one to easily derive the conventional mean-field theories of
Hartree-Fock and BCS-Gor’kov and to give them a transparent interpretation in terms
of neglected high-order correlations.

5.2.1 The equation of motion

The equation of motion of the imaginary-time correlation function of the operators A
and B, 6,5(7) = —(T,A(7)B(0)), is readily found to be [see doc—45]

— 8. 6u5(v) = 5(7)([A,B_,) + Graxs()- (5.108)

The first term in the right-hand side arises due to the time derivative of the theta
function implied by the imaginary-time ordering, while the second term is due to
the time derivative of A(7). As we see, solving this equation for %,z(7) requires
another correlation function 64 x15(7). This is just the beginning of an endless series
of coupled equations, because the equation of motion of €[4 x5(7) in turn depends
on Gak1x1s(7), etc. The obvious strategy within the equation-of-motion framework
is therefore to cut this infinite series by approximating the high-order correlation
functions by products of lower-order ones—as if Wick’s theorem would apply—and
thus obtain a closed set of equations. For independent particles this truncation is exact
due to the absence of correlations. Therefore, although the equation-of-motion method
does not provide a practical recipe for calculating correlation functions exactly, it gives
a strategy for building a better and better approximation by decoupling the correlation
functions at higher and higher order. From now on we focus on the one-particle Green’s
function. The treatment of two-particle functions follows the same procedure.
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5.2.2 One-particle Green’s function

Let’s recall that the one-particle Green’s function is the correlation function of the
creation and annihilation operators and thus corresponds to taking A= a, and B =a,

in which case [A,B]_, becomes [a,, a;;]_n = 04p according to Eq. (2.41). The Green’s
function is denoted ¥,4(7) as in Eq. (5.6):

Gup(T) = 6, 41 (7) = —(T.a,(7)aj(0)). (5.109)

5.2.2.1 Independent particles

For independent particles, the Hamiltonian generically has the form of the first term
in Eq. (2.45), K, = Zaﬂ Eaﬂajxaﬁ, and the commutator of a, and K, that we need in
the equation of motion Eq. (5.108) is given in Eq. (25): [a,,K,] = Zy Eaya,- The
equation of motion therefore reads

—8,9%(1) = 5(7)5, + D Eay %aia;(r). (5.110)
Y ~———
G5p(7)

A superscript 0 is attached to ¢ in order to stress that these and the following relations
are only valid for independent particles. We see that the equation of motion involves
only ¥° in this case and can therefore be solved in closed form. Moving to the frequency
dorpain where —0, — iv, and 6(7) — 1, we have iv, 9, (iv,) = §p+2., an%fﬁ (iv,)
or, in other words,
D 9By — Sy ] 9% ((7,) = g - (5.111)
—_—— .~~~
[ivi1=Kolyy  [9(iv)lp (14

It is natural to introduce a “matrix Green’s function” as we did in Sec. 5.1.3.3. We then
see that Eq. (5.111) reduces to the matrix equation (ivnll —KO)%(ivn) =1, that is

Go(ivy) = (iv,1—K,) . (5.112)

This equation is very convenient, as it provides a recipe for evaluating the Green’s
function of independent particles through a simple matrix inversion. It is the same
result that we have obtained in Sec. 5.1.3.3 by summing all diagrams in perturbation
theory for a one-body operator. If the one-particle states ¢, corresponding to a:; are
chosen as the eigenstates of K, then K, = Y., gaalaa is diagonal and the matrix
Green’s function is also diagonal:!

b4
G0 (iv,) = — (5.113)
1

'vn_ga‘

! Formally, we could write using Dirac’s notation,

v 1 =Ko = Y |a) (@livg 1 —KolB)(Bl = D (iv, — E)la)(al.

o Bap (7m—Ea) “
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The analytic continuation to real energy gives the retarded function that we have
already encountered in Eq. (3.26).

5.2.2.2 Interacting particles

If the Hamiltonian involves an interaction term like the second term in Eq. (2.45),
the equation of motion requires the commutator [a,, V] = Zwl uy Ve uzayau a, [see

Eq. (25)] in addition to the contribution from [a,, K,]. It follows that

—3.9,5(7) =5(1)5, ,3+Zgay Gs(D+ D Vi Claya.a, (D) (5.114)
Y

This is the general equation of motion of the one-particle Green’s function. Its physical
meaning is that the relaxation of single-particle excitations described by ¥,5(7) occurs
via the two-body interaction through processes involving the creation of particle-hole
pairs. The equation of motion of Gala, a, a ('c) describes the dynamics of these particle-
hole pairs, which is controlled by hlgher order processes and so on and so forth along
the infinite chain of coupled equations mentioned in Sec. 5.2.1. The equation of motion
Eq. (5.114) cannot be solved exactly for a general interaction V, but it can be used to
prove exact relations involving the Green’s function. An example is Eq. (1.9) relating
the grand potential Q2 to ¥,4(7), the proof of which is given in doc—46.

If Wick’s theorem did apply, Gala, a, a (T) in Eq. (5.114) could be factorized into
products of correlation functions of only two field operators, i.e., Green’s functions. In
this way, the infinite chain of equations of motion could be solved in closed form. The
Wick theorem does not hold if a two-body interaction is present, however, such that
‘ga/auz a, .a (’r) cannot be factorized. The essence of the mean-field theories discussed
in the next paragraph is precisely to neglect the correlations present in Gala, “ul’a};(f)

and to treat this quantity as if particles were independent.

5.2.2.3 Hartree—Fock—Gor'kov decoupling

5.2.2.3.1 Gor’kov equations In this approximation, one assumes that the corre-
lation function in the last term of the equation of motion of the Green’s function
can be “decoupled” using Wick’s theorem, as if the particles were independent. This
approximation thus neglects non-trivial two-particle correlations and is, therefore, an
independent-particle or mean-field approximation. It is in fact the most general static

This expresses the fact that iv,1 — K, is represented numerically by a diagonal matrix. The matrix
representing the inverse is therefore simply the diagonal matrix with inverse matrix elements, namely

Yo(iv,) = (ivn]l _KO)*I _ Z : la){al i

o ”’n_ga

and the matrix elements of ¥, follow:

. . {aln)(rB) _ _Sap
905 (iv2) = (al % (i7,)1B) ; E T T E
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mean-field approximation one can think of. In the absence of pairing it is equivalent
to the Hartree-Fock approximation, while in the presence of pairing it is just the BCS
theory. We derive it here in a somewhat abstract way in order to emphasize the gener-
ality of the approach. Specific applications will be considered towards the end of this
section. The approximation reads:

Cutap o (F) ¥ (T2, (D){T.a,, (£)af(0))
—(T.ai()a,, (7)) (T.a,, ()} (0))

— (T:a}(1)ay(0))(T:ay, ()a,, (7))

(ayau Y9 1,5(7)+n( )‘5“2/5(7)+ <auzau1>9:/3(f)' (5.115)

The new correlation function introduced here, namely

Z (1) = Gy (7) = —(Teaf(1)ag (0), (5.116)

is called anomalous Green’s function. The notation Z ' does not have the usual meaning
of hermitic conjugation but stands as a reminder that this is the correlation function
(a'a’). The anomalous Green’s function vanishes in normal metals in which the
number of particles is conserved ([K,N] = 0), but can be nonzero in BCS models
of superconductors when a finite density of Cooper pairs exists. In the mean-field
approximation, the anomalous propagator is directly related to the superconducting
order parameter. The equation of motion of 9;'/3 is readily written down using the
general equation of motion Eq. (5.108), the commutator Eq. (26), and the same type
of decoupling as Eq. (5.115):

— *
ﬁ(T) Zgay Yﬁ(T) Z ayppiy aulauzay a;(T)

Yo

%_Z €Zy'g.;ﬂ(T) Z aypy le: 1 ) ﬁ(T)
Y

T2
+ n<a;1ay>g;2/5(ﬂ + (a;zay>g:1/3(f):|' (5.117)

Note the absence of a term proportional to §(7), owing to the fact that [aj;, a; 1, =0.
Collecting the equations of motion of ¥ and .Z, using a matrix notation and moving

to the frequency domain, we obtain the two coupled equations known as the Gor'’kov
equations [see doc—47]
(iv,l —Ky)%(iv,)— A (iv,) =1 (5.118a)

(iv,1+K)Z (iv,) + A*Y(iv,) =0. (5.118b)



82 Calculating correlation functions

We have introduced the modified self-consistent one-particle Hamiltonian K, = K, +
Vi + V4 as well as the mean fields

[Viilap = Z ap Bit (a A - Z ity Gyigps, (T =07) (5.119a)
(32 [5Y2%)

Vx aﬂ =0 Z O‘M1sz5 2 Z auluzﬂ Hzlh =07) (5.119b)
Hiz T

Aap = Z Vappupy (@, 4,) = =1 Z Vapuus [ o, (T =07 )] (5.119¢)
Mtz Mz

As shown in doc—47, V;; and V, are the usual Hartree and exchange potentials if V is
the Coulomb interaction and they play similar roles for other types of model or effective
interactions. In particular, the exchange potential is negative (attractive) for fermions
if the interaction V is repulsive. The Gor’kov equations form a set of self-consistent
one-particle equations which can be solved using standard linear-algebra techniques. In
the absence of superconducting pairing (' = A = 0), they reduce to the well-known
Hartree-Fock approximation. In the traditional formulation, one derives the latter by
approximating the ground state with a single Slater determinant like Eq. (2.32) and
optimizing the one-particle wave functions ¢, that enter this determinant such as to
minimize the ground-state energy. The resulting variational equations determining
the ¢, turn out to be the same as the equation (ivn]l —RO)%(ivn) = 1. The present
formulation widens the meaning of that approximation from a variational theory of
the ground state to a consistent theory of the full single-particle excitation spectrum
that neglects two-particle correlations beyond the correlation entailed by the exclusion
principle—that are accounted for in the Hartree-Fock approximation.

The Gor’kov equations are formulated in a variety of different but equivalent ways in
the literature, as we briefly discuss now.

5.2.2.3.2 Dyson-like formulation In the Dyson equation Eq. (5.31), the Green’s
function is expressed in terms of a bare part %, and a self-energy . The same thing
may be achieved here by eliminating Z from the two Gor’kov equations and solving
for 4. We thus obtain

G(iv,) =[% (ive) = D(iv)] (5.120a)
where
9 '(iv,)=iv,1—K, and E(iv,) =AY, (—iv,)A" (5.120b)

Here “T” means transposition and we used K(’; = R'OT . This formulation is useful when
the mean-field (or order parameter) A is known and the single-particle excitation
spectrum or the local density of states (LDOS) is to be calculated. A particularly simple
example is the case of a homogeneous spin-singlet superconductor with an order
parameter A, : in this case the matrix %(iw,) is replaced by the function %(k,iw,) =
|A?/(iw, +&_); see Sec. 5.2.2.3.5. Another example is a vortex in a superconductor,
where the variation of A in real space is approximately known such that Eqs (5.120)
provide a straightforward way to evaluate the LDOS [see doc—79].
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5.2.2.3.3 Nambu formalism In the Nambu formalism, the two Gor'’kov equations
are recast into a single matrix equation. This can also be achieved by introducing
two-component field operators known as the Nambu spinors. It is readily verified that
the two Gor’kov equations and their complex conjugate can be collected together in
the matrix form

iv,—K, —-A ¥ —-Z\_(1 0
( AT v, +1?;;) (9‘* —¢)=\o 1)’ (.121)
where .Z is the complex conjugate of Z . It is then natural to introduce the Nambu
matrix Green’s function
. Y -7
4 = (gf _g*) (5.122)
as well as the Nambu Hamiltonian
. (K A
K= (—A* —K'(’)‘) (5.123)
such that Eq. (5.121) simplifies to
(iv,1—K)4(iv,) = 1. (5.124)

This is just the same equation as Eq. (5.112) for independent particles. The independent-
particle nature of the mean-field approximation thus appears very explicitly in the
Nambu notation: the two Gor’kov equations are rewritten as an independent-particle
problem at the expense of promoting the Green’s function to a matrix with one ad-
ditional “Nambu index”. Physically, this means that the elementary excitations that
diagonalize the Hamiltonian at the mean-field level and behave as independent objects
in a superconductor are not ordinary particles or holes like in conventional metals, but
a specific particle-hole admixture depending on the properties of the superconducting
order parameter, as we shall see shortly.

The Nambu formalism is especially useful in conjunction with perturbation theory.
The latter must be reconsidered in superconductors because, in addition to the usual
diagrams, there are now diagrams involving the anomalous propagators ' and %, i.e.,
lines with either two particles created or annihilated at both ends like in Fig. 5.2(b). This
complication can be elegantly sorted out within the Nambu formalism by promoting
the propagator lines to the level of 2 x 2 matrices: the lines in the usual diagrams thus
correspond to the matrix ¢ just defined rather than to the function . The vertices
must also be replaced by 2 x 2 Pauli matrices. In this way, all anomalous diagrams
are automatically included. For details, see Schrieffer (1964) and doc—68, where the
Eliashberg equations and an example of solution are presented.

5.2.2.3.4 Bogoliubov—de Gennes equations The famous Bogoliubov-de Gennes
equations for superconductors were originally introduced in order to deal with situ-
ations in which the superconducting order parameter or the potential vary in space.
Rather than focussing on the Green’s function, they focus on the wave functions of the
elementary excitations in the superconductor. Let’s therefore define the eigenvalues
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and eigenvectors of the “Nambu Hamiltonian” introduced above: K|y) = E,|y). These
are the Bogoliubov—de Gennes equations. They are usually written in 2 x 2 matrix form

(—IN(AO* —?((;) GZID = Ey (W) ' (5.125)

as

In this formulation, the problem becomes an eigenvalue problem to be solved for
lu,), [v,), and E,. u,(r) and Avy(r) are the particle and hole parts of the elementary
excitations that diagonalize K. The spectrum of eigenvalues E, is even with respect
to E, = 0: it is indeed easy to check that, if (uy,vy) is a solution with energy E,,
(v)’j, u; ) is also a solution with energy —E, . For a complete self-consistent solution of
the Bogoliubov—de Gennes system, we need to relate the mean fields V;, V,, and A to
the amplitudes u,, v,, and the energies E,. This can be done simply by noting that the
Green’s function is diagonal in the representation of the |y):

{é(ivn)z(ivnll—l%)_l ZZ |Y>(Y| _Z 1 (Iuy>(uy| |uy><vy|). (5126)
Y

T ivn_Ey B ivn—EY |Vy><uy| |VY><V},|

Projecting onto the original representation of the one-particle states |a), we get

(alu,)(u,|B)

Gup (i) = (@l G, (i,)|B) = D ———— (5.127)
” iv, —E,
. , v, |
7 i) = aldn(i)IB) = 3 % (5.126)

These expressions lead to the mean fields in Eq. (5.119) with the help of Eq. (17):

Gop(t=07)=—1 > (alu,)(u,IB)d_,(E,) (5.129)
Y

Fl(r=07)=—n > (alv,){u,|B)d_, (E,). (5.130)
Y

5.2.2.3.5 Solution for spin-singlet pairing of electrons The derivations until now
are general and somewhat formal: here we detail the application to the most common
situation, which is spin-singlet pairing of electrons in a non-magnetic system. We thus
recover the basic BCS equations and their extension to inhomogeneous superconduc-
tivity. We start in the real-space representation and assume that a pairing interaction
V(r,r’) acts between electrons. In this situation, we find that the pairing field Agp
becomes [see doc—48] A,g = A gpror = =V(r,7"){c;5¢pr0). If the electron pairing
takes place in the singlet channel only, then Ay = A} = 0 and we define

A(r, 1) = Apypry ==V (i, 1) {crrc). (5.131)

! Please note the sign difference between Eq. (5.125) and the Bogoliubov—de Gennes equations as they
are commonly written, with +A* instead of —A*. This is not a misprint. The “plus” sign arises when
these equations are specialized to the case of spin-singlet pairing of electrons, i.e., when only electrons of
opposite spins pair. In this case A — A7) and —A* — A?l (see Sec. 5.2.2.3.5 and doc—48). Eq. (5.125)
applies to spin-singlet pairing of electrons as well as to bosons and spin-triplet pairing.
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We similarly have E{T = g;lll =0 and define

?T(r,r’,r)Eﬁj}(r,r',f). (5.132)

The assumption of a non-magnetic system implies that the Hamiltonian has no spin-
flip term and that the Green’s function is diagonal in the spin indices: [Kyl,opor =
8o0Ko(r,r") and 9, 5110/ (7) = 640 9(r, v/, 7). As a result we find that the Gor'kov
equations take the form [see doc—48]

J dry [iw,6(r —r) —Ko(r,r) ] 9(r, 1/ iw,)

—Jdr1 Alr,r)ZF (r, 1 iw,) =6 —r1') (5.133a)
f dry [iw,6(r —r) +Ki(r,r) ]| 7 (r, 1 iw,)

—f dr; A*(ry,r)9(r,1',iw,) =0, (5.133b)

and they are supplemented by the gap equation
Alr,r')=V(r,r") [QT(r’,r,fr :O+)]*. (5.134)

These equations do not assume translational invariance and can therefore be used to
investigate non-homogeneous systems like vortices, vortex lattices, surfaces, interfaces,
defects, grain boundaries etc. The corresponding equations in the Dyson, Nambu, and
Bogoliubov—de Gennes formulations are readily obtained too [see doc—48].

In case of translation invariance, the Gor’kov equations become algebraic because K, ¥,
A, and Z T are all functions of the difference in coordinates and Fourier transformation
immediately yields

(iw,— &) 9(k,iw,)— AT (k,iw,) =1 (5.135a)
(iw, +E ) F(k,iw,)— A Y(k,iw,) =0, (5.135b)

where &, is the Fourier transform of K,(r —r’), etc. We can solve by eliminating &

to find 1
('gBCS(k: lwn) =

(5.136)

: [Ag?
tw, — &k i, +& g

This is the Green’s function for a homogeneous spin-singlet BCS superconductor. It
may be used to compute the DOS using Eq. (5.7). The document doc—67 shows how
this calculation can be performed for arbitrary gap symmetries in dimension two. In
the particular case of an s-wave symmetry, i.e., a momentum-independent gap Ay = A,
the calculation can be completed analytically and yields, for a flat normal-state DOS
Ngl(O), the well-known expression [ see doc—67]

(s-wave) el |€|
N, (e) =NS(0)Re (—) (5.137)
BCS 0 /—82 —A2
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Figure 5.11: Gapped excitation spectrum of a spin-singlet BCS superconductor. (a) Excitation
energies +E;, compared with the bare dispersion &,. At k = kg, the minimal excitation energy
is £|Ay,|. (b) Representation of the spectral function: at each k, the spectral function is the
superposition of two delta peaks of weights ui (upper branch) and v,f (lower branch). The
weight on each branch is indicated by the color scale. At k = kg, both branches have the same
weight of 1/2. (c) BCS density of states for s-wave and d-wave gap symmetries [see doc—67].
Inset: Temperature dependence of the BCS gap from Eq. (5.142).

This function is plotted in Fig. 5.11(c). A slightly more complicated formula results if
Ngl(s) is not flat, as reported in doc—67. The BCS Green’s function Eq. (5.136) can
also be recast in a form which shows explicitly the electron-hole and long-lived nature
of the elementary excitations, the so-called Bogoliubov excitations:

2 2

V.
G o(k,iw,) = k k 5.138
BCS( n) iwn_Ek iwn+Ek ( )

u

with
Ek = 52 +|Ak|2; u2 = 1(1+€_k)1 V2: 1(1_i) (5139)
V Sk k™9 E; k2 Ej

For simplicity, we assumed inversion symmetry—sometimes referred to as time-reversal
symmetry—i.e., Ko(r) = Ko(—r), which implies &, = £_j. In the form of Eq. (5.138),
it appears clearly that % is the superposition of two poles at energies +E; and —E;
with weights ui and v,f, respectively. Since E; > 0, the pole at +E; represents an
electron-like excitation: if &, > |A|, we indeed have E; ~ &, u? ~ 1, and v,f ~ 0,
such that only this part subsists. Inversely, if £; < —|A;| we have u’,% ~ 0, v,f ~ 1, and
only the second term in Eq. (5.138) remains, which represents a hole-like excitation at
negative energy —FE,.. At low energies &, ~ A, the excitations are a mixing of electron-
like and hole-like parts. The conservation of the total spectral weight is guaranteed
by the property u} + v; = 1. At the location of the Fermi surface (£, = 0), we have
Ej = |Ag|: the Bogoliubov excitations are gapped and the minimal excitation energy
at a given Fermi-surface wave vector is |A |, which illustrates why the order parameter
A is commonly called the gap. The shape of the excitation spectrum is illustrated in
Fig. 5.11, which also displays the spectral function

Apcs(k,€) =12 5(e — Ex) + vi5(e + Ey). (5.140)

We conclude this section with a discussion of the gap equation, which in the present
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context reads [ see doc—48]
1 AV, B )
Ay =—— Vik—k')— h| =E. |. 5.141
k 7/; ( )2Ek,tan (2 k (5.141)

This is a non-linear equation because E;. in the integrand depends on A, [Eq. (5.139)].
Simplified forms can be written down at T = 0 [tanh(---)=1]and T = T. (A, —
0). Let’s continue with an interaction of the BCS weak-coupling type as depicted in
Fig. 5.5(b): V(k —k’) =—V, if k and k’ are wave vectors close to the Fermi surface—
specifically, if |£; | and |&.| are smaller than Aiwp—and V(k — k') = 0 otherwise. This
is the simplest way of representing an attraction that is only effective inside a shell
of thickness 2fiwp, around the Fermi surface, as e.g. the phonon-mediated interaction
of Eq. (5.54). The BCS interaction, together with Eq. (5.141), imply that A, =0 if
|| > Awp. We now look for an s-wave solution of the kind Ay = A for |§;| < Awp,.
The gap equation simplifies to

dENE(&) . (5.142)

1 1
Vo vV |gk,|z<;;w]) 2Ey —Hewp 24/ &2 4+ A2

1\751 is the non-interacting density of states per spin direction. If the latter can be

considered constant over the energy range +fiwy, the equation reduces at T = 0 to
hwp

1/[VoNg'(0)] = [, " d&/+/E2+ A% =sinh ™ (fiwp/A), or

tanh(%Ek,) Jﬁwn tanh(g &2+ Az)

Apes(T =0) = hcoD/ Sinh( ) ~ 2wy o~ L/IVoNS' (0] (5.143)

VolNs'(0)

The last approximation is justified because the interaction is usually weak, such that
VONSI(O) < 1. At T = T,, where A approaches zero, we have instead 1/ [VONSI(O)] =

(:deﬁ tanh(%i)/i. Assuming kzT, < hwp and using Eq. (20), this becomes

1/[V0N§1(0)] ~ In[(2e"/m) B . Awp]. The solution is
2 4 Ny e
kT, & = ficop e /1N (O], (5.144)
T

Hence 2Agc5(T =0)/(kgT,.) ~ 27t/e" = 3.53, a ratio known as the BCS coupling ratio.
The temperature dependence of the BCS gap A(T) obtained by solving numerically
Eq. (5.142) is shown in Fig. 5.11(c). The curve A(T)/A(0) versus T /T, is said to be
universal, because in the regime where it is valid, it does not depend on the model
parameters that appear in Eq. (5.142): V, NSI(O), and fiewp,.

This brief overview illustrates the power of the Gor'’kov formalism: we have been able
to derive all the main results of the BCS theory of superconductivity without even
mentioning the celebrated BCS ground-state wave function and the associated lengthy
operator algebra. Moreover, these results all follow rather directly by simple deductions
from the general equation of motion Eq. (5.114) and its decoupling Eq. (5.115), which
is the only non-trivial and intellectually challenging step of the whole derivation.
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Response of matter to applied fields

Many condensed-matter experiments make use of an external field as a mean to probe
a physical system. The method is in principle simple: turn on the external field
and measure the change in some property of the system. This is called a response
experiment, as opposed to scattering experiments which look at how a system scatters
a beam of particles. From the theoretical viewpoint, the challenge is to understand
how the external field affects the properties of the system and what is actually being
measured in the experiment. If the intensity of the field is sufficiently weak and does
not induce dramatic effects such as phase transitions, one can tackle the problem using
perturbation theory. This chapter describes the response theory up to second order as
well as the most common probing fields. This provides the basis for understanding the
response experiments (Chapters 7, 8, and 9).

6.1 Linear and quadratic response

Before starting with the calculations, let’s briefly outline the procedure. The system
under investigation is initially represented by the Hamiltonian K, which contains all
interactions needed to describe it (and is therefore usually intractable). The external
field is adiabatically switched on and induces a perturbation V, with the property
V_oo = 0. The question is the following: what is the time evolution of the expectation
value of some observable, say (A(t))?

In order to answer this question, we can either work within the Schrodinger or the
Heisenberg picture. In the former, the time evolution is carried by the wave function or
by the density matrix in a mixed state, while the operator A remains time independent;
one therefore writes (A(t)) = Trp(t)A and one seeks an expansion of the density
matrix p(t) in powers of V. This route is followed, e.g., in Bruus & Flensberg (2004).
We shall here use the Heisenberg and interaction pictures, in which case the density
matrix remains time independent but the operators evolve in time according to A(t) =
UT(0A()U(t) [see Sec. 2.2.1 and Eq. (2.20)]. The reason for choosing this route
is that we have already derived the perturbation expansion of U(t), Eq. (2.22), and
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therefore all the work is basically done. We indeed have

(A(t))y = TrpA(t) = Trp UT()A(t)U(t) (6.1)

[

:Trp[ﬂ+i(%)njf dtl...f ldtnv(tn)"‘V(tl)}A(t)
n=1 —0oo —0o0
1 S _1 nft d ...J.tnldn{/ N /4 ”i|’
><|: +HZ=1:( ﬁ) . t; t, V(ty) (tn)

—00

where p = e PX/(Tre PX). In this chapter, we denote (---), the thermal average in

the presence of the perturbation V, while (- - -) means the thermal average for V = 0.

At order zero in V, we have U(t) = 1 such that the zeroth-order value is trivially
(A)Y = TepA(e) = (A(L)). 6.2)

Remember that A(t) = A(t) in the absence of perturbation.

At order one, we get two terms. The first results from taking U'(t) at order one in V
and U(t) = 1 in Eq. (6.1) and the second from taking U(t) = 1 and U(t) at order
onein V:

(A =Trp [%f

—0Q

t t

dt, V(tl)A(t)+A(t)(—%)J

—0Q

dt1\7(t1)]

=—}J dt, ([A(0),V(t)]). (6.3)

—00

Again, we could replace A(t) by A(t) and V(t,) by V(t,) because the Heisenberg and
interaction pictures coincide at V. =0. [ -, -] is a short-hand for [ -, - ]_ and denotes the
commutator. Eq. (6.3) is the foundation of the linear-response theory, which we shall
elaborate more explicitly in the next section.

We will also need the quadratic response. At order two we get three terms, namely

N2 t ty
<A(r)>$)=Trp[(§) f dt, f de, VeV (e)AO)
+%f dth(tl)A(t)(—%)J dt, V(t,)

SN2 t ty
+A(t)(—%)f dtlf dt2\7(t1)\7(t2):|. 6.4)

This expression can be rearranged in a more compact fashion by extending all integra-
tions up to time t and using the fact that 8(t; —t,) + 0(t, —t;) = 1:

t

)
WP =(~4) | antuoe-o(Movelve). 69

—00

! Many authors prefer to use {---) for V # 0 and (-}, for V = 0. This notation might lead speedy readers
to understand that the thermal average (- - - ), is performed with all interactions turned off, i.e., using a
quadratic Hamiltonian, which is incorrect since only the applied field must be discarded.
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The procedure can be carried on to arbitrary order. The n™ order response involves n!
terms of the kind

0(ty —t2) -+ 0(tpq — £,)([- - [[A(0), V(£)L, V (£, ..., V(£,)])

obtained by taking all permutations of the time variables.! At order two, both permu-
tations give the same contribution and we are thus left with just one term.

6.2 Response functions, susceptibilities

We have seen how the changes induced by an applied field to the value of an observable
can be calculated using the response theory. To be more specific, we consider here the
case where the applied field is a time-dependent classical field, say F(t), that couples
to the system via an observable B:

V, =B % F(t). (6.6)

The notation B * F stands for a generalized scalar product. For instance, in the case
where B and F are two vector fields we would have B x F(t) = f dr B(r)-F(r,t). In
Eq. (6.6), we have written the perturbation V in the Schrédinger picture, in which
the operator B is time independent. The perturbation has nevertheless an external
(or “explicit”, see footnote in Sec. 2.2.1) time dependence due to the external field. In
order to use the response theory, we need V,(t) in the Heisenberg picture, i.e., we have
to replace B by B(t) = UT(t)BU(t) following Eq. (2.15). This adds an internal time
dependence to V,(t) in addition to the external time-dependence due to the applied
field.

The effect of the field is to change certain properties of the system, in particular the
property B. For the sake of generality, we consider a property A which might or might
not be the same as B. Using the response theory formulas Eqs (6.2) and (6.3), we can
write

oo

(A} — {A0) =J dty (= )0e = ) (A, B(e)])Fe) + 0(F)

—0Q

oo

EJ dty yap(t —t)* F(ty) + O(F?). 6.7)
—00

We have extended the time integration to + 00 and corrected with the theta function.

At the second line, we have defined the general linear susceptibility

i
xan(6) = =3 0(0) ([A(0), BO)]) = 1 (0). (6.8)
As indicated, the susceptibility y,5(t) is nothing but the retarded correlation function
of the operators A and B [see Eq. (3.4)]. Eq. (6.7) is one of the pinnacles of many-body
theory: The first-order variation of the property A induced by a field that couples to the
property B is proportional to the retarded correlation function of the operators A and B.

1 R. R Wehrum and H. Hermeking, J. Phys. C: Solid State Phys. 7, L107 (1974).
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The concept of susceptibility and its relation with the linear response of a system to
applied fields shed light on the idea discussed in Sec. 5.1.4. There, we saw that poles in
the two-particle correlation functions correspond to collective modes (at finite energy)
or to instabilities (at zero energy). Here, we find that the same two-particle correlation
functions provide the susceptibility to applied fields. Therefore, in the present context,
a pole in the correlation function should be regarded as a divergent susceptibility; i.e.,
the ability for the system to develop a finite response even in the absence of applied
field. This is clearly the same physics as collective modes or instabilities.

Very often, the linear term dominates the response to an external field. However there
are situations like external photoemission, where the linear response vanishes and the
dominant contribution therefore comes from second order. Using Eq. (6.5), we can
define a second-order susceptibility and write

o

AP = J dtydty gDt —ty, 6 — t) # Fy(t;) % Fy(ty) (6.9)

—0oQ

where

N2
12w 0)=(—3 ) 3{6wor ~o([[a0,B,O) Byt~ )])
+0(t)0(t — ) ([[A(t)). B,(0)]. By (t = )]} }.  (6.10)

The indices in Fy, F,, B;, and B, represent the internal variables that may belong to
these quantities [e.g., B;(0) * F1(t;) = f dryB(r)F(ry,t;) and By(t, — t1) * Fo(ty) =

f dryB(ry, ty —t1)F(ry, )]

6.3 Examples of couplings

Up to now the discussion has been somewhat abstract. The purpose of this section is
to briefly review typical examples of phenomena in condensed-matter physics that can
be addressed using the linear-response theory.

6.3.1 Moving electrons with an electric potential

According to the basic laws of electrostatics, the total-energy variation of an electronic
system subject to a scalar electric potential ¢(r, t) only depends on the electron density
according to:

Vtzfdr(—e)n(r)¢(r,t). (6.11)

This is an example of coupling of the form Eq. (6.6), where the observable B is —en(r)
and the field F is ¢(r). The electric potential can displace charges and thus change the
density in the system. According to Egs (6.7) and (6.8), the first-order change in density
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is proportional to the dielectric susceptibility, in other words the retarded density-
density correlation function y,,(r,r’,t —t')=—(i/R)0(t — t'){[n(r, t),n(r’, t")]):

(n(r,t))y — (n(r,t)) = —ef dr'dt’ y,(r, v, t—t)(r' t')+0(¢?). (6.12)

In a translation-invariant system, y,,(r,r’,t) becomes a function of r — r’ and its
Fourier transform is just the analytic continuation of y,,(q,t) = —(T.n(q, T)n(—q,0))
discussed previously in Sec. 5.1.4.5. An electric potential can also produce a current.
The relevant response function in this case is the current-density correlation function

Xjn(q: T) = _<T’L'](q’ T)n(_q’ 0))

6.3.2 Animating spins with a magnetic field

In the presence of an applied magnetic field H(r, t), the energy of a piece of matter
changes according to

Vtzfdr(—uO)M(r)-H(r,t), (6.13)

where M(r) is the magnetization of the material. This expression directly results from
the facts that the electromagnetic energy is the volume integral of ZLHOB2 and that the
total magnetic field is B = uy(H —M). There are several sources of magnetization. One
is the polarization of the electron spins, which relates to the local spin density through
M(r) = g,upS(r)/h. For electrons, g, = —2.0023. Other sources of magnetization
include the orbital motion of the electrons in the field and the polarization of the
nuclear spins. For this discussion, we disregard the magnetization of nuclear spins,
which is typically smaller than that of the electron spins by a factor uy/us = m,/m,.
We also ignore the orbital magnetism as appropriate in insulators or metals in which
the orbital moment is quenched by the crystal field. Using the linear-response formula,
we can express the first-order change in magnetization induced by the applied field in
terms of the spin-spin correlation function:

(M, (r, )y — (M, (r, 1)) = —ZJ dr'dt’ A, ey, oy (8 — tuoH,(r',t")

2
=—(%) ZJdr’dt’xs‘j”(r,r’,t—t/),uoHv(r/, t). (6.14)

The susceptibility of interest here is y*"(r,r’,t) = —(i/h)@(t)([su(r, t),Sv(r’,O)D
which, in a translation-invariant system, can be deduced from the corresponding
imaginary-time correlator y*”(q,7) = —(T.S,(q,7)S,(—q,0)). In the particular case
of a static and uniform field H(r,t) = He,, we have the change in magnetization

8ellp
h

Finally, for an isotropic system (y.” o< 6,,) of independent electrons (g, ~ —2 and

2
oM, = —( ) x(q = 0,6 = 0)uoH. (6.15)

250 = (g)z 10, see doc—44), we recover using Eq. (5.77)

M = NS (0)uoH. (6.16)
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This is the Pauli paramagnetism describing the response of independent-electron spins
to magnetic fields and providing another measure of the Fermi-level DOS, beside
the specific heat Eq. (2.56). The contribution of the electronic orbital motion, ne-
glected here, leads to Landau diamagnetism and in particular to de Haas—van Alphen
oscillations in clean systems at low temperature.

6.3.3 Exciting electrons with photons

As we have seen in doc—14, the energy resulting from the interaction of a material
with an electromagnetic field is

V, =Jdrj(r)-(—e)A(r,t). (6.17)

A(r, t) is the vector potential, the gauge is such that the scalar potential vanishes, and j
is the particle current—not the electric current, the latter being ej with e = —|e|. Hence
the light couples to the current operator and thereby puts the electrons in motion. The
resulting current is, at leading order in A:

{ulr, Oy = (Ju(r, ) = —er dridt’ zi"(r,r’, e —tDA(r, ). (6.18)

Here X}ij(r’ r’,t) is the retarded current-current correlation function, i.e., the analytic
continuation of the corresponding imaginary-time function defined in real space as
uv / _ . . / . . . .
X (r,r’,7)=—(T.j,(r,7)j,(r’,0)). This function is closely related to the conductiv-

ity tensor o,,,(q, w), as we shall see in Chapter 8.

6.4 Response functions and imaginary-time functions

The response of a system to applied fields is given by the retarded correlation functions
of that system evaluated in the absence of field. Therefore, in many situations the
comparison of experiment and theory requires us to calculate these retarded correlation
functions. For independent particles this is relatively straightforward once the single-
particle energies are known—although the calculation may be technically difficult in
practice. However, for interacting particles we will have to use an approximate method
like, e.g., perturbation theory in the interaction. This is where the imaginary-time
formalism is very useful. Indeed, there is no perturbative method for calculating
retarded functions at finite temperature. Nevertheless, we have seen that they can be
obtained by the analytic continuation® of the corresponding imaginary-time functions
through CfB(w) = Gyp(iv, = Hw +i0") and that, furthermore, 6,5(iv,) does have a
series expansion that can be evaluated using Feynman diagrams.

Introducing the time-Fourier transform of the applied field, F(w) = f _cjo dt F(t)el®t
and the short-hand notation fiw™ = fw + 0%, we can rewrite the linear response in

! The analytical continuation is a hard problem when the imaginary-frequency function is known numerically
rather than analytically [see doc—69].
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Eq. (6.7) in terms of the imaginary-time function as

(A(t))g,l) = J C;—: e @t gu(iv, = hw') x F(w). (6.19)

—00

Analogous expressions can be written at any order.! At order two, in particular, we
have

0o
(A(t))g/z) = %f %% e—i(w1+w2)t
oo 4T T

X Gup p, (171 — M, 19, — Mewy) % Fi(w) * Fy(w,)  (6.20)
where the appropriate imaginary-time function to consider is?
6ap,8,(T,7') = (T:A(7)B1(0)By (1 — 7). (6.21)

We will see an application of these formula when discussing external photoemission,
which is a second-order process in the applied electromagnetic field.

L R. P Wehrum and H. Hermeking, J. Phys. C: Solid State Phys. 7, L107 (1974).
2 See Appendix A of C. Berthod, M. Ko6hl, and T. Giamarchi, Phys. Rev. A 92, 013626 (2015).
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(XPS, PES, ARPES)

«Photoemission presents a considerable challenge to the theorist since, for a complete
solution, one must deal simultaneously with several complicated problems. A description
is needed of both the equilibrium and excited electronic structure of a material and its
interaction with the ion array and with the driving electromagnetic fields, whose form is
modified by this interaction. Furthermore both problems must be solved in the vicinity of
the surface, through which all system properties change dramatically. Not surprisingly, no
complete solution of the problem has yet been developed.»' This statement from 1978
remains up-to-date. The development of density-functional theory has enabled first-
principle approaches that improve the description of the phenomenon by taking the
microscopic details of the surface into account. Although promising, such developments
are presently limited to materials for which the independent-electron approximations
are appropriate. On the other hand, progress in the computational methods for strongly
interacting electrons is still limited to bulk systems. Our understanding of what hap-
pens close to the surface of a material featuring correlated electrons is still at a very
preliminary stage.

Berglund and Spicer introduced in 1964 the three-step model.? This model considers
photoemission as a sequence of three independent processes: the primary excitation
of the electron, its transport to the surface and its transmission through the surface.
This phenomenological view was later replaced by one-step approaches that envision
photoemission as a single quantum-mechanical process. These descriptions are based
either on the response theory® (the photocurrent is viewed as the steady response

L W, L. Schaich, in Photoemission in Solids vol. 1, M. Cardona and L. Ley ed. (Springer-Verlag, Berlin, 1978),
p. 105.

2 C. N. Berglund and W. E. Spicer, Phys. Rev. 136, A1030 (1964).

3 W. L. Schaich and N. W. Ashcroft, Phys. Rev. B 3, 2452 (1970). % For a review, see C.-O. Almbladh, J.
Phys.: Conf. Series 35, 127 (2006).
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of the system to an applied electromagnetic field) or on the scattering theory' (the
photoemission event is viewed as the inelastic scattering of a photon). Both approaches
were shown to provide equivalent predictions in certain limits? and to reduce to the
most popular “golden-rule” expression where appropriate [see doc—71].3

In this chapter, we present the response theory of photoemission. We choose this
approach firstly because it enters naturally within the flow of the course: the photo-
current is expressed in terms of a response function related to an imaginary-time
correlation function that can be studied using diagrammatic techniques.* This ap-
proach moreover implements most naturally many-body effects and does not rest on
uncontrolled assumptions like the assumption of a factorized final state needed in
the golden-rule treatment. Starting from the general expressions, we underline the
various approximations needed in order to recover the common interpretation of the
photoemission intensity in terms of the one-electron spectral function. The last two
sections discuss the notion of quasi-particle and some phenomena that go beyond the
spectral-function paradigm.

7.1 Response theory of external photoemission

A photoemission experiment uses light to extract electrons from a sample. Let’s denote
by A(r, t) the vector potential describing the light. We work in the gauge where the
scalar potential is zero. As we saw in doc—14, the light couples to the electron current
in the sample via

V, =Jdrj(r)-(—e)A(r,t). (7.1)

In response to the light, photo-electrons are emitted and collected in a detector at some
point R outside the sample. The experiment measures the steady electron current j(R)
at the point R. We can use the response theory for evaluating the expectation value of
this current.

At zero'th order, Eq. (6.2) gives (j(R, t))g,o) = (j(R, t)). This contribution describes the
current flowing out of the sample in the absence of applied electromagnetic field. Such
a current can arise from thermally excited electrons that overcome the surface energy
barrier and the effect is therefore called thermionic emission. This effect is completely
negligible if the temperature is low compared with the surface barrier and R is far from
the sample surface. The first-order contribution reads, according to Eq. (6.19),

(o]
; do _;, )
(u@®, )} = —eJ Zo¢ fo dr 6} gy, (i — H A1, @),
o -

This term does not contribute to the dc photo-current. One indeed sees that its time
average is proportional to A, (r,0) = 0. Furthermore, the correlation function vanishes

1 G. D. Mahan, Phys. Rev. B 2, 4334 (1970).

2 W. L. Schaich, op. cit.

3 H. Hermeking and R. R Wehrum, J. Phys. C: Solid State Phys. 8, 3468 (1975).
4 H. Keiter, Z. Phys. B 30, 167 (1978).
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for R outside the sample: because ¥ is to be evaluated in the absence of light, the
trace is taken over a set of states |a) that have no electron at the point R. All terms
(alj,(R,7)j,(r,0)|a) entering (gjﬂ(R)jv(r)(T) simply vanish because j,(R)|a) = 0.

Hence the external photoemission is of second order in the electromagnetic field. This
is actually expected, since the photo-current is known to be proportional to the intensity
of the light, i.e., A?. The second-order photo-current is read directly from Eq. (6.20):

2 dw, d .
(Ju(R, f))g/z) = e_J' £ 49, e_‘(‘”lJ“‘“z)tz:Jdrldr2

2 J_o 2m 27 —

X G, (miy () ({1 = Ay, 10y = Hwy)A,, (11, 01)A,, (2, 5) - (7.2)
with the three-current correlation function given by

G

LR, ()it () (T T = (T3S (R, ©)5 (1, 005 (g, 7 = 7). (7.3)
We could replace the total current j by the paramagnetic current jP because the
diamagnetic current Eq. (2.49¢) is proportional to A and leads to contributions of order
at least A3. Unlike the two-current correlator, the three-current correlator does not
vanish because, owing to time ordering, it contains terms like (a| jlv’z(rz) jﬁ (R) jlv’l(rl)la)
in which the current jP(R) does not act directly on the states |a), but on states like
jﬂl(rl)la) in which there is a finite amplitude that the operator jlv’1 (r;) has transferred
an electron to the point R.

We introduce three ingredients in order to proceed with the calculation. First, we
specialize to a monochromatic light A(r,t) = A(r) cos(w,t), in other words

A(r,w) =nA(r)[6(w—wy) + 6(w + wg)] (7.4)

with w, > 0 for definiteness. Inserting this into Eq. (7.2) and performing the frequency
integrations, we get four terms. Two of those terms evolve in time like e2“°* and
e 2iwot | respectively: such terms vanish on average and do not contribute to the dc
photo-current. The two remaining terms are independent of time and obtained by
taking one of the two combinations w; = —w, = £w,. We reach the same conclusion
by performing directly the time average in Eq. (7.2), which yields a factor §(w; + w,).
Second, we note that the experiment does not measure exactly the current density at
point R, but rather the total current through a solid angle dQ2 around the direction
n = R/R—or through a surface element R2d() in the direction n. The quantity of
interest is therefore dJ(n) = R?dQ2n - (j(R)), in the limit R — oo. Third, we express
the three-current correlator in terms of the real-space fermion operators C:U. For this
purpose, we use the expression of the paramagnetic current Eq. (2.49b), recast for
convenience in the following equivalent form:

(7.5)

r=r

. in .
]p(r) = %; (VL_Vr)Cgcrcra

Upon insertion of these three ingredients in Eq. (7.2), the formula for the photo-current
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becomes somewhat hairy:

dJ —ie*n°R?
) _ SR (0, v,)] Y f drdr,

x[A(r) - (v,, - v,.) ][4t (v,,-V,)]
X G (Mwy,—hwl) + {wy— —we}. (7.6)

i t
CRoCRo Cr101Cr101 Cryoy Craoy

However, it is in a good shape for a systematic investigation using Feynman diagrams.
The limits R > R, r; — 1y, and r, — r,, as well as R — oo are implicit in Eq. (7.6).
The notation {wy, — —w,} represents a second term identical to the first, except that
w, is replaced by —w,.

The correlation function that we have to consider is the following:
%6.(r,7)= <TTC£0_(T)CRU(T)6;01 (0)c, (O)C;oz(T — T/)CrZUZ(T -, (7.7

Its diagrammatic representation is depicted in Fig. 7.1(a). A second diagram (not
shown) is obtained by reversing all arrows in Fig. 7.1(a) and is topologically different
from the first. This second diagram gives the same contribution as Fig. 7.1(a), except
that the roles of (r;, ;) and (r,, 05) are interchanged. This amounts to an exchange
of T and 7', which is the same as w, — —w,. Therefore, this second diagram is also
generated by the second term in Eq. (7.6) and we can account for the two topologically
different diagrams with an overall factor of two.

As usual, the Feynman diagrams permit an intuitive interpretation in terms of the
physical processes taking place. The lower point at r; in the diagram represents the
excitation of the photo-electron by light: a photon is absorbed, an electron is created
(line leaving to the right), and a hole is left behind (the photo-hole). This is like the
particle-hole pair in the diagram Eq. (5.59). Before reaching the detector at point
R, the photo-electron experiences various interactions—interactions with the other
electrons, impurities, phonons, with the sample surface, etc., attractive interaction with
the photo-hole—represented by the shaded box. Finally, the photo-electron escapes and

&
Yec (3,

(ryo5,7—1")

T
S
(Ro,7) T‘:\' \
(a) ¥ )

(ry04,0)

Figure 7.1: (a) Generic diagram describing the photoemission experiment. The interaction
of the electrons with the electromagnetic field occurs at points r; and r,, while the point R
represents the detector. The shaded box stands for all interactions that can take place. (b)
Diagram corresponding to the usual sudden approximation: the photo-electron is supposed to
fly freely from the point where it is excited up to the detector and the hole propagator in the
material is identified with the bulk propagator, thus overlooking the effect of the surface.
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flies to the detector. Likewise, the photo-hole is affected by interactions as it propagates
“back in time”, i.e., vertically in the present case. The upper part of the diagram,
which connects the detector at R with the point r,, represents the neutralization of
the sample. As electrons are removed from the sample and absorbed by the detector,
carriers must be supplied for keeping the sample neutral. This establishes an electrical
contact between detector and sample, for instance via the ground, and may be seen as
electrons injected in the sample from the detector (upper line). Those interact before
recombining with the photo-holes at r,, each recombination leading to the emission of
a photon. The sequence of events occurs in the “logical” order if 0 < T < 7 — 7/ (first
photoemission, then measurement and finally recombination). This is one of the time
orderings that contribute to the correlation function, as discussed after Eq. (7.3).

In the next section, we present an approximation to Eq. (7.6) allowing us to recover
the standard interpretation of the photo-current in terms of the one-electron spectral
function. In the golden-rule approach, this same interpretation results from the so-
called sudden approximation [see doc—71]. Our approach provides a different and
somewhat clearer perspective on the nature of the sudden approximation. A qualitative
discussion of a few effects that go beyond the sudden approximation is given in Sec. 7.4.

7.2 Sudden approximation and spectral function

In order to get a fruitful intuition on what the photoemission experiment actually
measures, we certainly need a formula simpler than the general expression Eq. (7.6).
Three assumptions will be needed before we can arrive at such a simple formula.
The first assumption is that the photo-electron is directly emitted into the vacuum.
In other words, it behaves like a free electron as soon as it is excited. The possible
energy losses and momentum changes experienced by the photo-electron during its
travel inside the material and its jump over the surface barrier are therefore neglected.
Since the experiment actually probes a very thin layer below the surface, it is not
unreasonable to think that at least some of the photo-electrons reach the vacuum
without substantial losses. Our approximation might therefore be valid for this part
of the photoemission signal (the so-called no-loss part). Formally, this approximation
means that the propagations from the point r; to the point R and from the point R to
the point r,, in the diagram of Fig. 7.1(a) are replaced by free-particle propagations in
the vacuum. They are described by the free propagator %,.. discussed in doc—49.

The second assumption is that the remaining propagation from the point r, to the
point r; can be identified with the bulk propagation described by the Green’s function
%ulk> despite the presence of the nearby surface. In practice, this means that upon
performing the r; and r, integrations we shall ignore the presence of the surface and
pretend we are in the bulk.

The third assumption is that the electromagnetic field to which the electrons couple
at the points r; and r, is the same as the electromagnetic field in the vacuum. In
other words, the possibly complicated modifications of the field due to the presence of
the surface as well as the screening of the field inside the material are not taken into
account. The latter approximation is quite unphysical for metals because in reality the
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penetration depth of the light inside the material is no more than a few nanometers.
If, as we assume, the light penetrates the whole sample and the photo-electrons are
directly excited into the vacuum, then the whole bulk of the material contributes to
the photo-current. Hence our final result should be proportional to the sample volume.
This problem will be discussed further below.

The diagram implementing our three assumptions is displayed in Fig. 7.1(b). From
this point, we can proceed with the calculation without further approximation and
completely evaluate the diagram to get [see doc—50]

dJjh(n) = ¥
dQ  8m2mh

|A-n|2j dex3(e)A(xkn, e)f (¢). (7.8)

Eq. (7.8) is valid provided that the momentum of the photons is negligible compared
with the typical momenta of the electrons, which is true in the case of photons with
energies < 20 eV, In the opposite situation, a slightly more complicated formula replaces
Eq. (7.8) [see doc-50]. A(k, &) = pc,ci _(¢) is the spectral function of the retarded one-
electron Green’s function. It can be deduced from the corresponding imaginary-time
Green’s function according to Eqs (3.47) and (4.12):

1
Alk,e) = - Im¥(k,iw, — € +i0%). (7.9

The quantity « entering Eq. (7.8) is the magnitude of the free photo-electron wave
vector, k = v/2m(e + hwy — ) /% = 1/ 2mEy,, /%, with Ey, the energy of the photo-
electron measured above the vacuum level and ¢ the surface work function. The
presence of a x> factor is a direct consequence of the photo-current being a three-
current correlation function, Eq. (7.2). k has a weak dependence on ¢, because the
typical energies ¢ of interest for valence-band photoemission (< 0.5 €V) are small
compared with the photon energy fiw, (2 10 eV).!

We see that the photo-current Eq. (7.8) is proportional to the sample volume as
anticipated. In order to cure this problem, one could phenomenologically introduce
the finite penetration depth ¢, of the photons and replace the sample volume ¥
by the volume of a thin layer of thickness £, below the surface. Alternatively, one
could introduce the finite escape depth £, of the photo-electrons due to their various
interactions inside the material, such that ¥ would be replaced by the volume of a
layer of thickness £,. Which one of these two phenomena is the actual limiting factor
depends on which one of £, and £, is the shortest: most likely £,, which is usually just
a few atomic layers. In Sec. 7.4, we will see that both phenomena can in principle be
taken into account by including the appropriate diagrams in the modeling.

Our model gives an emission that vanishes in the directions normal to the vector
potential A and is largest when A || n. This is consistent with the experimental
observation that the efficiency is better with light polarized in the plane of incidence
(so-called p-polarization) as compared to light polarized parallel to the sample surface
(s-polarization). The form A - n results from taking a linearly-polarized light and a
single plane wave for the final state of the photo-electron. Other light polarizations

1 Modern laser-ARPES setups use lower-energy photons in the range 5-10 eV,
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e =Eg, + ¢ —how,
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Figure 7.2: Angle-resolved photoemission spectroscopy (ARPES). Photo-electrons are collected
along the direction n while the sample is rotated by the angles ¢ and ¢. A tunable radial
electric field E is used to discriminate photo-electrons according to their kinetic energy Ey;, in a
hemispherical detector. The knowledge of Ey;,, 1, and ¢ allows one to deduce the energy ¢ and
momentum k of the electron before its excitation. See also Fig. 10.2, p. 214.

and a more detailed modeling of the final state can lead to less caricatural forms [ see
doc-72].

Eq. (7.8) gives the total—energy-integrated—electron count in the direction n through
the solid angle dQ2 (dJ5*/d has the dimension s™!). For energy-resolved experiments,
one uses a hemispherical analyzer in which a radial electric field curves the trajectories
in order to select electrons having one particular energy E,;, in the vacuum, as sketched
in Fig. 7.2. This corresponds to selecting electrons that have in the material an energy
€ = Eyip + ¢ —Hw, measured from the chemical potential (see Fig. 10.2, p. 214). Apart
from corrections due to the finite angular and energy resolutions, the angle and energy
resolved photoemission intensity is therefore given in the sudden approximation by

d?J%(n, €)

d0de = M(n, hwo—¢)Alk, e)f (¢), (7.10)

where the relations between (k, ¢) and (9, ¢, Ey;,) are recalled in Fig. 7.2. We have
neglected the e-dependence of k and introduced the “matrix element” M (n,Aiwy,—¢) =
e?|A - n|?x3v¥ /(8n?mit) which depends upon the light intensity, polarization, and
frequency. The very crude form of this matrix element, in particular the fact that it does
not depend on the electronic wave functions in the sample, reflects our assumption of
translation invariance for the sample Green’s function. A generalization is proposed in
doc—72, where some matrix-element effects are also discussed.!

! For a more in-depth discussion of the photoemission matrix element, in particular regarding the role of the
surface, see S. Moser, J. Elec. Spectrosc. Rel. Phenom. 214, 29 (2017).
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Figure 7.3: Illustration of the EDC and MDC photoemission spectra.! The data are shown for
the high-T, superconductor Bi,Sr,CaCu,Og, 5, a quasi-two dimensional material with a nearly
cylindrical Fermi surface centered at k; = (7/a, 7t/a) (inset). The color map shows J(k, fiw) for
k along the segment represented by the double arrow in the inset and ficw between —300 and
+200 meV. The temperature is T = 48 K (~ 4 meV), such that the signal is suppressed above
Hw ~ 4 meV. The EDC’s are obtained by plotting J (k, fiw) at fixed k as a function of ficw (vertical
cut), while the MDC’s are obtained by plotting at fixed ficw as a function of k (horizontal cut).

Eq. (7.10) provides the foundation for interpreting most angle-resolved photoemission
spectroscopy (ARPES) experiments nowadays. The procedure is to fix the light polar-
ization (A), frequency (w,), and the direction of observation (n)—i.e., to fix the matrix
element M—and then to rotate the sample in order to vary the internal momentum k
at which the spectral function is measured (see Fig. 7.2). Intensity spectra recorded at
constant k as a function of ¢ are called energy-distribution curves (EDC), while intensity
spectra recorded at constant ¢ as a function of k are called momentum-distribution
curves (MDC).

Figure 7.3 illustrates the difference between EDC and MDC. The MDC'’s often have a
symmetric Lorentzian line-shape, while the EDC’s are more asymmetric and show a
background at high binding energy. This is a consequence of the fact that the energy de-
pendence of the self-energy is generally pronounced, while its momentum dependence
is weak. The main features of Fig. 7.3, in particular the difference between the EDC
and MDC line-shapes, can be captured in a very simple model with a phenomenological
self-energy [see doc—74].

The scientific literature on photoemission is vast.> We pick just a few random examples

1 T valla, A. V. Fedorov, P D. Johnson, B. O. Wells, S. L. Hulbert, Q. Li, G. D. Gu, and N. Koshizuka, Science
285, 2110 (1999).

2 For review articles, see for instance A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, 473
(2003). % E Reinert and S. Hiifner, New J. Phys. 7, 97 (2005). % D. Lu, I. M. Vishik, M. Yi, Y. Chen, R. G.
Moore, and Z.-X. Shen, Annu. Rev. Condens. Matter Phys. 3, 129 (2012). % N. C. Plumb and M. Radovic,
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Figure 7.4: (a) Calculated valence band structure of a 10-layer slab of the metal dichalcogenide
WSe,, plotted along the T—K line of the surface Brillouin zone. The Fermi level was adjusted and
the bands energies scaled by 6% to match the experimental bandwidth. The color scale shows
the spectral weight of states that are even relative to the plane of the figure. (b) Spectral intensity
measured by ARPES using the p-polarization (A in the plane of the figure). (¢) Comparison of
the measured and calculated band dispersions.!

in order to illustrate the capabilities of the technique. ARPES can be used as a band-
mapping tool. Thanks to a steady progress in energy and momentum resolutions, it has
become possible to resolve fine details such as the spin-orbit splitting in the valence
band of materials. For the Shockley state on the Cu(111) surface, a spin-orbit splitting
of only 0.006 A~! was resolved using a 6 eV laser source, while the He lamp at 21 eV
showed only one broad electronic band.? Another example of band mapping is shown
in Fig. 7.4. In this study, the light polarization was varied in order to distinguish states
that are even or odd relative to a mirror plane of the crystal.

Beside the band-mapping activity which focuses on the one-particle physics of the
photoemission matrix element and dispersion &}, the ARPES technique is also used to
gain information about the many-particle physics going on in the self-energy %(k, ¢).
Following a pioneering work on Mo(110),® where the effects of impurities and electron-
electron interactions could be investigated, many studies have tried to determine
the self-energy from the photoemission spectral line-shape. In graphite,* alongside
the characteristic linear hour-glass dispersion above and below Eg, a strong damping
due to electron-phonon scattering was observed with a linear energy dependence
at high energy. In 1T-TiTe,, a quasi-two-dimensional metal, the effects of impurity,
electron-phonon, and electron-electron scattering were tentatively distinguished by

J. Phys.: Condens. Matter 29, 433005 (2017).
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Figure 7.5: (a) ARPES data for electrons confined to the SrTiO; (100) surface.’ The peak
positions and a model dispersion are indicated in black and blue, respectively. (b) Extracted
self-energy compared with different models. The real part has a broad maximum between —20
and —60 meV, pointing to several phonon modes (red dots). (c) Comparison of theory (left and
insets) and measurement (right, second-derivative data) showing the renormalized heavy band
in addition to the light bands seen in (a).

a detailed fitting of the quasi-particle peak.? A subsequent study of the same system
revealed deviations from the sudden approximation.® Figure 7.5 shows data recorded
from a two-dimensional electron gas at the surface of SrTiO5. This data set displays,
among other things, a dispersion kink and concomitant line-width broadening typical of
electron-phonon interaction. The document doc—75 presents an analytical expression
for the temperature-dependent self-energy of electrons coupled to dispersionless optical
phonons, as well as a practical application to analyze EDC data taken on the (0001)
surface of beryllium.

7.3 The notion of quasi-particle

For independent particles, we have seen that the spectral function is A(k, ) = 6(e —&y)
with &}, the particle energy measured from the chemical potential. In a hypothetical
system of independent particles, the photoemission signal would therefore display a
sharp peak, allowing for an unambiguous determination of the particle energy as a
function of k (for occupied states). The vanishing width of this peak is the signature
of the long-lived nature of the one-particle excitations in such systems. Moreover,
the spectral weight of the peak is unity: the excited particle leaves nothing behind.
Knowing the dispersion &, one could then evaluate the group velocity v, =1 V&,
as well as the mass tensor m; = h_zc’/’kﬂ O, Ei-

Ipp.C. King, S. McKeown Walker, A. Tamai, A. de la Torre, T. Eknapakul, P Buaphet, S.-K. Mo, W. Meevasana,
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2 L. Perfetti, C. Rojas, A. Reginelli, L. Gavioli, H. Berger, G. Margaritondo, M. Grioni, R. Gaal, L. Forrd, and E
Rullier Albenque, Phys. Rev. B 64, 115102 (2001). % G. Nicolay, B. Eltner, S. Hiifner, E Reinert, U. Probst,
and E. Bucher, Phys. Rev. B 73, 045116 (2006).

3 E. E. Krasovskii, K. Rossnagel, A. Fedorov, W. Schattke, and L. Kipp, Phys. Rev. Lett. 98, 217604 (2007).
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Of course, independent particles do not exist in Nature. Nevertheless, for weakly
interacting particles this picture is not expected to change dramatically: one still
expects to observe a peak in the spectral function at some energy E;, &~ &;. This peak
has to be broadened due to interactions to a width I}, and its spectral weight might be
smaller than unity. In such a case, we can consider that the one-particle excitations
are like independent particles: they have a well-defined energy E, a reasonably long
life-time 7, o< I, !, and a spectral weight Z; < 1. When these conditions are fulfilled,
one speaks about quasi-particles with a quasi-particle energy and life-time E; and 7,
respectively, and a quasi-particle residue Z;. Such excitations are also often called
dressed particles and a system exhibiting such excitations is known as a Fermi liquid.

Although the above description is not quite rigorous, it corresponds to the phenomenol-
ogy that is commonly associated with quasi-particle physics in the context of photoe-
mission. We shall give below a precise meaning to the concepts of life-time, residue, etc.
Before moving on, we stress that the very existence of quasi-particles in many materials
in Nature is the reason for the success of the conventional—mostly perturbative—
descriptions of the low-energy properties in these systems, as formalized in the Landau
theory of Fermi liquids. The existence of quasi-particles is not ineluctable, however,
and research is nowadays largely dedicated to the study of materials in which the
low-energy excitations most likely are not quasi-particles, such as fractional quantum
Hall systems or high-T, superconductors.!

In the remainder of this section, we denote the real and imaginary parts of the retarded
self-energy by 3’ and 3", respectively, a convention that is popular in the photoemission
community:

YR(k,e) =%'(k,e) +ix"(k, €). (7.11)

From the general definition Eq. (7.9), we see that the spectral function takes the form

_%E”(kr E)

A = L, Sk P+ (k. e)F

(7.12)

There are constraints on A(k, €) and XR(k, ) that result from the analytic properties
of the Green’s function. As we saw in Sec. 3.4, A(k, ¢) integrates to unity. From the
general spectral representation Eqs (3.12) and (3.14), we further see that A(k,¢) > 0,
because it is the spectral function of the correlation function of two adjoint operators
(i.e., ¢,y and CZU). From Eq. (7.12), it is obvious that the positivity of A(k, ) requires
the negativity of ©”(k, €). Some other useful analytic properties of the self-energy are
discussed in doc—73.

Most often, one is interested in the single-particle excitations at low energy and close
to the Fermi surface. But the very notion of Fermi surface might lose its meaning in
the presence of interactions: for independent particles, the Fermi surface is defined
by the discontinuity of the distribution function (n;) = f (&, ) [Eqs (3.39) and (3.25)]
at zero temperature, which marks the frontier between occupied and empty states.
In the presence of interactions—or at finite temperature—it is natural to define the
Fermi “surface” as the locus of zero-energy excitations in momentum space, in other

! Fora perspective on this subject, see J. K. Jain and P W. Anderson, PNAS (USA) 106, 9131 (2009).
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words the maximum of A(k,0). From Eq. (7.12), one sees that, up to small corrections
involving the momentum derivative of ”(k, 0), this maximum is given by the equation

&k, + X' (kg,0) =0. (7.13)

This shows that, unless the real part of 3 vanishes at zero energy, the effects encoded
in the self-energy displace the “bare” Fermi surface defined by & ko =0.

For studying the low-energy one-particle excitations in weakly-interacting systems, the
next step is to expand the Green’s function GR(k, ¢) close to k = kg and £ = 0. Because
GR has a nearly singular structure near k = ky and & = 0, it is more convenient to
expand 1/GR:

1 —_—
GR(k,e)

=e—[ &k +(k—ke)- V&, ]
— [k, 0) + (k — k) - VE/ (K, 0, + 8. ks, e).zo]
—ix"(k, &)+ O[(k —kg)?, €2]. (7.14)

e—&.—Y(k,e)—ix"(k,¢)

Thanks to Eq. (7.13), we can eliminate the terms —&; — ¥'(kg,0). The remaining
terms can be recast in the form

1 1 _ ih 22
ko) 70k [e Ep + —ZT(k,e)] + O[(k —kgp)*, €] (7.15)
with the help of the definitions
1 — _ /

TkF) =1 362 (kF’8)|8:0 (7163)
By = Z(kg) (k —ke) - V[ £+ Z'(k,0) ], (7.16b)

h j— /7
ko) =—-2Z(kp)x"(k,¢). (7.16¢)

These various quantities correspond to the concepts of quasi-particle residue, energy,
and life-time introduced in the previous qualitative discussion, as can be seen by
rewriting the Green’s function Eq. (7.15) in the more suggestive form

Z(k
(k) —— + Ginc(k, £). (7.17)
e—E; + 27(k,€)

GR(k,e) =

The first term describes a peak with the maximum at ¢ = E;, and a width fi/7 (the
so-called “coherent” quasi-particle peak). The weight of the peak is not one but Z (k).
If the life-time 7 does not depend on k and ¢, the quasi-particle peak has a Lorentzian
shape and a width /7 (full width at half maximum). Gj,. contains “the rest”, i.e., the
part not contained in the coherent quasi-particle peak; it is not expected a priori to
have a pole structure. Figure 7.6 illustrates the concept of quasi-particle peak using
the model self-energy introduced in doc—74.
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Figure 7.6: Spectral function (blue) and coherent quasi-particle peak (orange) for the model
self-energy Eq. (11.39) with parameters I' = 0.1, a = 1, and W = 1. The dashed green lines
indicate the bare dispersion &, which differ from the quasi-particle peak energy E,. (a) When
|| is small, the quasi-particle peak captures well the main feature of the spectral function.
(b) At higher value of |&,|, the incoherent part increases and the quasi-particle description
progressively breaks down. The vertical scales are different in (a) and (b) as indicated by the
gray shade.

In many systems—but there are important exceptions—the self-energy depends on
momentum much less than it depends on energy and neglecting the momentum depen-
dence altogether can be a reasonable approximation. There are plenty of theoretical
models in which the self-energy is momentum independent, e.g., the second-order
Coulomb interaction diagram (Sec. 8.4), the Kondo problem (Sec. 8.5), or the case of
electrons interacting with optical phonons (doc—75). Momentum independence of the
self-energy occurs when the interaction itself is local (i.e., momentum independent).
For the Coulomb repulsion, the potential can be considered momentum independent
for electrons close to the Fermi surface; more precisely, the screening transforms the
long-range Coulomb potential into a screened potential which is almost local (see
Sec. 5.1.4.6). In the Kondo problem, the electrons interact with localized spins, lead-
ing to a momentum-independent potential. Finally, for electrons coupled to optical
phonons, the momentum independence stems from neglecting the weak dispersion
of the optical phonons. If we develop the real part of a momentum-independent
self-energy for low energies, ¥'(k, ¢) ~ ¥'(0) — Ae + O(¢2), we see that the Green’s
function takes the quasi-particle form Eq. (7.17) at low energy:

1 z
e— (0~ Ae]—12(e) o Ey +
with Z =1/(1+A), B = (& —p)/(1 + 1), u’ = p—Z'(0), and kit~ (e) = 2Z|="(e)|.

This Green’s function describes low-energy quasi-particles with a life-time 7(¢), a
renormalized dispersion E, i.e., a renormalized velocity

GR(k,E) ~ ) (7.18)

* Vi
Vk—)v =

1
L (7.19)

a reduced spectral weight

1—Z 1 (7.20)
— .
1+217
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Figure 7.7: Determination of the self-energy by photoemission for a linear dispersion. (a) The
peak position k, in the Lorentzian-shaped MDC at energy ¢, gives the quasi-particle dispersion
(b) as g, is varied. The width of the MDC gives —%” as shown in (c). Once the noninteracting
dispersion is known, ¥’ is given by the difference between the quasi-particle and noninteracting
dispersions. As %(¢) is causal, a maximum in %’ corresponds to a change of curvature in —%"
and a zero in ¥’ to a maximum in —%”.

and a correspondingly enhanced mass and density of states at the Fermi level,
m— m*=(1+A)m,  N0) — N0)=(1+A)N(0). (7.21)

The dimensionless parameter A, related to the zero-energy derivative of the real part
of the self-energy,
_d¥(e)

A= ,
de e=0

(7.22)

plays a central role in describing the properties of quasi-particles. It is often called the
renormalization factor. Since it is possible to measure v, by photoemission, the renor-
malization factor can in principle be determined as A = v, /v; —1 if the noninteracting
velocity vy, is known.

More generally, a momentum-independent self-energy can in principle be completely
determined (at negative energies) by photoemission, provided that the noninteracting
dispersion can be assumed to be linear with un-renormalized Fermi surface, i.e., &; ~
vp(k — kg). This is possible even if vy is unknown, by exploiting the causal nature of
the self-energy. For a momentum-independent self-energy, the spectral function reads

—x"(e)/m
[e— &k — ()2 +[Z(e)]*

For a linear dispersion, a measurement of the MDC, i.e., A(k, ;) versus k at fixed
energy ¢, must yield a Lorentzian peaked at the wave vector k, that is the solution

Alk,e) =

(7.23)
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of gy — &k, — X'(g0) = 0 [Fig. 7.7(a)]. By varying &, and plotting k, as a function of
€y, one obtains the quasi-particle dispersion as illustrated in Fig. 7.7(b). The width
2Ak of the Lorentzian gives the imaginary part according to ©”(g,) = —vgAk. One
can thus construct the curve —%”(¢) [Fig. 7.7(c)], up to the unknown factor vg. This
curve should present a maximum at some energy &*, because the self-energy must
vanish at sufficiently high energy; Kramers-Kronig consistency then implies that the
real part ¥’(¢) must vanish close to £*. This allows one to fix v and the noninteracting
dispersion, since the quasi-particle and noninteracting dispersions are equal at €*. Once
vg is fixed, the curve ¥’(¢) can be constructed by measuring the vertical difference
between the quasi-particle and noninteracting dispersions. Another check of Kramers-
Kronig consistency is that a maximum in ¥’(¢) must coincide with a change of curvature
in —%”(¢). This procedure is often not directly applicable in practice, because the scale
€* corresponds to energies where the curvature of the dispersion can no longer be
neglected.

7.4 Beyond the sudden approximation

The main virtue of the response theory of photoemission is to pinpoint directions where
the theory can be improved beyond the mainstream paradigm. In this section, we sketch
a few of them, suggesting the road to follow rather than doing actual calculations.

7.4.1 Surface barrier

Unlike we assumed in Sec. 7.2, the photo-electrons are not excited directly into the
vacuum, but within the material. In order to reach the vacuum they must overcome
the surface barrier, which in a first approximation is a potential step of height ¢ (see
Fig. 10.2, p. 214). In order to understand the effect of this barrier, we may keep using
a diagram of the type displayed in Fig. 7.1(b) but replace the propagators %;.. by a
better approximation, closer to the exact propagator ¢ that should actually be used in
evaluating the diagram, e.g.

(7.24)

In the calculation of doc-50, this amounts to replacing the product
GF (R—r,, £ +Hw,)Gh. (ry—R, €+ Hw,)
by
GR(RJ 11’ €+ th)GA(rZ’ B: €+ th) =
YR, r,, iw, > e+Mw,+i07)9(ry, R, iw, = £ + Awy—i0%).  (7.25)

% describes the actual propagation from r; to R and R to r,. In the presence of
a potential V(r)—describing the surface barrier and/or the lattice potential—this
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propagator ¢ becomes, according to Eq. (5.18a),

G(r,r',iw,) = Gyee(r —1',iw,) + f dr" Ggee(r — 1", i0 )V ("G (r", 1 iw,).

(7.26)
In order to describe the effect of the surface barrier, we would therefore have to solve
this equation for ¢ and insert the result in the calculation of doc—50. At lowest order in
V, we could replace 4(r”,r’,iw,) by %e.(r” —r’,iw,) in the second term, reducing
the calculation to the evaluation of a single integral.

For a proper treatment of the surface barrier, we should also replace % in Fig. 7.1(b)
by the true propagator in the material, which is modified by the presence of the surface.
We would in this way take into account the modifications of the hole spectral function
due to the presence of the surface as well as the interference between the photo-electron
and electrons of the material that are reflected by the surface.

7.4.2 Intrinsic losses, damping

Damping effects are essential for a correct interpretation of photoemission data. On
one hand, they determine the self-energy which enters in the spectral function of
Eq. (7.10); on the other hand, they are responsible for the finite escape depth of the
photo-electrons. Much of these damping effects can already be investigated within the
approximation given in Eq. (7.24) by improving the calculation of the three propagators
involved in the diagram.

The damping of the excitations can have various origins: scattering on impurities
(Sec. 5.1.3.6), electron-electron interaction (Sec. 5.1.3.7), electron-phonon interaction
(Sec. 5.1.3.8), spin-orbit interaction, etc. The crudest approach is to consider that
these phenomena lead to a purely imaginary self-energy X(k, ¢) ~ —iT for the photo-
electron. If this correction is introduced in the free propagator of doc—49 (replacing
iv, by iv, +iI), the propagator vanishes exponentially with distance like e ™*I", This
defines the electron mean-free path as 1/{, = 2|Imx]|. As a result, the photo-electrons
created at a depth exceeding £, in the material have no chance to reach and cross the
surface.

7.4.3 Extrinsic losses

Beside the diagram Eq. (7.24), the three-current correlator involves many terms that
account for the interactions of the photo-electron with the material. These terms can
represent impurity scattering, Coulomb interaction, or electron-phonon interaction,
like in the following diagrams:

The case of the Coulomb interaction was treated by Chang and Langreth. In this
analysis, they describe a phenomenon of great importance for the XPS (core-electron)
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spectroscopy, namely the losses due to the excitation of one or more plasmons by the
photo-electron.? These losses are captured by the diagrams

and they lead to satellite peaks in the core-level photoemission spectrum of solids
beside the main quasi-particle (or “no-loss”) peak (see Fig. 7.8 for an example).

The diagrams above with the wavy lines replaced by phonon lines describe losses due
to the photo-electron exciting phonons. The phonons typically have energies below
50-100 meV in solids, two orders of magnitude lower than the typical plasmon energies,
such that their effect on the core-electron photoemission line-shape cannot be seen
due to insufficient energy resolution. The various effects of electron-phonon scattering
in photoemission were discussed by Caroli et al.®

7.4.4 Screening of the electromagnetic field

In the vicinity of the surface, the electromagnetic field may change dramatically due to
the screening by the material. In metals, in particular, the field vanishes beyond a short
distance £, inversely proportional to the conductivity (skin effect). One can approach
this problem with the macroscopic Maxwell equations and a suitable dielectric function

1 C. Biswas, A. K. Shukla, S. Banik, V. K. Ahire, and S. R. Barman, Phys. Rev. B 67, 165416 (2003).
2 J.-J. Chang and D. C. Langreth, Phys. Rev. B 8, 4638 (1973).
3 C. Caroli, D. Lederer-Rozenblatt, B. Roulet, and D. Saint-James, Phys. Rev. B 8, 4552 (1973).
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in order to determine the vector potential in the vicinity of the surface. From our more
microscopic perspective, we recognize that the diagrams

and

contain this screening effect treated within the self-consistent RPA approximation (see
Secs. 5.1.4.6 and 5.1.4.4).

Turning the few ideas sketched here into concrete calculations is a formidable task.
Fully analytical calculations are generally impossible, except for simple models that
are designed to exhibit this or that particular aspect of the phenomenology. As an
illustration of this difficulty, and in order to close this chapter as we opened it, let’s
quote W. L. Schaich once again: «(...) the possible utility of such calculations in revealing
new physics as opposed to simply providing a better fit to experiment does not seem
compelling when weighted against the extra effort.»"

L W, L. Schaich, op. cit., p. 117.
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Electrical resistivity

The electrical characterization of new materials or new samples often begins with a
measurement of the dc resistivity versus temperature. Such a measurement would
normally not be considered as a spectroscopic probe. Yet it does provide an access to the
electronic self-energy: the present chapter emphasizes this relationship. It is not aimed
at a general presentation of resistivity in solids, but at providing a few streetlights
along the route that the many-body theory exposed in the previous chapters provides
for describing the phenomenon of resistivity. Despite its importance, the resistivity is
neither straightforward to measure precisely nor easy to calculate theoretically. More
often than not, the theoretical description of resistivity is phenomenological rather than
first-principles. One difficulty is that several mechanisms contribute to the resistivity
and a complete theory seems to be out of reach. In a given temperature range, though,
the resistivity is often dominated by a single mechanism which can thus be distinguished
and studied separately. In the following, we first show how the resistivity is connected
with the microscopic self-energy via Ohm’s law and linear-response theory. We then
discuss impurity scattering and electron-electron interaction and their roles in the
resistivity of metals. More advanced topics are then addressed, like the Kondo effect
and the phenomenon of weak localization.

8.1 Kubo formula for the conductivity

The Ohm’s law expresses a linear relationship between the electric field E and the
current j (i.e., the electric current, which is e times the particle current) in the form
j = oE. In this expression, the conductivity o characterizes the linear response of the
system to the electric field E, the response being an induced current j. It is therefore
natural to try and express the conductivity as a response function. Like any response
theory, the Ohm’s law must be envisioned in general as a non-local (in space and time)
relation between the electric field and the current, which at first order has to take the
form

e(ju(r,t))V=ZJdr’f dt'o,,(r,r’, t —t)E,(r',t"). (8.1)

117
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In this definition, j,(r, t) is the particle-current operator defined in Eq. (2.49), E(r, t)
is the electric field, and o, is the conductivity tensor. Eq. (8.1) has the same form
as the general linear-response relation Eq. (6.7). Therefore, in order to determine
o,y one has to derive a relation similar to Eq. (8.1) from the response theory and
deduce the conductivity by identification. The perturbation V due to the electric field
is, like in Eqs (6.17) and (7.1), V, = f dr j(r)-(—e)A(r,t). Since Eq. (8.1) involves
the electric field E rather than the vector potential A, it is better to work in the gauge
where the scalar potential ¢(r, t) =0 and to use the relation E(r,t) = —3,A(r, t) in
the form E(r, w) = iwA(r, w). Then, from the general principle expressed in Eq. (6.8)
and the fact that the electric field couples to the current operator, one foresees that
the conductivity tensor must be related to a current-current correlation function. The
explicit derivation is performed in doc-51 and yields

52

(n

ou(r,r,w)= [ngﬁ(,)jg(r,)(iﬂn — Aw +107) +6,,6(r — r’)Tr))] . (8.2

w
The factor 1/w reflects the fact that the current is not proportional to the vector
potential A but to its time derivative E. The current-current correlation function
involves only the paramagnetic current Eq. (2.49b), while the contribution of the
diamagnetic current Eq. (2.49c¢) is given by the second term in the square brackets.

When translation invariance is assumed, the conductivity takes a simpler form in
reciprocal space [see doc—-51]:

i€2 1 wy . c A+ (n>
qu(q,w)=$ ;ij (q,1Q, = iw +10 )+5IWF > (8.3)
where we have introduced the current-current correlation function in momentum space
x5 (@,7) =—(T.j5(q, 7)j5(—q,0)). 8.4

The latter two relations provide the starting point for calculating the conductivity from
first-principles. The non-translation invariant case is very similar [ see doc—76].

Looking at the expression Eq. (2.50) of the paramagnetic current, we see that the
correlation function xfjv can be represented by the generic diagram

ko k'—qo’
k+qo k'o’

Each circle represents a bare current vertex, i.e., %(k“ +q,/2) on the left side and
%(k’v —q,/2) on the right side of the diagram if we work in the plane-wave basis. Apart
from this current vertex, the expression of the x;v correlator is very similar to the
density-density correlator in Eq. (5.75). In effect, it is possible to derive an explicit
relation between the density-density and current-current correlation functions by using
the continuity equation [see doc—14], which expresses the conservation of particle
number and links the density and current operators. This relation is called a Ward
identity.!

! The Ward identity relating the density-density and current-current correlation functions reads

thZ

2 2@, 90) + 12 D 0,0, 2L (q,19,) = N—-.
uv
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Like for the density-density correlation function, we can distinguish two types of
diagrams: those corresponding to renormalizations of the propagators and those corre-

sponding to renormalizations of the current vertex. We thus have
kow,

xh ij "(q,iQ == H v 4+ vertex corrections

k+qow,+Q,

- (%)2 kz (6 + ) (ko + 2) f: de de, Ak, e)A(k +q,5)

X M + vertex corrections. (8.6)
12, +e—¢&

The calculation leading to the second line proceeds exactly like for the renormalized

bubble in doc—40: we use the one-electron spectral function A(k, &) = pckgckg(e) to

replace the product of Green’s functions ¥4(k,iw,)¥(k +q,iw, +iQ,) appearing in

the expression of the diagram and we evaluate the Matsubara sum over iw, using

Eq. (16).

We close this section by a derivation of the dc conductivity tensor (@ = 0 and w = 0)
when the vertex corrections are neglected. Starting from Eq. (8.3) and using Eqs (8.6)
and (10), we can write the conductivity as

2
1
Reo,,(q =0, w)——e——Imx‘”(O iQ, — few +1i0™)
wY
me?h? 1

= Zk k J deA(k,e)A(k, e +hw)[f(e)— f(e +hAw)], (8.7)

m2w ¥V

since the diamagnetic contribution is purely imaginary. In the dc limit & — 0, this
expression simplifies using f(¢) — f (& + hiw) = —f'(e)w + O(w?):

Re 7,,(0,0) = = ﬁ L Zk k f de[—f'()1A%(k, €). (8.8)

This is the exact expression of the dc conductivity tensor for a translation-invariant
system when all vertex corrections are neglected. At T = 0, the conductivity is
determined by A%(k,0); since A(k,0) gives the zero-energy distribution of spectral
weight for single-electron excitations, in other words the region of k-space where
zero-energy excitations are present, we recognize in Eq. (8.8) the idea that there
must be zero-energy single-electron excitations to produce conductivity (unless vertex
corrections introduce another mechanism of conduction). The presence of the square
of the spectral function shows that electrical conductivity is produced by scattering
phenomena close to the Fermi surface, which imply contributions from initial and
final states. This view contrasts with the phenomenological interpretation of charge
transport by electrons following semiclassical orbits along the Fermi surface. Lastly, we
see that Eq. (8.8) correctly gives an infinite conductivity for systems of independent
particles where A(k, ¢) = 6(¢ — &;). This is actually expected, since for independent
particles there are no vertex corrections and Eq. (8.8) is exact.

It is an instructive exercise to check that this relation is obeyed by free electrons. See also Sec. 8.6.
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8.2 Derivation of the Drude formula

In this section, we derive the Drude formula starting from Eq. (8.8). If the material is
isotropic, we can obtain the dc conductivity by averaging the three directions:

o= % Re[0,,(0,0)+,,(0,0) +7,,(0,0)]. 8.9)

We proceed with a simplifying assumption, namely that the electron self-energy %(k, €)
has a weak momentum dependence which can be neglected. This is often a good
approximation for three-dimensional metals. It does not need to be true for all momenta,
but only in the vicinity of the Fermi surface because momenta far from there do not
contribute to Eq. (8.8). It can also be shown' that a momentum-independent self-
energy implies that all vertex corrections vanish: Eq. (8.8) therefore gives the exact
conductivity in the framework of this approximation. We then get for o4, the result
[see doc—52]:
2 oo
ne ,
cu="m | del=f()]le) (8.10)

—0Q

where we have defined the transport life-time

i

A=y, )1 e

Ttr(g) =

The transport life-time is shorter than the quasi-particle life-time 7(¢) defined in
Eq. (7.16¢) by a factor Z(kg): T,(¢) = Z(kg)7T(e). For a momentum-independent
self-energy we have Z(kz) = m/m* < 1. Note also that m in Eq. (8.10) is the bare
electron mass (or the band mass, see doc—76), not the effective mass m*. The usual
Drude formula o4, = ne?7,(0)/m is recovered at T = 0 where —f’(¢) = 5(¢) or if
7,(€) = 7,(0), since ff:o de[—f'(e)] = 1. Eq. (8.10) shows that, at finite temperature,
the life-time entering the dc conductivity is an average of the transport life-time in
a small region of width ~ kzT around the Fermi surface. This eventually leads to
the insightful notion that the temperature dependence of the resistivity resembles the
energy dependence of the self-energy. The resistivity p = 1/0 4. is proportional to the
inverse of the thermally-averaged inverse self-energy. This double inversion reduces
to the identity at T = 0 and remains close to an identity at low enough temperatures,
provided that the self-energy varies slowly on the scale of kzT. In other words, if we
can make sure that

oo / -1 oo
{ J dellri%,%} ~J de[—f(e)]ImE(ks, €],

then the resistivity is given in terms of the thermally-averaged self-energy. Imagine
now that the self-energy is regular close to ¢ = 0, as it is usually the case, and has a
Taylor expansion |Im Z(kg, £)| = Y, a|e]’. Because —f(¢) is a function of the form

LA Khurana, Phys. Rev. Lett. 64, 1990 (1990).
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%F(E/T), we can write

neZhZ J )| F= ZAeT‘ (8.12)

dx F(x)|x|¢

with A, = %a[ f_ozo dx F(x)|x|*. This shows that the temperature dependence of the
dc resistivity informs us about the energy dependence of the self-energy. For instance,
the explanation of a T-linear resistivity is often searched in microscopic models that
produce a linear-in-energy self-energy. Of course, these considerations assume that
the vertex corrections can be neglected, which cannot always be true. It is known, in
particular, that the exact transport life-time (i.e., the value of 7,.(¢) extracted from
measurements of the conductivity) generally differs from Eq. (8.11) and from the
quasi-particle life-time measured e.g. by photoemission. Eq. (8.10) is nevertheless a
good starting point for investigating the effects of various scattering mechanisms on
the conductivity, as will be done in the next three sections.

8.3 Residual resistivity of metals and impurity scattering

In ordinary metals, the resistivity is dominated at low temperature by scattering
off defects and impurities. The amount of defects (vacancies, dislocations, grain
boundaries, ...) can in principle be reduced by specific treatments that improve the
crystalline quality of the materials. Impurities, on the contrary, are often introduced
on purpose, either to dope or to alloy a material and thus change its electrical and
mechanical properties. In this section, we consider the case of a defect-free metal in
which substitutional impurities are introduced. If the number of impurities is not too
large, one observes an increase of the residual resistivity p, (the resistivity at T = 0)
and this increase is proportional to the impurity concentration. This is usually written
as po = ax with x the impurity concentration in atomic percent. The parameter a
depends weakly on the host material—materials with higher electron densities tend
to have lower a values—but increases strongly with increasing the valence difference
Z between the host and impurity atoms (see Fig. 8.1). In this section, we use the
results of Sec. 5.1.3.6 on impurity scattering and the expression Eq. (8.10) of the dc
conductivity and find that they allow to explain semi-quantitatively the data in Fig. 8.1.

The self-energy due to scattering on impurities at low impurity concentration is given
in the first Born approximation by Eq. (5.41). For a heterovalent impurity with a
difference of valence Z in a metallic host, we can approximate the impurity potential
by a Yukawa potential:

(@)=2 1 (8.13)

v@)=———75. .
q €0 q2+k2,

kg is the Thomas—Fermi wave vector introduced in Sec. 5.1.4.6, which gives the leading
contribution to the static screening in metals. For the host metal, we use a nearly-free
electron description with a dispersion &, = h?k?/(2m,) — &z, where m,, is the band
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mass [see doc—76]. The calculation of the self-energy can then be performed exactly
[see doc—53],

2 a3
e n;a, Zz
8€pay (kpap)?
~—

134 eV

TPk, €) =

ke 1 1

k| ke Tk, ke T, k-
. 1+ kTF+l . 1+£p+kTF+l

3

, (8.14)

where a, = 4me % /(me?) = 0.53 A is the Bohr radius. In spite of the large prefactor
of 134 €V, the self-energy remains in the 10 meV range because niag, the number of
impurities in a volume a3, is of the order 107*-107°.

The energy and momentum dependencies of %:'®A are displayed in Fig. 8.2. The first

important thing to remark is that ' has an imaginary part. The latter vanishes for
energies below the bottom of the band (¢/ez < —1) and decreases as £~>/2 at high
energy. The presence of an imaginary part means that impurity scattering induces
damping in the first Born approximation and thus produces resistivity. The damping
results from the interference due to scattering twice on the same impurity—this is
the only process contained in Eq. (5.41). We have seen in Sec. 5.1.3.6 that the term
corresponding to a single scattering produces no damping and is just n;v(q = 0). The
double scattering on one impurity is the reason for the behavior proportional to n; Z?:
scattering on several impurities leads to corrections of order at least nl.z, while scattering
more that twice leads to corrections of order at least Z>.

Another very useful observation is that the self-energy is almost constant in the vicinity

1 Blatt, Phys. Rev. 108, 285 (1957).
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Figure 8.2: Self-energy in the first Born approximation (a) as a function of energy at k = kg
and (b) as a function of momentum at ¢ = 0. The quantity plotted is the self-energy Eq. (8.14)
divided by the constant prefactor in the case kgz = k. The insets show the behavior at low
energy close to the Fermi surface.

of the Fermi surface. In many practical applications (low energy and wave vectors
close to k), one can therefore take into account the effect of impurities by introducing
a phenomenological self-energy that is purely imaginary:

Simp(K, €) A —iT. (8.15)

The almost constant real part can be lumped in the chemical potential. In the expression
of the retarded Green’s function, this simply amounts to replacing ¢ + i0* by ¢ + il".
When performing numerical calculations, one has to replace 0" by a small (but not
infinitesimal) positive number; we see that this can be justified as a phenomenological
way to take into account impurity scattering. A slightly more elaborate model would
incorporate the linear term in the real part by taking Z;,,(¢) ~# (1—Z e —il with Z
the quasi-particle residue [see Eq. (7.16a)].

In doc—53, we estimate the value of p, obtained from Eq. (8.14) using Eq. (8.10), and
we get the numbers ac,/Z? = 0.37 uQcm/% imp. and OLAg/Z2 = 0.44 uQcm/% imp.
for copper and silver, respectively, if the free-electron value of ki is increased by a
factor two in order to account for the screening by d electrons. These values reproduce
the trends observed in Fig. 8.1, except the different a values found for impurities with
the same valence but different masses: heavier impurity atoms increase resistivity
less than light atoms. In order to understand this effect, one would have to improve
our model Eq. (8.13) for the impurity potential. Since d electrons tend to be more
localized in heavier atoms, one could argue that ky in Eq. (8.13) increases with the
atomic mass, which would reduce the scattering. Crystal-field effects, which lead to a
non-spherical potential, can also play a role.
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8.4 T2 law and electron-electron interaction

8.4.1 Phenomenology

At low temperature, the resistivity of many metals increases like T2. This is considered
a signature of Fermi-liquid behavior because, as we shall see, it corresponds to the
expected effect that the Coulomb interaction has on the resistivity in a fluid of weakly-
interacting electrons. This behavior is not only observed in simple metals, but in a
large variety of materials. Among those, the famous heavy-fermion compound CeAl, is
often cited as an example: this material has a well-defined Fermi surface showing de
Haas van Alphen oscillations in a magnetic field and displays T? resistivity at very low
T,! two characteristics of a Fermi liquid. Another famous heavy-fermion material is
LaRu,Si,, which also displays T? resistivity.> More exotic materials such as the sodium
cobaltate Na, ,C00,,* or the iron pnictide CaFe,As;,* also exhibit a T? law. Often
materials enter an ordered phase like for instance superconductivity at low temperature.
In such a situation, the T2 law, if present, is hidden by the specific signature of the
ordered phase. Suppressing the ordered phase by applying pressure or magnetic field,
one can then recover a T2 law like in the heavy-fermion U,Pt,In,° in the pyrochlore
Hg,Ru,0,,° or even in the high-T, cuprate superconductor Tl,Ba,CuOg,, and other
similar copper oxides.”

The T2 behavior can also appear in conjunction with other mechanisms. For example,
it has been proposed that the low-temperature resistivity of the high-T, superconductor
La,_, Sr,Cu0Q, is the superposition of a T-linear and a T2 term.® The same phenomenol-
ogy was reported for several classes of superconducting materials (organic conductors,
iron pnictides, cuprates), and it was found that the amplitude of the T-linear term
is proportional to the critical temperature.’ These observations suggest that these
materials are Fermi liquids in which another scattering mechanism develops at low
temperature, responsible for both the T-linear resistivity and the formation of the
superconducting state.

Our goal in this section is to derive the T2 law from perturbation theory using the
diagrammatic technique for the Coulomb interaction. We will also discuss the Kadowaki—
Woods scaling, which relates the coefficient of the T? resistivity to the coefficient of
the T-linear specific heat and was recently generalized and corrected to include 2D

1 K. Andres, J. E. Graebner, and H. R. Ott, Phys. Rev. Lett. 35, 1779 (1975).

2 K. Marumoto, T. Takeuchi, Y. Miyako, M. Ocio, P, Pari, and J. Hammann, Solid. State Commun. 117, 245
(2001).

3'S.Y. Li, L. Taillefer, D. G. Hawthorn, M. A. Tanatar, J. Paglione, M. Sutherland, R. W. Hill, C. H. Wang, and
X. H. Chen, Phys. Rev. Lett. 93, 056401 (2004).

41 L. Zhao, T. Yi, J. C. Fettinger, S. M. Kauzlarich, and E. Morosan, Phys. Rev. B 80, 020404 (R) (2009).
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and 1D materials.

8.4.2 Life-time at second order

We saw in Sec. 5.1.3.7 that the Coulomb interaction induces electron damping at second
order because the self-energy terms Eq. (5.48) are complex. In order to calculate the
electron life-time at low energy and/or low temperature, we need the imaginary part
of these diagrams near ¢ = 0. The calculation can not be easily done analytically,
even for an isotropic free-electron dispersion, due to the kinematic constraint between
momenta appearing both in the Coulomb potential and in the dispersion. In three
dimensions, as the constraint is easily satisfied it is a reasonable approximation to relax
it and furthermore approximate the Coulomb potential by a constant value V. With
these simplifications, we obtain [see doc—54]

—Im( g E + L5 ) A cste X [82 +(7rkBT)2], (8.16)

where the constant does not depend on energy or temperature. This result is very
important. It provides the microscopic justification for the phenomenological Landau
theory of Fermi liquids. The latter theory postulates the existence at T = 0 of quasi-
particles close to the Fermi surface, i.e., long-lived single-particle excitations with
the same quantum numbers as the electrons. Eq. (8.16) confirms that the quasi-
particle life-time diverges as 1/¢2 at zero temperature, in other words the damping
due to electron-electron interactions disappears on the Fermi surface. The fact that the
scattering rate is proportional to £2 means that the width of the quasi-particle peak in
the electron spectral function (see Sec. 7.3) is smaller than the energy E;. ~ ¢ of the peak
when ¢ — 0. We see in Eq. (8.16) the appearance of two regimes: &€ > kT corresponds
to the low-temperature regime just discussed, where the scattering rate goes like £2.
When ¢ < kg T, on the other hand, the scattering rate becomes independent of energy
and goes like T2. The latter regime corresponds to the measurement conditions of the
dc conductivity, as well as the low-frequency optical conductivity where a Drude-like
response is expected due to the energy-independent scattering rate. We also see that
the energy and the temperature play symmetric roles in the self-energy, another generic
feature of Fermi liquids. The correspondence ¢ «— mkyT can be traced back to the
specific relationship between time and temperature or between real and imaginary
times, as illustrated by the fact that the Matsubara frequencies i v,, o< mky T [Eq. (4.9)].
Let’s finally note that, in spite of the fact that Eq. (8.16) gives the result at second
order, it is possible to show that this behavior is robust and remains the same at all
orders in perturbation theory.! This is illustrated in doc—77 with the example of the
RPA (random phase approximation), which sums an infinite subset of diagrams and
recovers the generic energy and temperature dependence given in Eq. (8.16). A simple
interpretation of the £2 behavior is also proposed there: a direct consequence of the
fact that the number of electron-hole excitations increases linearly with energy.?

1y M. Luttinger, Phys. Rev. 121, 942 (1961).
2 This objection is often raised: The Coulomb interaction cannot induce resistivity because it conserves
momentum. The argument goes as follows. Resistivity essentially measures the relaxation time of the
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8.4.3 T? resistivity and Kadowaki-Woods scaling

Using Eq. (8.11), the Drude formula Eq. (8.10) for a band mass m, can be rewritten in
terms of the self-energy as

Odc

_neth [T [=f(e)]
_Zmbf d8|1m2(s)|' 8.17)

—o0

With the expression Eq. (8.16), [Im X(¢)| = a[e? + (nky T)?], we have

= @] S N (R O 1
€ = dx = , (8.18)
oo MmXE(e)]  alkgT)? | x2 4 12 12a(ky T)?
v
and we thus see that the resistivity increases like T?2:
24m, k2
o(T)=AT?, A=-_103B2 (8.19)
e2h n

In order to check whether the numbers make sense, we may use for the value of a
the RPA result given in doc—77: a ~ (/16)*/2/(ep4/ka,). It is thus seen that the
coefficient A varies like the square of the mass, which explains the famous empirical
Kadowaki-Woods graph.! In this graph, the experimental value of A is plotted as a
function of y2, where v is the coefficient of the T-linear term in the low-temperature
electronic specific heat. For weakly-interacting electrons with quadratic dispersion, we
know [Eq. (2.56)] that y = (n?/3)k2N°®!(0) = k2m*k/(3%)¥, such that the so-called
Kadowaki-Woods ratio becomes

A _ 8n faf (my/m*y?

=— 15/2 8.20
r? 3 ek V2 s (8.20)

We have used the electron gas formula n = kg /(372) as well as the density parameter r;
given by 1/n = (4/3)n(r,a,)® with a, the Bohr radius. Empirically, it is found that this

current: in the Kubo formula Eq. (8.3), this is represented by the current-current correlation function,
which is the propagator of the current. If the current is a conserved quantity in the long-wavelength limit,
the resistivity vanishes. Now, according to Eq. (2.50), the operator giving the current at ¢ =0 is iK /m,
where K is the total momentum of the electrons. The Coulomb interaction allows momentum exchanges
among the electrons but does not change the total momentum. One is lead to the conclusion that K
is a conserved quantity and therefore the Coulomb interaction does not induce any resistivity. .. More
formally, working in the plane-wave basis and using Eqs (2.50), (5.55), and (5.43), one indeed verifies
that [jP(q = 0), Vg, ] = 0. This operator identity is true in any basis. Egs (2.50) and (2.45) furthermore
lead to [j2(0),Ko] = (h/m) X s (k — k')gkkzclck, in the plane-wave basis. For a translation-invariant
system, &yps O< Oy and the current is conserved if the Hamiltonian is Ky + V¢,. Such a system has
infinite conductivity. The translation invariance is broken in real materials, though. The periodic lattice
potential implies that &/ contains terms V(G)y x/+g: the electrons can experience Umklapp processes
and transfer a momentum 4G to the lattice. When phonons are excited at finite temperature, even the
discrete translation symmetry of the lattice is broken. Defects and impurities disrupt it even further. Hence
the current is not conserved. The global coherence among all momenta needed for the Coulomb interaction
to conserve the current is lost and the initial current decay is governed by the fastest process which, at low
temperature, may be the quasi-particle decay due to electron-electron interaction.

M. J. Rice, Phys. Rev. Lett. 20, 1439 (1968). % K. Kadowaki and S. B. Woods, Solid. St. Commun. 58,
507 (1986).

—
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Figure 8.3: The Kadowaki-
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ratio takes a nearly constant value for transition metals (~ 0.4 u2cm mol? K2 J2) and
another nearly constant value for heavy-fermion materials (&~ 10 uf2 cm mol?2 K2 J72).
This suggests that the material-dependent factor (m;/m*)*r!*/ does not vary much
within one class of materials. This material-dependent factor changes if a more accurate
model is used instead of the isotropic electron gas within RPA. We may nevertheless
check that the expression found gives the correct order of magnitude for simple metals,
where the dynamical mass renormalization is small. Introducing the molar volume
Vinol, We rewrite

A me Jm*)2r15/2
A _gont b/

2172 12
‘}/2 = m ‘LLQCI'IlmOI KeJ~. (821)

The numbers for gold (m*/m;, = 1.1, ¥, = 10.21 cm?, r; = 3.01) yield the very
reasonable value 0.65 uf2 cm mol® K2 J~2, while an average over the 27 simple metals
listed in Ashcroft & Mermin (1976) gives an average of 0.6.

There are classes of materials displaying T? resistivity and T-linear specific heat without
following the Kadowaki-Woods scaling: these are for example the organic conductors
and many oxides. A new scaling was recently proposed,' which also takes into account
the real part of the self-energy and the dimensionality of the Fermi surface. With this
new scaling, the four classes of materials (transition metals, heavy fermions, organic
conductors, and oxides) all fall onto the same straight line in spite of the fact that A
varies by 10 orders of magnitude (see Fig. 8.3). The new scaling law reads

_8_1
 4m ekl

& X INHO) R )ne? (8.22)

LA C. Jacko, J. O. Fjerestad, and B. J. Powell, Nat. Phys. 5, 422 (2009).
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where (V§x> is the Fermi-surface average of the unrenormalized squared Fermi velocity
and & is a pure number of order one.

8.5 Magnetic impurities and Kondo effect

The scattering on dilute impurities leads to a temperature-independent residual re-
sistivity as T — 0 (Sec. 8.3). In many magnetic alloys such as AuFe, however, one
observes a qualitatively different behavior with a minimum in the p(T) curve at low
temperature (see Fig. 8.4). For illustrations of the same behavior in other materials, see
e.g. the electron-doped cuprate Ce,CuQ,,' or the cobaltate Na, ,C00,.> Although this
phenomenology was known since the thirties, the effect remained a mystery until 1964
with the work of Jun Kondo.? Kondo showed that the scattering on the impurity spins
leads within perturbation theory to a resistivity correction that diverges logarithmically
as temperature goes to zero. This divergent result pointed to a failure of perturbation
theory as T — 0, a failure which became known as the Kondo problem. The search for
a solution to the Kondo problem initiated the era of the renormalization-group theory
in condensed-matter physics.

8.5.1 Models for electron scattering on magnetic impurities

An impurity atom in a host metal not only leads to a change in the local potential—this
effect was considered in Sec. 8.3—but also introduces new energy levels associated
with the foreign atom. A famous model that describes one such foreign level (e.g. a
d-electron level in a gas of s electrons) is the Anderson impurity model

— T T
H, = kg oo tEd E CioCio T kg (deckacda + h.c.) +Ungpng,. (8.23)
o o o

The first term represents the unperturbed conduction electrons [see Eq. (2.53)] in a
one-band scheme, the second term represents the foreign level, the third term describes
processes in which electrons hop from the d level to the conduction band and inversely,
and the last term accounts for the Coulomb repulsion when two electrons occupy the
impurity level. The model is depicted in Fig. 8.4(c). Two different situations can arise
depending upon the position of the chemical potential with respect to the impurity
levels. If u lies below €, or above ¢, + U, the impurity level is either unoccupied or
occupied by two electrons: in both cases it carries no spin and the impurity behaves
like a non-magnetic impurity. If the chemical potential is between ¢; and €4 + U, the
impurity is occupied by only one electron and carries a spin 1/2.

The two-body interaction term in Eq. (8.23) prevents any closed analytical solution.
The problem with U = 0 is exactly solvable, but its physical properties are different
from those of the original model because the doubly-degenerate impurity level has no

1 T Sekitani, M. Naito, and N. Miura, Phys. Rev. B 67, 174503 (2003).

27. Zhang, J. Zhang, Y. Xu, C. Jing, S. Cao, and Y. Zhao, Phys. Rev. B 74, 045108 (2006).

3 J. Kondo, Prog. Theor. Phys. 32, 37 (1964). See also the 40th birthday special issue: J. Phys. Soc. Jpn.
74, No.1 (2005).
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Figure 8.4: Typical temperature dependencies of the resistivity at low temperature for (a)
non-magnetic dilute metallic alloys and (b) metals containing magnetic impurities. (c) Schematic
representation of the Anderson impurity model Eq. (8.23): the two impurity levels ; and ¢; + U
are degenerate with the conduction band €. If the chemical potential lies between ¢; and €, + U,
the impurity is occupied by only one electron and carries a spin 1/2. Otherwise the impurity is
occupied by either zero or two electrons and is non-magnetic.

magnetic degree of freedom. The net result at U = 0 is that the level ¢, gets broadened
and slightly shifted due to the hybridization ;4. One can also attempt a mean-field
treatment, replacing Ungyng, by Ulngy(ng;) + ng (ng) — (ngr)(ng)]. In this case,
beside the non-magnetic solution (n;,) = (n4;) that always exists, there are magnetic
solutions corresponding to the formation of a magnetic moment on the impurity when
U exceeds a critical value. These solutions are unphysical artifacts of the mean-field
approximation, however, since there is nothing in the initial Hamiltonian breaking the
spin-rotation invariance.

Another approach known as the Schrieffer-Wolff transformation' simplifies Eq. (8.23)
and reduces it to a model in which the conduction electrons only interact with the
impurity spin. In a spin-only model, the occupation of the impurity level must be fixed
and therefore no term like the third one in Eq. (8.23) can appear. The idea is therefore
to set up a unitary transformation S of the Hamiltonian such that the transformed
Hamiltonian A, = e>H,e™™S does not depend on Vj, at least approximately for low
energies and wave vectors close to the Fermi surface. The derivation is performed in
Bruus & Flensberg (2004, p. 169) and leads to the so-called sd Hamiltonian, or Kondo
Hamiltonian, which was originally considered by Kondo:

Hyq = Z € ko ko +JJ dr S4(r)-S(r). (8.24)

ko

We have written the model for a situation where there are N; magnetic impurities
at random positions R, rather that just one impurity like in Eq. (8.23). Similar to
Eq. (5.32), S4(r) is the spin density due to the N; impurities,
N;
Sa(r) = 548(r —Ry), (8.25)
=1
with s; = g*c the spin carried by each impurity and 7 the vector of Pauli matrices given
in Eq. (22). S(r) is the spin density of the conduction electrons given by Eq. (2.47).

1 J. R. Schrieffer and P A. Wolff, Phys. Rev. 149, 491 (1966).
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The coupling parameter J resulting from the Schrieffer—Wolff transformation is

. 2V, al?U (8.26)
gy (g +U) '

We see that the coupling is anti-ferromagnetic (J > 0)—i.e., the energy is lower when
S, and S are anti-parallel—if £; < 0 and &4 + U > 0;' this is the situation where the
chemical potential is between ¢; and €4 + U.

8.5.2 Third-order perturbation calculation

Following Kondo, we study the Hamiltonian Eq. (8.24) by means of the perturbation
theory in J. We perform an impurity average like in Sec. 5.1.3.6 and thus restore the
translation invariance. Expressed in terms of the electron operators, the perturbation is

iy
— T
V== fdr E T Sl o (8.27)

uoo’

This form is similar to the generic one-body perturbation Eq. (5.9) with two differences:
as we are coupling the vector fields S;(r) and S(r), there is an additional y sum for
the scalar product; more importantly, in the “matrix element” we have S(‘; (r) which
is an operator rather than a scalar. This complicates the perturbation theory because
there is no equivalent of Wick’s theorem for spin operators.

Applying the general perturbation expansion? Eq. (5.5) to the case of the Green’s func-
tion ¥, ,.(k,7) = %Ckgczg,(fr), inserting the expression of the perturbation Eq. (8.27),
and performing the impurity average, we obtain the expansion

0 HI\" B

%UU,(k,T):—Z(——) J dTl--~dTnfdr1 > ---Jdrn >
n=0 2 Y pi0107] BaCn0y,
X Tilla’l U T‘;:UIH“TTS?(T‘L Tl) B 'Sgn(rn; Tn))O)imp

o

X (ch;lgl(ﬁ)crlg/1 (t1)--- C:ngn(rn)crn%(Tn)cko(’c)cza,(O))f)‘m‘diff. (8.28)

The thermal average in Eq. (5.5) could be split into one part for the impurity spins and
one part for the conduction electrons, because in the absence of interaction these two
sub-systems are decoupled. The impurity average denoted by (- - - );,, like in Eq. (5.35)
only concerns the correlation function of the impurity spins and has no effect on the
conduction electrons.

The calculation of the terms up to order n = 3 is performed in doc—55. The Green’s
function turns out to be diagonal in the spin indices, as required by the spin-rotation

! The opposite convention is often taken in the literature for the sign of J, with an extra minus sign in
Egs (8.24) and (8.26).

2 See Bruus & Flensberg (2004, p. 241) for a proof that Eq. (5.5) remains valid in the absence of Wick’s
theorem for the spin operators.
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invariance of the problem: ¥, o< §,,.. The first term (n = 1) vanishes. For non-
magnetic impurities, the first-order term Eq. (5.37) is a constant shift of the chemical
potential compensating the average potential induced by the impurity charges. As
spins are neutral, there is no such correction in the present case.! At second order, the
self-energy is [see doc—55]

34?1 1
8 V4 iw,— &,

vO(k,iw,) =n; (8.29)

This is the same expression as we obtained for scattering on non-magnetic impurities
within the first Born approximation, Eq. (5.41), applied to the case of point-like defects
with a potential v(q) = (3/8)%}‘72J . Therefore, at second order the scattering on
impurities carrying a spin is similar to the scattering on non-magnetic impurities. In
particular, it induces a temperature-independent residual resistivity (Sec. 8.3) and
is unable to explain the resistivity upturn depicted in Fig. 8.4(b). Looking back at
the calculation in doc—55, one sees that the contribution of the impurity spins to the
scattering is independent of time, meaning that the internal spin state of the impurity
is not changed during the second-order scattering process. This is the reason for the
deceptive result Eq. (8.29): at second order, the impurity spins show no dynamical
behavior but instead behave like static objects.

Something new happens at third order: here the scattering involves an intermediate
state in which the spin of the impurity is changed and the intrinsic dynamics of the
impurity starts to play a role. The resulting scattering rate is [ see doc—55]

3mn 03 ® . tanh(BE/2)
—Im 2(3)(1(’ £)= MTNOI(E) Joo diNol(E)%-

This scattering rate diverges as In(1/T) as T — 0. To fix ideas, let’s take a density of
states equal to the constant N, over the bandwidth extending from —W /2 to W /2 and
let’s look at € = 0: then, using Eq. (20),

(8.30)

—Im=®)(k,0) ~ d€

32 —w)a 3

37n,h%(JN,)>
N-lzh—l——gldln(0567jy—). (8.31)
16 ke T

3nnih6(JN0)2JJW/2 tanh(B&/2)

The first thing to remark is that this contribution is positive—and therefore increases
the scattering rate—if the coupling is anti-ferromagnetic (J > 0). Therefore, this
correction is able to produce a resistivity upturn like in Fig. 8.4(b).

The singular nature of this correction points to a failure of perturbation theory as T — 0.
The fact that the third-order correction diverges, while the second-order correction is
finite, suggests that one has to sum all terms in the perturbation series in order to get a
finite result at T = 0. This is not the case, though: summing logarithmic contributions

! The situation would be different in the presence of a magnetic field which aligns the impurity spins
and leads to a finite magnetization: in this case, the first-order correction is finite and accounts for the
difference in chemical potential for up and down electrons.
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from higher-order terms leads to an even more singular result, which diverges at a
finite temperature Ty known as the Kondo temperature.! We must conclude that the
perturbation theory is unreliable at temperatures below Ty. Above T, the perturbation
theory works because the third-order correction is smaller than the second-order one.
Collecting Egs (8.29) and (8.31), we see that the scattering rate on the Fermi surface is

3mn;h2J

—Im%(k,0) = 16

[(thNO) + (h%JNy)*In (0.567%) +.. ] (8.32)
B

where the ellipsis indicates higher-order terms. We can estimate the Kondo temperature
by equating the first two terms in the expansion, with the result

kT = 0.567 W ¢~ 1/ (HINo) (8.33)

Note the similarity of this expression with other non-perturbative results such as
Egs (5.88) and (5.144).

8.5.3 Beyond perturbation theory

The breakdown of perturbation theory for scattering on local magnetic moments has
become known as the Kondo problem. In fact, similar phenomena may occur whenever
the scattering centers have internal degrees of freedom, i.e., a proper dynamics which
contributes to the scattering process. Another well-known example exhibiting Kondo
physics is the transport through the localized levels of a quantum dot or through
individual atoms on surfaces probed by scanning tunneling spectroscopy. Theoretical
progress has been achieved in these problems thanks to the renormalization-group
method. In this section, we provide a bird-eye view of the renormalization-group
approach with the aim of introducing the basic idea and jargon. Interested readers
should read introductions by experts.2

In order to understand why perturbation theory fails, we must take one step back
and remember the very first assumptions on which perturbation theory relies. The
first assumption is that the observable quantities that we are calculating do have a
regular expansion in powers of the perturbation. In practice, this assumption is already
implicitly made when we write the series Eq. (2.23) for the evolution operator. The
second assumption is that of adiabatic connection, stating that the actual ground (or
thermodynamic) state in the presence of interactions can be reached by switching on
the interaction adiabatically starting from the non-interacting state. If any of these
conditions is not met, we must expect the perturbative approach to fail, even if the
perturbation series can be completely summed up to infinite order. As a simple analogy,
consider a function f (x) that we try to evaluate at x = x, near x = 0. If this function
is singular exactly at x = 0, like 1/x, Inx, or e /¥, the Taylor expansion is simply
ill-defined and we get singular values if we try and evaluate the terms of the expansion.
The second possibility is that the function is regular at x = 0 but has a singularity

LA A Abrikosov, Physics 2, 5 (1965).
2 H. J. Maris and L. P Kadanoff, Am. J. Phys. 46, 652 (1971). % B. Delamotte, Am. J. Phys. 72, 170 (2004);
Lecture Notes in Physics 852 (2012).
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between x = 0 and x = x, like tanx if x, = m: in this situation, the expansion around
x =0 is of no use to evaluate f(x,).

The quest for a solution to the Kondo problem has led to the advent of the renormal-
ization group in condensed-matter physics. The goal of this methodology is to find
the effective Hamiltonian (or the effective action) that determines the properties of
the system at low energy and/or low temperature: when T — 0, only the few lowest
levels of the original Hamiltonian contribute significantly to the thermal average. The
idea is therefore to build a low-energy effective Hamiltonian by excluding high-energy
levels, with the hope that the effective theory will be easier to solve than the original
problem. The process of eliminating the high-energy degrees of freedom changes the
parameters of the original Hamiltonian. In some cases, the low-energy theory turns out
to be just a Fermi-liquid theory with renormalized parameters (velocities, masses, etc.).
In this situation, one can generally rely on perturbation theory. In other words, one
can take the J — 0 limit first—if J is the parameter controlling the interactions—and
the limit T — O after: theorists say “J is the smallest energy scale in the problem” or
“the renormalization group flows to weak coupling”. In other cases, the low-energy
theory has a different character reflecting the fact that the ground-state wave function
is not adiabatically connected with the non-interacting ground state. In this situation,
one should take the T — 0 limit first, in other words solve the problem at finite J: now
T is the smallest energy scale in the problem and the renormalization group “flows to
strong coupling” (i.e., J > T as T — 0).

To be slightly more explicit, we consider the Kondo Hamiltonian characterized by the
partition function Z(T,J). The renormalization is a transformation £—to be chosen
wisely according to the problem at hand—which delivers a new partition function Z’
and new temperature and interaction parameters T’ and J’:

Z2(T,0) =Tre PX s 2/(T", ") = Tre X = 2 2(T,J). (8.34)

The transformation is useful if the new problem has less degrees of freedom than the
original problem. If the function Z’ is the same function of its arguments than the
function Z, the problem is called exactly renormalizable. If this is not the case, one
has to choose a transformation & such that the terms that make the function Z’ differ
from Z are small. If Z = Z’, we can iterate:

Z(T,J) 2 2(T,0") 2 2(T",0") s .. (8.35)

In this iterative process, the parameters T and J “flow” toward fixed points such
that ZZ(T*,J*) = Z(T*,J*). We can envision three possibilities: (T* = 0,J* = 00)
corresponds to the strong-coupling fixed point, where only the second term in Eq. (8.24)
matters; (T* = co,J* = 0) corresponds to the weak-coupling fixed point, where the
perturbation theory is reliable; and (T* = T,,J* = J.) would describe a phase transition
between two different regimes at some particular temperature and coupling.

In the case of the Kondo problem, it turns out that J flows to the strong-coupling
fixed point J* = 0o. This was demonstrated in a famous work by Kenneth Wilson.!

Ik G. Wilson, Rev. Mod. Phys. 47, 773 (1975).
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Wislon’s solution starts by rewriting H,; in terms of new operators fn'o corresponding
to spherical wave functions centered on the impurity and localized in a shell whose
radius increases exponentially with the index n. At low values of n, the wave function
is localized on the impurity and is built from states c;;a covering a large part of the
band, while high values of n correspond to extended states built from states czo closer
and closer to the Fermi energy. With this rewriting, the Hamiltonian takes the form
of a one-dimensional chain that couples state n to state n — 1 and state n = O to the
impurity spin. By increasing n and eliminating high-energy states, Wilson was able
to set up a renormalization scheme and show that the Kondo Hamiltonian Eq. (8.24)
flows to strong coupling.

The physical interpretation is that the effective anti-ferromagnetic interaction between
the conduction electrons and the spin of the impurities increases as T — 0 and the
electrons therefore tend to form singlet states together with the impurity spins. The
formation of a bound state between conduction electrons and impurity spins is the
non-perturbative process that disconnects the ground state from the Fermi sea, very
much like the formation of Cooper pairs disconnects the BCS ground state from the
Fermi sea. Once the singlets are formed, the impurity spins are screened such that the
impurities become effectively non-magnetic at T = 0. Since non-magnetic impurities
give a non-singular residual resistivity at T = 0, the saturation of the resistivity in
Fig. 8.4(b) can be finally understood.

8.6 Effects beyond quasi-particle scattering

In the previous sections, we have considered applications that neglected the vertex
corrections in Eq. (8.5). As a result, the resistivity was entirely controlled by the
self-energy 3, as expressed in the Drude formula Eq. (8.10). In this section, we discuss
qualitatively some effects corresponding to vertex corrections, that therefore go beyond
this version of the Drude formula.

8.6.1 Vertex functions, Ward identities, conserving approximations

Separating the contributions with and without vertex corrections in Eq. (8.5), we have

, %
2= _© _ /A (8.36)

sxf

where the second term gives the vertex corrections, i.e., all diagrams in which the
electron and hole lines are connected by the interaction. The shaded box is a vertex
function; it depends on three energy-momentum variables and we shall denote it A:

K —y K'—Q
% = AK,K',Q). (8.37)
K*Q / K/
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In order to lighten the formula in this section, we use the “four-vector” notation:
. . 1
K=(k,0,iw,), Q=(q,i,), D ,=>.=>.. (8.38)
K ko /5 iw,

Translating the second diagram in Eq. (8.36), the vertex corrections to the current-
current correlation function can be formally written as'

521(Q) = D TH K, QUEK)FK + QAK,K',Q)

KK’

x 9(K)9(K' —QIy(K',—Q), (8.39)

where I'((K,Q) = % (k + %) is the bare current vertex and ¥ is the full Green’s func-
tion containing all self-energy corrections. The goal is to find good approximation
schemes for the vertex function A. In another equivalent formulation, one introduces
the renormalized current vertex T'(K,Q) by writing

Q= OFO”

K+Q

= ZF“(K,Q)%(K)%(K+Q)FO"(K+Q,—Q). (8.40)
K

Comparing with Eq. (8.36) or Eq. (8.39), we can deduce the relation between the
renormalized vertex I' and the vertex function A:

K K K’ K
o{ _ < + 7 7 (8.41)
K+Q K+Q 2 k+q

K'+Q

I'K,Q) = Th(K,Q) + ZFO(K’,Q)%(K’)%(K’+Q)A(K’,K+Q,Q).
g

The expressions Egs (8.39) and (8.40) provide formally exact representations of the
current-current correlation function in which the vertex corrections have been encapsu-
lated in the functions A and I'. Such formula are useful for establishing exact relations
between correlation functions known as Ward identities, which arise from conservation
laws.

The conservation of electric charge results in the continuity equation discussed in
doc-14, a relation between the density and current operators: iQ,n—fq - j = 0. Not
surprisingly, this relation which binds together density and current also has implications
for the density-density and current-current correlation functions. By analogy with
Eq. (8.40), the density-density correlation y,,(Q) defined in Eq. (5.75) can be formally

! There is no consensus in the literature as to what is the best convention for labeling the diagram and
naming the arguments of A. Here we adopt the following convention [see Eq. (8.37)]: K and K’ for input
legs, K + Q and K’ —Q for output legs, K, K/, and Q for the arguments of the function A.
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written in terms of a bare density vertex, which is just unity, and a renormalized density
vertex I,(K,Q) according to

2n(Q) = D LK, QYK)F(K + Q). (8.42)
K

The Ward identity corresponding to the conservation of charge takes a simple form
when expressed in terms of the renormalized vertices and Green’s function:'

iQ,I.(K,Q —hq - T(K,Q) =9 (K +Q)— ¥ '(K). (8.43)

This important formula should be satisfied by any approximation scheme that claims
to be conserving, i.e., that satisfies the conservation of charge (an analogous relation
between the spin-spin and spin-current correlation functions expresses the conservation
of spin). We can readily check that the Ward identity Eq. (8.43) is satisfied by free
electrons: take I[(K,Q) =T, = 1, [(K,Q) = To(K,Q) = L (k+%), ¥ '(K +Q) =
iw, +iQ — &y, 9 1K) = iw, — &, and &, = h*k?/(2m) — u. The approximation
behind the Drude formula is not conserving, because it assumes I, =T, and I' =T,
which according to Eq. (8.43) constrains the self-energy to obey

2
Bk g, fe0, +i9,) = 5K, 10,) = E + 1 (2K -q +4)~ Eiag,
m

a relation generally violated by the approximations used for the self-energy in the
Drude formula.

8.6.2 Ladder approximation, diffuson, transport life-time

The first term in the right-hand side of Eq. (8.36) describes the propagation of uncorre-
lated electron-hole pairs: it takes into account all scattering effects for the electron
and the hole separately, but neglects all interactions between electron and hole. Hence
the second term accounts for the corrections due to these interactions between the
electrons and the holes. When the electron-hole pair density is low, it is likely that
the dominant terms are those where the same electron repeatedly interacts with the
same hole. The corresponding set of diagrams in the vertex function A is known as
the diffuson AP. The diffuson is given by a ladder sum (for definiteness, we draw the
diagrams for the case of the Coulomb interaction):

[T T3~

E+ g /D 7 (8.44)

- I,

AN N W\

N

The second line corresponds to a closed integral equation which can in principle be
solved for AP(K,K’,Q). The solution is particularly simple in the case of scattering on

! For a derivation, see Schrieffer (1964, p. 228) or W. Metzner and C. Di Castro, Phys. Rev. B 47, 16107
(1993).
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point-like impurities [i.e., such that v(q) = v, in Eq. (5.41)], since in this case AP does
not depend on K and K':

777 K——K'—Q K «=IE-=» K'—Q «=12—=I2-=» K'—Q
/D1 = * + * * + * K & +...
VIr7, K+Q4—K’ K+Q—1=-<=l—](’ K+Q—l="=l='<=l—K
K,+Q Ki+Q Ky+Q
=nvi+( Z Y(K)Y (K, +Q)
+(nv2)” > GEKDGE +Q) D H(K)G(Ky +Q) + ...
K, K,
=n-vz{l+n~v2§(Q)+[n~v2C(Q)]Z+...}= nl—vg (8.45)
Folm T o —n2l(@
{Q) =Y 9K)9(K +Q. (8.46)
K

Introducing this form in Eq. (8.39), one gets a contribution to the conductivity that
corrects the Drude formula Eq. (8.10), replacing the simple transport life-time defined
in Eq. (8.11) by a shorter time [see Bruus & Flensberg (2004, p. 291)].

8.6.3 Cooperon, weak localization

Another class of diagrams appearing in the vertex function A is the series of so-called

maximally-crossed diagrams:

At the second line, we have twisted the upper part of the diagrams, thus showing that
this series again gives rise to a ladder sum like in the expression of the diffuson, however
with the important difference that the ladder is now in the particle-particle channel
rather than the particle-hole channel. This set of terms describes the propagation of two
electrons repeatedly interacting with each other. If the interaction is attractive, these
two electrons eventually form a bound state which is nothing but a Cooper pair. This
series of diagrams has therefore become known as the cooperon. In doc—78, we show
explicitly the relationship between the cooperon and superconductivity by introducing
the pairing susceptibility and using the Thouless criterion for determining the critical
temperature.

777

C

L1

AN\

+

A

+ (8.47)

In the context of impurity scattering, the cooperon describes processes in which elec-
trons follow the same closed path in real space in opposite directions (time-reversed
paths) and interfere constructively. The constructive interference for this particular
type of trajectories enhances the probability for an electron to follow a closed path and
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thus be more localized than purely itinerant electrons: the phenomenon is known as
weak localization and gives rise to a logarithmic upturn in the resistivity at very low
temperature.

In order to link this qualitative description with the cooperon diagrams, let’s consider
the first of these diagrams. Since we have twisted the upper part, the momenta on the
left legs are now K +Q and K’ —Q:

K+K,;
K'—Q —a—K

* *
K+Q—l=-<=l—1<’

K'—K,

The value of the diagram is (nivg)zf(K +K’), where £(K+K') = ZKI Y(K+K,)%(K' —
K;). It is independent of Q, in contrast to the diffuson diagrams which depend on Q
but not on K and K’. Hence we can evaluate the diagram at Q = 0 without loss of
generality; visualizing the diagram in imaginary time rather than imaginary frequency,
we see two electrons evolving, one starting at time 0 with momentum k’ and ending
at time T with momentum k (lower part of the diagram), the other starting at time 7
with momentum k (recall that we have twisted the upper part, thus also exchanging
times) and ending at time 0 with momentum k’. This is the momentum-space analog
of the real-space time-reversed trajectories discussed above.

The constructive interference can be understood as follows. The complete set of
maximally-crossed diagrams form a geometric series and can be summed giving the
value of the cooperon as (nivg)zf(P)/[l — nivgf(P)] with P = K + K’. It turns out
that within the first Born approximation, nl-vgf (0) = 1 (Bruus & Flensberg, 2004,
p. 304), meaning that the cooperon diverges at P = 0 and thus the corresponding
correction to the conductivity comes from the region of four-momenta K’ ~ —K.
Let’s now consider the case of two scattering events as in the diagram shown above.
If the impurities are at positions R; and R, and the electron initially at position
r, the phase accumulated along the first trajectory (lower part of the diagram) is
etk (Ri=r) iK'~k ) (Ry—Ry ) p 1k (r—Ry) Along the time-reversed trajectory (upper part of
the diagram) it is e'® ®Ri—m)gi(k+k1)-(R;—R1) oik"(r—=R2) The diagram is proportional to the
product of these two phases, which in general depends on the impurity positions R,
and R,. But a phase that depends on the impurity positions vanishes when the impurity
average is performed and such contributions disappear. However if we take k' = —k
(P = 0) the two phases exactly cancel, such that the relative phase no longer depends
on the impurity positions and survives the impurity average.

The detailed calculation of the correction & ¥*" to the conductivity is somewhat tedious
(Bruus & Flensberg, 2004) and yields a logarithmically divergent result. The divergence
arises because time-reversed paths of arbitrary lengths are retained in the calculation,
while physically the electrons do not maintain phase coherence over arbitrarily long
times. Hence there should be an upper cutoff given by vz, in the length of the paths,
where 1, is the phase coherence time. This new length scale, in addition to the usual
mean free path £, = vz7, due to conventional impurity scattering, regularizes the
divergence. One then finds that the correction is largest in two dimensions, where it is
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Figure 8.5: The phenomenon
of weak localization observed
in a two-dimensional electron
gas at the interface between
GaAs and AlGaAs.! When the
carrier density is low, the resis-
tivity increases for T — 0. In
addition, a negative magneto-
resistance appears, which is
strongest at the lowest temper-
atures.

(8.48)

Since 74 decreases rapidly in the presence of a magnetic field, systems in the weak-
localization regime show a characteristic negative magneto-resistance, i.e., the conduc-
tivity increases in the field due to the suppression of the weak localization effect (see

Fig. 8.5)

I M. Y. Simmons, A. R. Hamilton, M. Pepper, E. H. Linfield, P D. Rose, and D. A. Ritchie, Phys. Rev. Lett. 84,
2489 (2000).
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Electron tunneling

The ability for quantum particles to cross classically forbidden barriers is one of the
many spectacular effects predicted by quantum mechanics. Very early on, this tunneling
mechanism was invoked to explain the a-decay of heavy nuclei.’ In condensed-matter
physics, electron tunneling has become a very powerful tool for imaging and spec-
troscopy. This technique was the first to achieve the energy resolution needed for
a direct observation of the gap predicted by Bardeen, Cooper, and Schrieffer (BCS)
in the single-particle excitation spectrum of superconductors.? Thanks to its high
sensitivity, this experiment revealed fine structure in the tunneling conductance which
was convincingly explained as the fingerprint of a strong electron-phonon interaction,?
providing decisive support to the BCS idea of phonon-mediated superconductivity.

The invention of the scanning tunneling microscope (STM) opened new territories for
electron tunneling.* The extraordinary spatial resolution of this instrument suddenly
propelled the atom—an ancient concept that had remained an abstraction for centuries—
to the front-page of newspapers. In addition to being a powerful imaging technique, the
STM has become one of the predominant tools for spectroscopic studies. Thanks to the
A-scale spatial resolution and sub-meV energy sensitivity, it can probe the spectroscopy
of individual atoms with great detail. In superconductors, the STM was used to image
the vortices and map the local density of states inside them,® allowing one to test
predictions of the BCS theory on a local scale.® One of the important playgrounds for
STM nowadays is the field of high-T. superconductivity,” where it revealed the intrinsic
inhomogeneities of the materials.

In this chapter, we first discuss the theory of electron tunneling and present in detail the
approach based on the tunneling Hamiltonian. We derive expressions for the tunneling

1a. Gamow, Nature 122, 805 (1928).

2 J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108, 1175 (1957). % L. Giaever, Phys. Rev. Lett.
5, 147 (1960). % 1. Giaever, H. R. Hart Jr, and K. Megerle, Phys. Rev. 126, 941 (1962).

3 W, L. McMillan and J. M. Rowell, Phys. Rev. Lett. 14, 108 (1965).

4G. Binnig and H. Rohrer, Helv. Phys. Acta 55, 726 (1982); Rev. Mod. Phys. 59, 615 (1987).

5 H. F Hess, R. B. Robinson, and J. V. Waszczak, Phys. Rev. Lett. 64, 2711 (1990).

6 C. Caroli, P G. de Gennes, and J. Matricon, Phys. Lett. 9, 307 (1964). % E Gygi and M. Schliiter, Phys.
Rev. B 43, 7609 (1991).

7 For a review, see @. Fischer, M. Kugler, I. Maggio-Aprile, C. Berthod, and Ch. Renner, Rev. Mod. Phys. 79,
353 (2007).
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Figure 9.1: Three approaches to the problem of electron tunneling: (a) expansion in the barrier
transparency; (b) expansion in the bias voltage; (c) out-of-equilibrium description.

matrix element and specializations to the extreme cases of planar and STM junctions.
We then briefly review the very basic ideas that relate the density of states with the
electron dispersion in translation-invariant systems and finish with examples of local
density of states measurements and calculations in conditions of broken translation
invariance.

9.1 Electron tunneling: a phenomenon out of equilibrium

A tunneling experiment can be envisioned in several ways. A first view considers two
systems that are initially isolated, each one being in contact with an infinite charge
reservoir and thus maintained at a fixed chemical potential. One then brings these two
systems in close proximity, preventing the electrical short-circuit by a thin insulating or
vacuum layer as sketched in Fig. 9.1(a). The action of bringing the electrodes together
amounts theoretically to lowering a tunnel barrier from infinity to some finite value
(or increasing the barrier “transparency” from zero). This method has the advantage
that it is based on the properties of the two isolated electrodes, which are easier to
model than the properties of the fully formed junction. The tunneling current is then
evaluated as a power series in the barrier transparency. The system responding to
this perturbation is not in thermal equilibrium, though, since it is made of two parts
maintained at different chemical potentials. This in principle is outside the realm of
the Matsubara formalism, which can only describe the response of systems that are
in thermal equilibrium as we saw in Sec. 6.1. Another problem of this approach is
that the precise shape and properties of the tunnel barrier cannot be deduced from
the knowledge of the two electrodes. Some arbitrariness necessarily results when
modelling the tunnel barrier.

In a second view, one starts with a fully formed junction and solves it in conditions
of thermal equilibrium, i.e., with the two chemical potentials aligned and no current
flowing. Although it is generally very hard, this program can be—and has been—
realized using for instance ab initio methods.’ The solution provides the shape of the
tunnel barrier and the interface wave functions for the junction [Fig. 9.1(b)]. One can

I See e.g. W. A. Hofer, A. S. Foster, and A. L. Shluger, Rev. Mod. Phys. 75, 1287 (2003), and references
therein.
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then use equilibrium perturbation theory and calculate the response of this system to a
difference in chemical potentials (an applied bias voltage) using the response theory
and Kubo-like formulas. Beside the difficulty of solving the full junction and calculating
its correlation functions, the drawback of this method is that it is perturbative in the
applied voltage. In many systems of interest for tunneling spectroscopy, for instance
superconductors, the current-voltage characteristics is highly non-linear, which would
require to push the response theory to high order rendering the approach impractical.

A solution to these conceptual difficulties was given by Leonid Keldysh,' who devised a
version of many-body theory appropriate for systems that are out-of-equilibrium. The
overall structure of the theory is similar to that in equilibrium, the price to pay for non
equilibrium being that the correlation functions become 2 x 2 matrices and must be
calculated in real time. The 2 x 2 matrices have three independent components: the
retarded, advanced, and Keldysh functions defined in Eqs (3.4), (3.5), and (3.8). The
most convincing theoretical descriptions of electron tunneling so far—and the only ones
in which many-body effects can be implemented in a systematic way—are based on non-
equilibrium Green’s functions and the Keldysh formalism.? These approaches synthesize
the points of view presented above: the tunnel current is calculated in the fully formed
junction under non-equilibrium conditions, such that both the “transparency” and
the bias voltage are treated non-perturbatively [Fig. 9.1(c)]. The main drawback of
the non-equilibrium tunneling theory is its complexity and unease of implementation.
Analytical calculations based on this approach are possible only for very simple models.>

For being able to perform calculations analytically, we need a formalism based on the
isolated electrodes rather than the fully formed junction. Furthermore, in order to
understand tunneling spectroscopy we need a formalism that can reliably describe
non-linear current-voltage characteristics. The best point of view for our purposes
is therefore the one shown in Fig. 9.1(a). In the following section, we discuss the
tunneling-Hamiltonian formalism, which is the simplest implementation of this ap-
proach. We will see that the problem related to non-equilibrium is “solved” by assuming
that the electron operators on both sides of the junction keep anticommuting even
when the electrodes are in contact. Consequently, the system responding to the barrier
transparency is made of two disconnected parts which can legitimately be held at
different chemical potentials such that the Matsubara formalism is applicable in each
of them. The somewhat ill-defined problem of the barrier transparency, better known
as the tunneling matrix element, will be addressed in Sec. 9.3.

9.2 Tunneling-Hamiltonian formalism

Consider two isolated systems, say the ‘left’ and ‘right’ systems, characterized by their
Hamiltonians H; and Hy and their chemical potentials u; and ug, respectively (Fig. 9.2).
The one-particle wave functions that we use to represent many-body states in the left
and right systems are denoted ¢, (1) and ¢, (r), respectively, ci and c;; being the

1 See e.g. J. Rammer and H. Smith, Rev. Mod. Phys. 58, 323 (1986).

2 C. Caroli, R. Combescot, P Noziéres and D. Saint-James, J. Phys. C: Solid St. Phys. 4, 916 (1971). % T. E.
Feuchtwang, Phys. Rev. B 10, 4121 (1974). % C. Noguera, Phys. Rev. B 42, 1629 (1990).

3 See e.g. C. Berthod and T. Giamarchi, Phys. Rev. B 84, 155414 (2011).
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corresponding creation operators. Our basic assumption is that these two systems
remain independent when the tunnel junction is formed and a finite current flows.
Mathematically, this implies that all fermion operators in the left system anticommute
with the fermion operators in the right system: [c;,c p]+ = 0. Thinking in terms of
the wave functions, the assumption requires that ¢, (1) and ¢,(r) be orthogonal—
although, physically, the overlap of these functions in the barrier region is crucial to
make the tunneling possible. The “transparency” of the junction is implemented by
means of a term Hp, the so-called tunneling Hamiltonian or transfer Hamiltonian, which
describes the transfer of electrons from one sub-system to the other:

Hy =Y T,clc, +he =X +X, 9.1
Ap

The matrix element T, must be understood as the amplitude for an electron to jump
from the state |p,) on the left to the state |p,) on the right. As emphasized in the
previous section, there is no general prescription for defining this matrix element and
some kind of modeling will be necessary. This aspect of the problem is discussed in the
next section. For the time being, we just assume that T, is given and we calculate the
resulting current as a function of the applied voltage eV = ug — ;.

The calculation of the current is detailed in doc—56. The main steps are the following.
(i) Define the tunneling current as the rate of change of the number of electrons in the
right system, say, multiplied by the electron charge:

I =—e(Ng). (9.2)

Our conventions are that e = —|e| and that the current is positive when electrons
flow from left to right. (ii) Use linear response in H; and Eq. (6.3) to express (Ng) in
terms of the retarded correlation function of Ny and Hy. At this stage, we find two
contributions to the current, I = I, + I,(t) with

I, = —% ImCy, . (eV /) (9.32)
2e 2ieVt/h ~R
()= — Ime Cyx (—eV /), (9.3b)

where the operator X is defined in Eq. (9.1). The first term is the time-independent
single-particle current while the second term is the Josephson current, which vanishes

Ty
|‘P1)\>|<pp) u
_ L leV
H; Hy U
L R
(b)

(a)

Figure 9.2: Representation of a tunnel junction. (a) Geometrical view. (b) Energy diagram; a
bias voltage V is applied to the junction, resulting in a relative shift of the chemical potentials.
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unless the two materials in contact are superconductors and which oscillates in time
with the characteristic and universal (i.e., model-independent) frequency 2|e|V /. (iii)
Use the assumption of two independent sub-systems to express the retarded correlation
functions in terms of the spectral functions in the left and right systems. At this step, it
is convenient to move from the abstract representation of the c} and c;; to the real-space

representation based on the fermion operators c;" and c:. For the single-particle current
this gives [see doc—56]

2
| 27lel

J de[f(e— |e|V)—f(£)]J dlydl,dridr,

X Im[T(lb r)T (L, )ALy, e — |e|V)(—%) G(ry, r1,€)]- 9.9

In this expression, T (I, r) is the amplitude for an electron to tunnel from point I in the
left system to point r in the right system, A is the spectral function of the one-electron
Matsubara Green'’s function in real space, i.e.,

oo
. A(x 9x > E) +
YG(x1,%5,10,) = J de —L=277 YG(x1,%5,7T) = —(Trcxl(f)c,’cz(o)), 9.5)

e iw,—¢€

and GR is the corresponding retarded Green’s function. The asymmetric treatments
of the left and right systems in Eq. (9.4)—the former appearing with its spectral
function and the latter with its Green’s function—is chosen on purpose anticipating
that the left system will stand for the probing electrode and the right one for the
sample to be measured. The expression of the current in the basis of the electrode’s
eigenstates is simpler and given below in Eq. (9.13). In order to illustrate the content
of Eg. (9.4), let’s consider the simplest possible situation and assume that the tunneling
is forbidden except between just two particular points, say [, on the left and r, on
the right. This can be seen as a highly idealized view of an STM junction in which
electrons could only tunnel from the very end of the tip to the point of the surface
immediately underneath the tip. In such a case, the tunneling matrix element would
take the form T(l,r) =t6(l —1;)6(r —ry) and the current reduces to

=2 [ el et M b eV Mo 0), 99)
—0Q

because (—1/7)Im GR(x,x,¢) = A(x,x,¢) [Eq. (3.47)]. As we saw in Sec. 5.1.3.2

[Eq. (5.8)], the diagonal part of the spectral function is just the local density of states

(LDOS): A(x,x,e) = N(x, ¢). Factors of 2 due to spins are ignored in this discussion.

For simplicity, let’s further assume that the left system is a probe that we have chosen

for its LDOS being featureless: N; (1, ¢) ~ N;(l,,0). Hence

= 228,00 f de[f(e—lelV)— f(©Nalrore).  (9.7)

Now, since the bias voltage only enters the Fermi function, we can differentiate with
respect to V and deduce the differential tunneling conductance:

o(V)= dl,

TV ocf de[—f'(e — |e]V)INg(ro, €). 9.8)

—0Q0
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At T = 0, this gives o (V) o< Ng(ro,|e|V) since the derivative of the Fermi function
becomes a delta function. This is the main paradigm for the interpretation of local
tunneling experiments: the bias dependence of the differential conductance measures
the energy dependence of the LDOS near the position of the tunnel junction. At finite
temperature, the tunneling spectrum is broadened (thermal smearing).

For a more realistic tunneling matrix element T (I, r), the current is influenced by the
LDOS in a more extended region around the tunnel junction. Off-diagonal contributions
from the probe spectral function and sample Green’s function also enter and describe
interference effects in the two electrodes. In the next section, we analyze two examples
of tunneling matrix elements and their consequences on the differential conductance.

9.3 The tunneling matrix element

There is no unique prescription to define the tunneling matrix element T}, in Eq. (9.1).
Any model for T, will necessarily rely on a number of assumptions and will therefore
not be fully satisfactory. Our goal here is to introduce the Bardeen formula for the
matrix element as well as two particular applications of this formula corresponding to
ideal planar and STM junctions.

9.3.1 Bardeen’s formula

A formula for the matrix element to be used in Eq. (9.1) was given by Bardeen in a
celebrated paper,’ which is somewhat difficult to read. We follow here an alternate
derivation due to Chen.? Let U(x) be the local potential of the junction when the
contact is formed and a bias is applied. Solving for the eigenfunctions in this potential is
difficult. We seek a formalism allowing us to solve the left and right systems separately
and then reconstitute the whole system using perturbation theory. We split the potential
U in two parts, U; (x) and Ug(x), in such a way that U;(x) = U(x) in the left system,
i.e., to the left of a surface S separating the two electrodes, and U;(x) = O to the
right of S. Inversely, Uz(x) = U(x) to the right of S and Ug(x) = O to the left of S.
In this way, we have the two properties U(x) = U, (x) + Ug(x) and U, (x)Ug(x) =0
everywhere in space (see Fig. 9.3). The potentials U; and Uy differ from the potentials
U? and Uy of the isolated left and right systems. Therefore the wave-functions on the
left and right, which we require to satisfy the Schrédinger equation

2
|:§_m + UL,R(x)i| Sol,p(x) = gl,p Sol,p(x)’ (9.9

are also different from the wave-functions gogp(x) of the isolated electrodes. As
the difference between U, z and U r is expected to be small compared to Uy g, the

difference between Lpg o and ¢, , can be studied by the standard time-independent
perturbation theory.

1. Bardeen, Phys. Rev. Lett. 6, 57 (1961).
2 C. Julian Chen, Introduction to scanning tunneling microscopy, 2nd ed. (Oxford University Press, New York,
2007).
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Figure 9.3: Definitions of the potentials U, and Uy in a one-dimensional case. U(x) is the exact
potential of the biased junction; U, (x) = U(x) for x < 0 and U;(x) =0 for x > 0; Ug(x) =0
for x < 0 and Ug(x) = U(x) for x > 0. Uf(x) and U}?(x) are the potentials of the isolated
electrodes.

We evaluate the matrix element T}, as follows. The two sub-systems are initially
decoupled and the left one is governed by the Hamiltonian p2/(2m) + U,. Upon
forming the junction, the potential becomes U = U; + Uy, such that the perturbation
acting on the states ; is simply Ug. This perturbation induces three types of changes.
First, it modifies the energies ¢, due to the action of Uy on the tails of the states y;
in the region where Uy # 0. Following Eq. (2.43), this (small) effect, which we shall
ignore, is represented by the term ), ,,(A|Ug|A/ )c;cl,. Second, the perturbation Uy
gives rise to left-right transitions through the term )’ o A(plURVL)C; ¢, +h.c. In writing

this, we have assumed that the combined set of operators c; and ¢’ constitute an
appropriate basis to represent the wave functions of the junction and we have therefore
neglected the fact that the states ¢, and ¢, are not orthogonal owing to their overlap
in the barrier region. Third, we would have a term Y. op’ {(p|Urlp’ )c:7 Cors but the latter
is already taken into account in the definition of the functions ¢, calculated with
the Hamiltonian p2/(2m) + Ug. Comparing with Eq. (9.1), we see that the tunneling
Hamiltonian Hy corresponds to the second effect, which allows us to define the matrix
element as

Top = (pIUlA) = f dx @, (x)Ur(x ), (). (9.10)
R

We have indicated that the integration can be restricted to the region R, namely the
region where Uy is nonzero. Under the additional assumption of elastic tunneling, i.e.,
€, = €,, we can rewrite this as [see doc—57]
hZ
Tip=—5~ S[goz;(x)chl(x)—gol(x)VgO;‘)(x)]-dS. 9.11)

This is Bardeen’s prescription for the tunneling matrix element. It is related to the
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single-particle current crossing a surface separating the electrodes. Due to current
conservation, the detailed choice of this surface is irrelevant. In practice, the potentials
U, and Uy required to evaluate the wave functions and the matrix element are not
known. One therefore has to use either the free-surface functions <pg’p or approximate
models for the potentials.

9.3.2 Planar junction: Harrison’s cancellation

The matrix element for an ideal planar junction between electrodes hosting independent
electron was calculated by Harrison® using the Wentzel-Kramers-Brillouin (WKB) ap-
proximation for the wave functions, namely 1 ;(x) o< exp {— fx \/2m[U(x) —E]/R? }
We do not reproduce this calculation here, but we discuss the main features of the
result and their implication for the tunneling current. Harrison’s matrix element has
the following structure:

1 1
& ie—z“d. (9.12)

2
Tapl” O 8y — akk ak

The factor 6, ,1 expresses the conservation of momentum in the directions parallel to
2%

the junction plane. The property of exact parallel-momentum conservation is sometimes
called specular transmission. The second and third factors are the group velocities in
the direction normal to the junction plane for the states ¢, and ¢,,, respectively. & Lis
the part of the energy corresponding to the motion normal to the junction, for instance
=& — h2k2 /(2m) for free electrons. These factors appear due to the gradients
in Eq. (9.11). Flnally, the last factor results from the exponential decay of the wave
functions in the barrier. d is the barrier thickness and « is the wave vector of electrons
inside the barrier, namely n%k2/(2m) = U — £+ with U the barrier height assumed
constant.

We now want to calculate the current at a planar junction, assuming that the tunneling
matrix element is given by Eq. (9.12). In Eq. (9.4), we have the expression of the
current in the real space representation. In the present context, it is more convenient to
use the abstract representation of the functions ¢, and ¢, which implies [ see doc—58]

I= zrfi-lel DTl f de[f(e—lelV)—f(e)As(e—lelV)A,(2).  (9.13)
Ap

Substituting Harrison’s matrix element, we arrive at the expression

det dgs *
o<y > ii m e f_oodf[f(g—|€|V)—f(€)]A/1(8—|€|V)Ap(€)- 9.14)

ky kykk

For simplicity we assume that the electrodes are simple metals that we can describe as
independent-electrons systems: this amounts to taking

Ay(e—lelV)A,(e) =0(e — e[V —&;)0(e —&,). (9.15)

Lw A. Harrison, Phys. Rev. 123, 85 (1961).
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It also means that each k* sum can be converted into a one-dimensional integral over
the “perpendicular” energy £+, weighted by the corresponding density of states (DOS),
which is simply o< (dE+/dk*)"!. One sees that these DOS factors cancel the velocities
coming from the matrix element. This implies that the information about the DOS in
the direction normal to the junction is removed from the tunneling current, in contrast
to the simple result Eq. (9.8). This remarkable cancellation has become known as
Harrison’s theorem. At this step, there remains DOS factors associated with the k;
sum; the latter turn out to be suppressed as well but for a different reason, as we shall
see now. The current becomes:

’s“Zf dExdEs e ™M[F(E, —[elV) = f(E,)]6(E, —lelV —E5).  (9.16)
ky =00

Writing £, = é’é + e‘l'), &= ii + 8&, and k = ,/Zm(U—gé)/hz, we see that the Ei

integral simply drops with the delta function. In the remaining integral on & é, we
change variable to £, = £ and get

I, o f dELF(E—lelV) = F(£)]D e 2V W), (9.17)

ky

This is essentially Eq. (9) of Harrison’s paper, specialized for a square barrier of height
U. It is now clear that the k; sum is dominated by small momenta such that s‘r‘) is small:

high values of ¢!l are exponentially suppressed by the matrix element. This realizes
the physically intuitive idea that, at some energy &, the electrons that dominate the
current are those with a large momentum along the direction of the current, hence a
small momentum k. In order to see this more explicitly, let’s take a parabolic band
such that sl') = hzkﬁ /(2m*). The k; sum can then be performed in polar coordinates.
Let’s also take the limit of zero temperature for simplicity. This yields

. [lelv
m - —od. 2 y—
ISOCHJO d€[1+2dv%(U—5)]62 2=
N|e|%(1+2d,/%U)e_2d #Ux V. (9.18)

The last line holds if |e|V < U, which is usually the case. It shows that the current-
voltage characteristics of the ideal planar junction is simply and plainly ohmic, with a
slope depending mostly on the properties of the barrier, U and d. This result seems
to condemn tunneling spectroscopy: if the tunneling junction is ohmic, the tunneling
conductance is constant instead of being proportional to the sample DOS as suggested
by Eq. (9.8). Harrison’s cancellation is not as general as it might look, however, since
it relies heavily on the property of specular transmission. If the interface of the planar
junction is rough, this property is likely to break down. Furthermore, as we will
see in the next section, for junctions that are not ideally planar the current-voltage
characteristics is no longer ohmic.
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9.3.3 STM junction: local density of states

Soon after the invention of the STM, Tersoff and Hamann proposed a calculation of
the Bardeen matrix element in a geometry representing an idealized STM tip.! The
tip was modeled as a spherical potential well. The overlap of the tip wave functions
with the Bloch waves of the sample surface was then evaluated by expanding the
spherically-symmetric tip states as a Fourier series. The result was that T, , o< go;’; (x0),
where ¢, is a sample wave function and x, is the center of the tip potential well. One
sees that the matrix element does not depend on the tip-state index A. This result can
also be obtained by a more elegant and general method elaborated by Chen.? Chen
considers the STM junction as a microscopic atom-to-atom contact such that the tip
wave-function to be inserted in Bardeen’s formula is a combination of atomic orbitals
describing the state of the “apex” atom. In the vacuum region, the wave functions
decay exponentially like free electrons inside a barrier, p%/(2m)y = h*(ix)?/(2m)yp,
and we thus have

(Vz—Kip)g),Lp(x):O 9.19)

with thi o /(2m) = ¢, r—&; 5, P r being the tip (L) and sample (R) work functions.
It is easiest to solve this problem in spherical coordinates by expanding the wave
functions on spherical harmonics. Let’s assume that the origin is the position of the
apex atom. The solutions that decay at infinity are

d l e U
Pim(x) = Cruky(KX)Y(8,¢), k() = (=1)"! (—) —. (9.20)
udu/) u
Chen observes that the solutions ;,,(x) can also be expressed in terms of the Green’s
function g(x )—the “historical” Green’s function, not the single-particle Green’s function—
defined as

—KX

e

(V2 =x?)gl)==8(x) = glx)=_—, (9.21)
4ntx
as can be seen with the help of Eq. (12). In particular, we have for a s state:
47 C,
Poo(x) = (x) = Coo ko(r,x) Yoo(, 9) = —2g(x). (9.22)
—_——— ———— K

e*sX [(k4x) 1

Thanks to this observation, the calculation of the tunneling matrix element becomes
straightforward [see doc—59] and one recovers the Tersoff-Hamann result

T, , o< ¢%(0), (9.23)

where 0 stands for the position of the apex atom. This result provides the theoretical
justification for interpreting the STM spectroscopy as a mapping of the local density of
states. Indeed, insertion of Eq. (9.23) into Eq. (9.13) leads to

I, o< f de[f(e—elV)— F()]D Axle—[elV)D 10, (0PAL (). (9.24)
—00 2 )

Np(e—e|V) Nz(0,¢)

1 J. Tersoff and D. R. Hamann, Phys. Rev. Lett. 50, 1998 (1983).
2 C. Julian Chen, Phys. Rev. B 42, 8841 (1990).
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If the density of states is structureless in the tip, N;(¢) = N;(0), we recover Eq. (9.8):
the differential conductance measures the sample LDOS at the position of the tip apex.

A few remarks are in order. First, in this interpretation the LDOS is not measured
inside the sample but a few A outside its surface, where the tip is located. This explains
why the tunneling conductance decreases exponentially as the tip is moved away
from the surface. The LDOS is built from wave functions that all decay exponentially
outside the surface: ¢,(0) o< e‘”vdcpl”)(x, y) with d the tip-sample distance. Each

sample state decays on a different length scale K;lt in a multi-band system, it is
possible that different bands are probed at different distances d and thus the spectrum
dI,/dV changes with the distance. Finally, one should stress that the absence of atomic
resolution on a surface does not necessarily mean that the junction quality is bad; it
can also have an intrinsic explanation, namely that the LDOS has weak corrugation

outside the sample.

To finish, we point out that Chen’s approach can also treat cases where the relevant
orbital of the apex atom is not an s state. For non-s tip states, the rule is that the matrix
element is not proportional to the wave function itself, like in Eq. (9.23), but to one of
its derivatives. For example, if the tip apex atom carries a p, state, we have

a *
T, , o< anpp(x) S (9.25)

as can be easily found by noting that, in this case, ¢, (x) o< dg(x)/dx. In this
perspective, non-s tips may be expected to provide better spatial contrast because
spatial derivatives of the LDOS are expected to vary more than the LDOS itself.

9.4 DOS and electron dispersion

Given that tunneling spectroscopy provides a way of measuring the electronic DOS, it
is useful to understand the relationship between the DOS of a system and its electron
dispersion. In this section, we recall basic facts about the DOS. By definition, the DOS
N(¢) is the number of single-electron excitations at a given energy (see Sec. 5.1.3.2).
In a translation-invariant system, the appropriate tool to describe single-electron
excitations is the Green’s function in momentum space 4(k,iw,). In a paramagnetic
system, we have for the DOS per unit volume

1
N(e)= ;A(k,s),
1 1
Alk,e) = —Elm GR(k,e)= —glm 9(k,iw, — £ +i0%). (9.26)

Let’s consider first the simplest case of independent electrons.
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9.4.1 Independent electrons

For independent electrons, the single-particle excitations are the electrons themselves
and we have (see e.g. Sec. 3.3.1):

Alk,e) = 6(e—g) = > e k)

with & =¢. 9.27)
[V, .

The last equality follows from Eq. (11). In the thermodynamic limit, the k, sum must in
general be understood as a continuous integral along the shell of energy ¢. Therefore,
the DOS can be put in the form

9 5(k—k,) 2 1
= ddk == : :
N(e) (2m)d f Z IVEkle,  (2m) 2 IVEkl, 2

ké‘

This expression shows that N(¢) has singularities at the energies where the gradient
of the dispersion vanishes. These singularities are known as Van Hove singularities.
Whether they correspond to divergences of the DOS or weaker singularities such as
discontinuities or discontinuities of the first derivative, depends on the dimensionality
of the system and the extension of the region in momentum space where the dispersion
gradient vanishes.

9.4.1.1 One-dimensional systems

In one dimension, there are two kinds of points at which the derivative of the dispersion
can vanish: extrema, either global or local, and inflection points. Accordingly there
are two kinds of Van Hove singularities. Close to an extremum, the dispersion can be
expanded as a power series in k and the series starts at some even power: &, ~ k2"
(n 2 1). The equation & K =€ then implies & ~ k?". On the other hand, we have

2n—

|VE,| ~ k21, The DOS therefore varies as 1/k*"! = ¢~ . The most frequent case
is n =1, leading to a square-root divergence of the DOS as 1/4/¢ at the energy of the
extremum. As an example of this, consider the tight-binding chain shown in Fig. 9.4(a).
On each site i, there are two orbitals, one for each spin, with the associated creation
operators ¢/ . The Hamiltonian is H = 3, tc] c;., , +h.c., such that the dispersion is
& = 2t cos(ka) — u, which is shown in Fig. 9.4(b) for t < 0 and u = 0. The gradient
of the dispersion is simply [V, | = 2a|t sin(ka)| and the two solutions for £, = ¢ are

such that cos(k.a) = (¢ + u)/(2t). We therefore have

2
[VElk, = 2alt|/1—cos?(k.a) = 2alt| 1—(€;M) . (9.29)

The sum over k, in Eq. (9.28) amounts to a factor 2 if | + u| < 2|t|, since there are
two solutions, and gives zero otherwise because there is no solution if ¢ is outside the
band. The DOS follows as:

N(e) = ! Re ! . (9.30)
ma|t| 1 e+u)2
—(5#)
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Figure 9.4: DOS of the tight-binding chain. (a) Representation of the chain with lattice
parameter a and nearest-neighbor hopping energy t. (b) Band structure for t < 0 and u = 0;
for each energy & between —2|t| and +2|t|, there are two solutions +k, such that &, = ¢. ()
Density of states given by Eq. (9.30).

The real part ensures that the DOS vanishes if ¢ is outside the band. This function is
displayed in Fig. 9.4(c); it diverges as 1/+/¢ at the band edges as expected, since the
dispersion varies as k? close to the band edges. At an inflection point, the dispersion
behaves as k2"t with n > 1. Following the same reasoning as before, we see that the
DOS diverges as e’%, thatis &3 forn = 1. Square-root divergences in the DOS have
been observed by STM, e.g. in carbon nanotubes.’

In the case of a global minimum or a global maximum of the dispersion, the DOS jumps
abruptly from zero to infinity; in the case of a local extremum, the singularity sits on
top of a background coming from the part of the band that is degenerate with the
extremum but non singular. This can happen for instance if a next-nearest neighbor
term 2t’ cos(2ka) is added to the dispersion of the tight-binding chain. For an inflection
point, the DOS singularity is symmetric because there are states both above and below
the energy of the singularity. The five possibilities are sketched in Fig. 9.5(a). The
other panels of the figure show a fictitious dispersion tailored to display all possible
singularities together with the corresponding numerically calculated DOS.

9.4.1.2 Two- and higher-dimensional systems

In dimension d = 1, the dimensionality of the regions in momentum space where
V&, =0 can only be d —1 = 0 (isolated points). In dimension d > 1, these regions
can have dimensions 0,...,d — 1. Local or global extrema of the dispersion occurring
at isolated points in reciprocal space have dimension 0. Clearly, the weight of these
0-dimensional singular regions in the k-sum of Eq. (9.28) decreases as d increases and
correspondingly the associated DOS singularity becomes less pronounced. Specifically,
in two dimensions an extremum of the dispersion induces a finite discontinuity of the
DOS. In three dimensions, the DOS is continuous at an extremum but its derivative
is discontinuous. This can be generalized: in a system of dimension d, an isolated
extremum in the dispersion induces a discontinuity in the (d — 2)th derivative of the
DOS.

The case of the saddle points can be different. On 2D lattices, a particular type of

1 J. W. G. Wildéer, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C. Dekker, Nature 391, 59 (1998).
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Figure 9.5: (a) Schematic representation of the five possible singularities in the DOS of
one-dimensional systems. Quantitative illustration with (b) a fictitious dispersion relation
and (c) the corresponding DOS featuring the five types of singularities. The dispersion is
2t cos(ka){1 —exp[—8(ka + 1/2)*] — 5 exp[—8(ka — 7 /2)*]}.

divergence occurs due to saddle points. In such cases, although the dimensionality of the
singular region is zero, a divergence rather than a discontinuity is induced in the DOS,
but it is a weak divergence of logarithmic character. At a saddle point, the dispersion
behaves as £, = & ~ ki—ki such that the gradient is [V & | ~ (kf{+k§)1/2 ~ (2k2—e)V/2.
The DOS behaves like the primitive of 1/|V &, | at the point where the gradient vanishes,
~ [*ron2 _ 172
namely N (&) f (2k; —¢) ”

binding square lattice with dispersitx)n & = 2t[cos(k,a) + cos(k,a)] — u. In addition
to the band extrema at k = (0,0) and (7t/a, t/a), there are saddle points at (7t/a, 0)
and symmetry-equivalent points. The DOS can be shown to be N(¢ —u) = 9(4|t| —
leNK(1—[e/(4¢)]?)/(n2a?|t]) with K (x) the complete elliptic integral of the first kind
[see doc—60]. This function approaches —In|e/(16t)|/(m2a?|t|) close to ¢ = 0 and
is displayed in Fig. 9.6. One sees the two discontinuities at the band edges and the
logarithmic divergence at the band center. A feature very similar to the logarithmic Van
Hove singularity has been observed by STM in the quasi-2D cuprate Bi,Sr,CuQOg,s." In
3D, the saddle points induce logarithmic divergences of the DOS first derivative (see
Fig. 9.6).

To finish, let’s mention another important example of DOS singularity: the BCS co-
herence peaks. They result from the opening of the BCS superconducting gap due
to the pairing-induced change of dispersion from &, to +E, = +(&2 + A*)'/? (see
Sec. 5.2.2.3). It is clear that all points such that &, =0, i.e., the points of the Fermi sur-
face, lie at a minimum of E;. Since the dimensionality of the Fermi surface is d — 1 for
a system of dimension d, we have a singular region of dimension d — 1. As a result, the

~ —In|e|. The simplest example is the tight-
—e

1 A. Piriou, N. Jenkins, C. Berthod, I. Maggio-Aprile, and @. Fischer, Nature Commun. 2, 221 (2011).
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Figure 9.6: DOS singularities in 2D and 3D. Extrema in the dispersion induce discontinuities of
the DOS in 2D and discontinuities of the DOS derivative in 3D. Saddle points induce logarithmic
divergences of the DOS in 2D and logarithmic divergences of the DOS derivative in 3D. The
illustrations show the DOS of the square (2D) and cubic (3D) nearest-neighbor tight-binding
lattices.

BCS coherence peaks are strong singularities, generally square-root singularities, in any
dimension. The situation can be different for a momentum-dependent superconducting
gap. For instance, a gap of d,._,. symmetry in 2D leads to logarithmic coherence peaks
because the singular regions have dimension 0 in this case [see Eq. (11.20)].

9.4.2 Interacting electrons

When interactions are present, the associated self-energy Y(k, €) reshapes the spectral
function [see Eq. (7.12)]. As a result, the DOS singularities generally get shifted (due
to the real part of the self-energy) and broadened (due to the imaginary part) by
interactions. An example of this can be found in doc—68, where Fig. 11.13(a) compares
the DOS with and without residual interactions between Bogoliubov quasi-particles. It
can also happen that the imaginary part of the self-energy vanishes in the energy range
of a singularity, such that the latter is not broadened. A simple example where this
happens is the Hubbard model if the self-energy is calculated in the so-called atomic
limit where t/U — 0. In this strong-interaction regime, the kinetic energy is neglected
and the problem reduces to a collection of independent one-site Hubbard “atoms”, i.e.,
a problem of size 4 x 4 that can be solved analytically. At half filling (one electron
per site), the resulting self-energy is %(k,icw,) = U/2 + (U/2)?/iw, and the chemical
potential is u = U/2, such that the Green’s function reduces to

_ 1 Zy 1—2Z;
Gar(k,iw,) = = - . -
at Y e — e — (l{ﬁ)z iw, —Ef  iw,—E

(9.31)

with Z, = [1+ &, /(e + U»)"?]/2 and E =[ ¢, £ (e} + U*)"/?]/2. The DOS can be
calculated exactly and is
U2
N, (e) =Ny (6— —), (9.32)
4e
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Figure 9.7: DOS of the two-dimensional Hubbard
model for U = 10|t| in the atomic limit for the self-
energy. The Mott gap of width ~ U separates the lower
and upper Hubbard bands. The Van Hove singularities
present in the non-interacting DOS are shifted, but not l
broadened in this approximation, because the imagi- . (‘J s
nary part of the self-energy vanishes for ¢ # 0. e/lt|

N, (e)

U/lt|

with Ny(¢) the non-interacting DOS for the dispersion €. This model is very crude but
contains the essence of a Mott insulator. Electrons are immobile due to the quenching
of the kinetic energy by the energetic cost of having two electrons on the same site. This
is seen in the DOS as a gap at zero energy—since Ny(£00) = 0. This gap of order U is
the Mott gap, which separates the lower Hubbard band from the upper Hubbard band,
as illustrated in Fig. 9.7 for the tight-binding square lattice. At half-filling, the lower
Hubbard band is filled, the upper Hubbard band is empty, and the system is insulating at
temperatures smaller than U. Going beyond the atomic limit and obtaining a solution
of the two-dimensional Hubbard model at finite ¢t and away from half-filling is one of
the greatest challenges in theoretical condensed-matter physics.

9.5 LDOS as seen by STM

The local DOS (LDOS) N(r,¢) counts the number of single-electron excitations at
some energy ¢ and some point r in space. In a translation-invariant system, the LDOS
coincides with the DOS but in a system that breaks translation invariance, the LDOS
contains much more information than the total DOS, the latter being the spatial average
of the former. As we saw in Sec. 5.1.3.2, in a paramagnetic state the LDOS is related
to the diagonal elements of the real-space Green’s function via

2 2
N(r,e)=—=ImG(r,r,e) =—=Im%Y(r,r,iw, — € +i0"). (9.33)

T T
We will consider two simple examples where the LDOS can be calculated and compared
with STM measurements: local defects or impurities that scatter electrons and vortex
cores in superconductors.

9.5.1 Local impurities

Consider a system that is initially invariant by translation and characterized by the
real-space Green’s function %,(r —r’,iw,). An impurity is introduced at the origin,
perturbing the system with the local potential V(r). As we have seen [Egs (5.17) and
(7.26)], the Green’s function in the presence of the potential is:

YG(r,r’iw,) = Y(r—r/, icon)+f dr”"9,(r—r",iw,)V(Er" 9", r'iw,). (9.34)

There exists one case in which this Dyson equation can be easily solved for ¢4: when
the impurity is so localized that it can be represented by a delta-function potential,
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V(r)=V,6(r). In this situation, the equation becomes
Y(r,r’iw,) =Y —r’iw,) + V% (r,iw,)¥90,riw,). (9.35)
We can now solve for ¢(0,r’,iw,) by evaluating Eq. (9.35) for r =0,

YGo(—1',iw,)
40,1 iw,) =YGo(—r",iw,) + Vu%(0,iw,)¥9(0,r iw,) = ——-—2 10 _

( n) O( n) 0 O( n) ( n) 1—V0%0(0,iwn)
and then reintroduce this into Dyson’s equation to get!

VO%O(rJ iwn)(go(_r, lwn)
1— V%0, i)

Y(r,r,iw,) =%/ 0,iw,) + (9.36)

Therefore, the change of the LDOS induced by the impurity is given by

_ 2 VOGg(r, 8)G§(_r7€):| _ 2V0 R 2 9
ON(r,e) = ;Im[ 1—VOG§(O,8) = 711‘11[(;0(7',8)] +0(V;). (9.37)

Considering free electrons for simplicity, we have Gg(r, ¢) o< e*" /1 with #2k2/(2m) =
€ + u [see doc—49] and we find at lowest order in Vj:

sin[24/ (2m/B%) (e + u) r]
r2 ’

6N(r,e) oc (9.38)
The scattering of electrons off the impurity leads to Friedel-like spatial oscillations
of the LDOS whose intensity decays as 1/r? and whose wavelength varies with the
energy €. With an STM, one can measure the energy dependence of the LDOS at each
point by sweeping the voltage according to dI/dV ~ N(r,|e|V). Using this method,
the Friedel oscillations around impurities have been observed in many systems.? Such
measurements offer the possibility of studying the dispersion relation ¢, by recording
the wavelength of the oscillations as a function of bias voltage. For an illustration, see
Fig. 9.8(a).

In cuprate superconductors, the LDOS oscillations around impurities have been exten-
sively studied by STM, as they provide a way of measuring the Fermi surface and the
momentum dependence of the superconducting gap.? The principle can be understood
by considering the Fourier transform of the impurity-induced LDOS Eq. (9.37):

5N(q,€) o< Im ) GR(k,£)GR(k —q, ). (9.39)
k

! The solution of 1— VOGg(O, €) = 0, if it exists, gives the energy of an impurity bound state.
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Figure 9.8: (a) STM differential conductance measured at three different biases around a point
defect on the InAs(111) surface; one can see how the wavelength decreases with increasing
bias.! (b) Representation of the Fermi surface of cuprate superconductors (black), the d-wave
gap along the Fermi surface (green), and two vectors connecting points of the Brillouin zone with
the same quasi-particle energy E; ; on the Fermi surface we have &, = 0 and thus E, = |A|.2
(c) Fourier transform of a conductance map in Bi,Sr,CaCu,Og.4; the two vectors q, and gy
are visible; the peaks associated with the atomic lattice are also visible at the corners; the peak
marked by a dashed purple circle corresponds to a structural modulation.®

Now, Gg(k, ¢) should be regarded as the Green’s function of a BCS superconductor,

Eq. (5.136), which has poles at the quasi-particle energies ¢ = E}. = (5 i + Ai)l/z. One
sees that 6N (g, €) has peaks when both Gg(k, €) and Gg(k —(, ¢) have poles, namely
when the condition

£ = Ek = Ek—q (940)

is fulfilled. This defines a set of e-dependent q vectors that connect k points having
the same quasi-particle energy. Two such vectors are represented in Fig. 9.8(b). q, is
largest at zero energy when it connects two nodal points of the Fermi surface (points
where the d-wave superconducting gap vanishes) and it becomes shorter as ¢ increases.
On the contrary, qz vanishes at zero energy and increases with €. By computing the
Fourier transform of STM differential-conductance maps, one can identify these q
vectors and measure their dispersion with ¢ [Fig. 9.8(c)]. From this information,
simple formula allow one to reconstruct the Fermi surface and the variation of the gap
along the Fermi surface.
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9.5.2 Vortices in superconductors

Superconductors immersed in an external magnetic field lower than the critical field
destroying superconductivity display two types of behaviors. In type-I superconductors,
the magnetic field is expelled from the interior of the sample: this is the Meissner
effect. In type-1I superconductors, the field penetrates through discrete flux lines in
the material: these are the Abrikosov vortices. Vortices form because it is energetically
less expensive for the system to nucleate them than to completely expel the field.
Each vortex carries a magnetic flux &, = h/(2e) and it is surrounded by a circular
supercurrent of Cooper pairs. Within BCS theory,' a vortex (or a distribution of vortices)
is described by a position-dependent superconducting order parameter A(r,r’). The
non-locality of the order parameter stems from the possible non-locality of the pairing
interaction. It is convenient to write A(r,r’) = |A(r,r)]er, Physically, the
modulus |A] is related to the superfluid density (the density of Cooper pairs) and it
vanishes at the center of the vortex core where superconductivity is locally destroyed.
The phase ¢ is related to the circular supercurrent. Both quantities can be calculated
by solving the BCS gap equation Eq. (5.134) in the presence of the field.>

Once the order parameter is known, the LDOS around the vortex core can be obtained
by solving the Dyson equation for the matrix [4(iw,)],, = ¥(r, 1, iw,):
Y(iw,) = Giw,)[1—X(iw,)%iw,)] ™, (9.41)
where the self-energy is given by (see doc—48, p. 211)
(iw,) = —AY] (—iw,)AT (9.42)

with %OT the matrix transpose of %,. For an s-wave superconductor, the order param-
eter is local: A(r,r’) = A(r)5(r —r’). The expression of the self-energy simplifies
accordingly:

Z(r: r/: la)n) = _f drler A(r: rl)(gO(rZ - rl:_iwn)A*(r/: r2)
=—Ar)Y(r' —r,—iw,)A*(r"). (9.43)

A practical implementation of this calculation is given in doc—79. This problem was
first considered analytically in a continuum model® and concluded to the existence of
low-energy localized states with typical inter-level spacing A% /e in the vortex core,
leading to a zero-energy peak in the LDOS at the vortex center. The appearance of
these states is due to a peculiar interference induced by the supercurrent between the
electron and the hole forming the Boboliubov excitations of the superconductor.*

! In these notes, “BCS theory” is meant in a broad sense that includes pairing not mediated by phonons, non-s
wave order parameters, as well as Gor'’kov and Bogoliubov-de Gennes extensions to position-dependent
order parameters.
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Bi,Sr,CaCu,Og, 5

12005

Figure 9.9: STM tunneling conductance in the core of magnetic vortices. In NbSe, (a), the
LDOS shows a zero-bias peak (r = 0) and dispersing peaks (r > 0), in agreement with the BCS
theory.! In YBa,Cu,0,_g (b) and Bi,Sr,CaCu,Og, 5 (), there is no zero-bias peak and the spatial
and energy dependencies of the LDOS do not follow the BCS predictions.? In (a) and (b), the
spectrum corresponding to the vortex center is at the back of the figure; in (c), the vortex core is
close to the center of the figure.

Vortex-core states in close agreement with the BCS predictions were first observed by
STM in NbSe, [see Fig. 9.9(a)],% and later in other superconductors. The zero-energy
peak can only be seen in clean materials where the mean free path is larger than the
superconducting coherence length.* Vortex cores have also been measured in high-T.
cuprates,” but in this case the observations disagree with the BCS theory [Fig. 9.9(b)
and 9.9(c)]: there is no zero-energy peak at the vortex center but two symmetric peaks
at finite energy in YBa,Cu;0,_s and a broad gap in Bi,Sr,CaCu,Og, 5. This behavior is
believed to be a consequence of the anomalous normal-state properties of the cuprate
superconductors.®
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Details of calculations

doc-1 Fourier transform of the Heaviside function

Eq. (8) can be established by using the residue theorem, Eq. (7). It is more convenient
to prove the inverse-Fourier transform relation, namely

oo
do _;,.. *i Im(w)
— e " ——— = 0(£t). )
f 27 wxior OG0 £<0

—o0

Let’s consider the + sign first. The integrand has
a pole at w = —i0" with residue i/(27). If t <O,
we must close the contour in the upper half of > > » Re(w)

. '7. +
the complex plane, so that e™'“* is zero on that 0
part of the contour; there is no pole inside the
contour, so that the integral vanishes. If t > 0, 1m(w)

we must close the contour in the lower half of )
the complex plane, thus enclosing the pole, so
that the integral equals —27ti xi/(27) = 1. Thus
we get O(t). For the minus sign, the pole is at
w = +10" with residue —i/(27), so that we get
1fort <0andO for t >0, i.e., O(—t).

> Re(w)

doc—2 Powers of the Yukawa potential and their Fourier transform

We study the Fourier transform of the function 1/(q* + kg)” in the limit of a continuous
reciprocal space, i.e., ¥ ! Zq - (2n)73 f d3q. The integral to evaluate is

_ dSq eiq~r
(27m)® (g2 + k)

163



164 Details of calculations doc-2

We choose spherical coordinates with the z axis parallel to r, so that
q - r = qrcos?. There is no dependence on the angular variable ¢: 1 q

q Sln,ﬁelqrcosﬂ
(2n)2 @+

. . S 5
The ¥ integration poses no problem, fon d ¥ sin eld"cos? = 204"

qr

1 ood gsingr 1 1 +°°d qelr
- 2n?r |, q(q2+k§)”_47'62ri _ q(q2+k§)”'

oo

, so that we get

Since the integrand is even, we could extend the domain of integration to the whole
real axis and divide by two. Furthermore, we could replace sinqr by 9" /i because
the added cosgr term gives a vanishing contribution to the integral. We are now in the
position to use the residue theorem, Eq. (7), by continuing q into the complex plane.
The integrand has a pole of order n at q¢ = ik,. Thanks to the e!?" numerator, we can
close the integration contour in the upper half of the complex plane, thus enclosing
the pole. Eq. (7) gives:

1 2m drt qe'rr
4721 (n—1)! qiky dq”—l[(q tko) (q2+kg)n]

~~
qEiqr
(g+iko)™

Equations (14) and (15) result by setting n = 1 and n = 2, respectively.

doc-3 Sums over Matsubara frequencies

The key observation that allows one to evaluate the sums over Matsubara frequencies is
that the distribution function d_, (z), once analytically continued to complex variables
2, has poles on the imaginary axis precisely at the Matsubara frequencies: 1/d_,(iv,) =
e"P —n =0 [see Eq. (4.9) and Fig. 4.2]. Expanding 1/d_,(z) around z = iv, gives
1/d_,(z) = Be!"P(z—iv,) + O[(z —iv,)*] = Pn(z —iv,) + O[(z—iv,)*]. Therefore,
the residue of d_, (z) at the Matsubara frequencies is simply 1/(3n). The idea, then,
is to consider the function G(z) = —nd_, (2)F(2). Let’s assume that G(|z| — 00) =0
since d_,(2) is regular at infinity, this amounts to assuming that F(z) decreases at
infinity. The contour integral of G(z) on a circle of infinite diameter in the complex
plane therefore vanishes. By the residue theorem, this integral must equal the sum of
residues of G(z) at its poles. G(z) has two types of poles: the poles at the Matsubara
frequencies originating from d_, (z), with residues —n/(fn)F(iv,), and the poles
originating from F(z). Hence

§ dzG(z) =0 = —% D F(iv,)+ Y (—n)d_(zo)Res, F(2),
O iv, Z

where z, are the poles of F(z). This is Eq. (16). If the function F(z) is not analytic,
for instance if it has branch cuts, one must deform the contour in the complex plane
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such as to avoid these branch cuts. Eq. (16) gets additional terms depending on the
discontinuity across the branch cuts.

doc—4 Non-interacting Green's function in imaginary time

Eq. (17) is just the Fourier transform of the free imaginary-time Green’s function
Yy (e,iv,) = 1/(iv, —¢). The Matsubara sum in Eq. (17) cannot be performed for
T > 0 using Eq. (16), because the integrand d_, (z)e ™" /(z — ¢) diverges as |z| — oo
for T > 0. For T < 0, the integrand vanishes at infinity and Eq. (16) can therefore be
directly used. In order the establish Eq. (17) for arbitrary t, it is simplest to check the
inverse imaginary-time Fourier transform as defined in Eq. (4.10):

B
f dt {—[9(7) + nd_n(g)]e—er} T —
0

1
. 3
iv,—e€

B
—[1+ nd_n(e)]fo drelln=7 =
| —

p _ ne=Pe—1

eivn—e)T

ivp—e

0 ivg—e

where we have used e =1 [Eq. (4.9)] and —[1 + nd_n(s)](ne_ﬁg —1)=1.

doc-5 Useful commutators

The first term in the right-hand side of Eq. (25) reads

[aa9K0] = Z gyﬁ [aa’ a;aﬂ ]
B

The commutator [a,, a'Yi'a /5] contains two terms and is evaluated by making use of the
commutation relations, Eq. (2.41):

Il — T, 4t — T At —
la,, ayaﬁ] = a,a,a,—a,a,a, =6,a, +na,a,a,—a,a,a, =58,d,.
~—~— ——

5ay+na;aa naga,

Hence we obtain [a,,K,] = Zﬂ €apap as shown in Eq. (25). The second term in
Eq. (25) reads

1 .
— T
[a,,V]= > Z Vuﬁﬁ[aa,a‘;aﬂ%ay].
upro
The commutator is evaluated in the same way as the previous one,

FaT _ T, T T
[aa,auaﬁaaay] a,a,a,d;0,—a,a,d;a.a,
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by using the commutation rules to transform the first term on the right until it cancels
the second, thereby generating additional terms. Consider the first term:

. _ + T T _ T T
a,a,a,050, = 5(maﬂa5ay +1a,a,a,050, = 5auaﬁa5ay + néaﬁaua5ay+
~ ~—

8o +Na,d, 5a,3+na}jaa

i _ T T Tt —
+a,apa,a;a, = 5auaﬁa5ay + n6aﬁaua5ay +na,a,a;a.a, =
~ S~~~
Ndsdq nayaq

T il T,
5auaﬁa5ay + n6aﬁaua6ay +ta,aga5a.4a,.

We see that the last term cancels the second term in the commutator, while two
additional terms have been generated:

Tt — 1l
[aa,auaﬁa(say] = 8aulpasa, +M84pa,a5a, .

Inserting this into the expression of [a,, V'] we get two terms which can be recast as one
single term by using the symmetry property of the interaction, namely V,5,5 = Vgasy
[or, in real space, V(ry,ry) =V (ry, )]

.

1 ;
— f —
[a,,V]= 3 /5215 Viupys [Saua/’}aﬁay + néaﬁaua5ay] =
By

1 T n T _ 12 : T n i
5 E Vamgaﬂaﬁay+§ E Vuayﬁauaaay_i Vamgaﬂaﬁay—ka E Vaﬁgyaﬁaﬁay.
Bré urd vv_5 Brs Bys

audy

In the last term, we have renamed the dummy index u as . To finish, we exchange
the dummy indices y and &, Vaﬁ&,a};aﬁay - Vaﬁygagayaé = nVaﬁyga;aaa and we

Y’
obtain the second term in the right-hand side of Eq. (25).

Writing the particle number N = > s a;j ag and using the commutation rules Eq. (2.41),
we find

t tedl = Tqtg —af +4°
Naa—Zaﬁaﬁaa —aa+nZaﬁaaaﬁ—aa+aaN,
B ~—~— B S~~~
Eaﬁ+nalaﬂ T)aZa;

which proves the first of Eq. (28). Taking the conjugate we have a,N = a, + Na,,
which proves the second. Eq. (29) can be derived by using Eq. (28) and the definition
of the exponential:

oo

ZgN)* . z"
(zN) al = E —'a;(N+1)”=a(’1ez(NH).
n!
n=0

n!

M8

t
a

Il
o

n

The conjugate gives a e* N = e* ®*Dq . Since this is valid for any z we can replace z*
by z and, after multiplying by the number e~*, we find a,e*™V~D = ¢*Na,,.
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doc-6 Nuclear scattering rate

The matrix element entering the transition rate in Eq. (1.3) is

[(k,alVIk', b)|* = (al(k|V k') b)(b|(k'|V'|k)|a)
with
(k|VIK') = VOJ dr e *rn(r)e* ™ = VOJ dr e lKIT ()

= Vyn(k —k') = Vyn(q)
(kv lk) = Vo n(k’ — k) = Vo n(—q),

where we have used Eq. (2b) and ignored the normalization of the plane waves, which
is inessential for the present discussion. On the other hand, we can rewrite the delta
function using Eq. (3b) as

1 oo
2n5(Ek+Ea_Ek/_Eb): EJ dtei(ﬁw+Eﬂ7Eb)t/ﬁ

and it follows that

1740 4 . ‘
D)o liry = _(;f dee’ > p, (ale® " n(q) "B/ b) (bln(—q)|a)
il oo = ———— —_——

(aleiHt/n e~iHt/h|b)

13 : ;
= OJ dte“"[Zpa(cﬂe‘Ht/hn(q)e_lHt/h|b)<b|n(—q)|a)
_

|
ab n(q.0)
_ V02 = iwt
=5 | dee Y palaln(g, On(-q,0)la)
—0Q a

vz [
0 iwt
=—f dte' Trpn(q, t)n(—q,0)

hz
VO2 = iwt
) dte'“'(n(q, t)n(—q,0)).

We have used that the many-particle states |a) are by assumption eigenstates of the
target’s Hamiltonian H, and at the third line we used the closure relation )", |b)(b| = 1.
The other ingredients of this calculation are reviewed in Chapter 2.

doc—7 Isothermal compressibility

As Q = Y@ and @ = —p, we have 2 = —¥p and therefore dQ = —¥dp — pd V.
Since, on the other hand, dQ2 =—SdT —pd¥ —Ndu we deduce ¥dp =SdT +Ndu
or equivalently

S N
dp=—dT + —du.
p v ” u
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4y 1)
dpJy nduly
where n = N/ and consequently

o = d_"”) __11 d(N/“)) __ﬂl(il) _ld_“)
" wdp); ¥n du J;  ¥n\dun); n2dul;

doc-8 Partition function of independent fermions and bosons

It follows that

A quantum system of independent particles in thermal equilibrium is entirely char-
acterized by (i) its one-particle energy levels ¢,—or rather, in the grand-canonical
ensemble, its excitation energies £, = £, —u—and (ii) their occupation numbers n,
which give the number of particles actually in state a. We can therefore specify any
individual state of the system by the list {n,,n,,...,n,,...} of occupation numbers
and the corresponding energy K = . n,&,. For fermions, n,, is either 0 or 1 due to
the Pauli exclusion principle, while for bosons n, is any non-negative integer. The
indistinguishability of quantum particles is taken into account since we do not require
to know which particle goes into which state, but only the number of them in each
level. The partition function is obtained by summing over all possible states according
to Eq. (2.4):
e P2amfe Bosons

{n,=0,...,00}

Z e P Lanada Fermions.
{n,=0,1}

Z=Tre PK =

Let’s start with the case of fermions, which is simpler. Assume first that there exist only
one state a, say a = 1. The system can accommodate either O (n; =0) or 1 (n; =1)
particle, and its energy is K = 0 in the first case and K = &, in the second case. Hence
we have

Z= _1 + P,

—~— =
0 fermion 1 fermion

If there are two levels, the system can accommodate 0, 1, or 2 particles and the four
possible states are {n;,n,} = {0,0}, {1,0}, {0,1}, and {1,1}:

Z= 1 4¢P 4P 4 POePh = (14 ¢7PO)(14eF).
~—~— ~—_—— N——
0 fermion 1 fermion 2 fermions

For three levels we have

7 = 1 +e_ﬁ§1 + e_ﬁ§2 + e_ﬁ€3
~—~—
0 fermion 1 fermion

4 o PE1BE | o—PE—BEs 4 o—BE2p—BE: 4 o—BE1 g—BE2o—BEs

2 fermions 3 fermions

= (14 PO) (14 ePE) (14 eP5).
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Generalizing to an arbitrary number of levels is obvious:

Z = l_[ (1 +e P 5“) (Fermions).

For bosons we proceed along the same lines, but already in the case of only one level
there are infinitely many states:

Z=_1 +e P4 pe3hhy
~— N~ Y—— ~——

Oboson 1boson 2bosons 3 bosons

—14e a4 (ePa) 4 (eF0) 4. = 1

1 —eB& ’
For two levels we have

Z — 1 +e*/5§1 +e*/552 +e*2ﬁ§1 +e*2ﬁ52 +€7/5§1€7[3€2+...
~—

0 boson 1 boson 2 bosons
= [1 +ePh 4 (eP0) 4 ] [1 +ePE g (eP) 4 ]
1 1

1—eBE1 1 —eBE ’

The generalization is again obvious:

1
Z = l:[ m (BOSOHS).

Thus we have established Eq. (2.12).

doc-9 Evolution operator and time ordering

At orders zero and one, the two equations (2.22) and (2.23) give the same result. At
order two, Eq. (2.22) gives

N2 t ty SN2 t
U, = (—%) f_wdtl f_mdt2 V(e )V (ty) = (—%) f_oo dtydt, 0(t;—t,)V(t)V(t,).

We have extended the upper bound of the second integral from ¢; to t and set the
integrand to zero in this range with the Heaviside 6 function. Exchanging the dummy
variables t; and t, in the last expression, we also have

SN2 t
0= (1) J dtyde, 0(t, — )0 (6)0(6,).

—00
Finally, averaging the two equations we obtain

—7 2 t A A
0, = %I dtydt, T {V(t;)V(ty)}
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with T, defined in Eq. (5). This is the second-order term in Eq. (2.23). The trick is
readily generalized. At order n we have from Eq. (2.22):

N7 t )
ﬁn:(_%)f dtl"'J dt, V(t;)---V(t,) =

(_%)nf dty---dt, 0(t; —t5) - 0(t— — tn)v(tl)'”v(t”)'

—0Q

There are n! ways of shuffling the dummy variables {t,,...,t,} in the last expression.
In this way we generate the n! terms of T, {V(t;)---V(t,)}.

doc-10 Time evolution and the t-matrix

Using the expression Eq. (2.19b) of the evolution operator in the interaction pic-
ture, U(t) = e K/"{j(t), the expansion Eq. (2.22) of U(t), and the time evolution
Eq. (2.19a), we obtain for the matrix element (b|¥(t)) = (b|U(t)|a):

(b|\11(t))=(b|e—i1<r/h[]l+i(_%)n']’f @, ,”Jt"ldtn
n=1

—o0 —0Q

x eiKti/fyp—ik(ti—t)/f e—iK(tn,l—tn)/Hve—iKtn/h:I|a>.

Let’s lighten the notation by temporarily introducing ¢ = K /h. Since |a) and |b) are
(orthogonal) eigenstates of ¢ with eigenvalues %, and .}, respectively, we have
e ) = e7atn|q) and (ble ¥t = e~ (b|. The first term of the expansion thus
reads e~"*"(bla) = 0. In the other terms, we insert the identity 1 = Y__ |a)(a| after
each interaction V except the last:

n—1

(blw()) = Z(—— Z Zf de, - f dt,
e tl><b|V|a1><a1 e H (=) g, ) (@l H itV |g) e Hatn

Again, we can take advantage of the fact that the states |a) are eigenstates of £ :

(ble(o) =Z(—;—;)”Z---Z<b|V|a1><a1|V|a2>---<an_1|V|a>

t fnfl
x J‘ dt; - f dt, e i (t—t1) p=iHy (t1=02) || g, (tn1—tn) p=iHaln g0y

—0oQ —00

At the very end, we have added a factor %"t to take into account the adiabatic switching
of the interaction. The justification is as follows. Looking at the domains of integration,
we see that —o00 < t, < t,_; <-:- < t; < t. Therefore, if the interaction is switched
on at time t,,, it will be automatically on at all other times in the expansion. The factor
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%"t ensures that Vi ——oo = 0, such that the interaction is switched on exponentially

from t = —oo. The t, integration can now be performed:

ths (A —AH—i0)e, 4
dt, elha = Ha=10tn — e !
el (Hay 1~ =i —.
A, — A, +i0"
n—1

—0oQ

+ . . . . . .
0"t in the numerator carries the adiabatic switching factor

lJL’an 1t

It is seen that the factor e
over to the 1ntegrat10n on t,_;; furthermore, the factor e -1 cancels the e
originating from V(t,_,) such that, in the end, the t,_; integration takes exactly the
same form as the above t, integration, however with n replaced by n — 1 everywhere.
Iterating the process from ¢, to t;, we get

t th
f dtl .. f dtn e—ixb(f—tl)e*iﬁl(tlftz) oo iy, (th fn)e—i a neo ty
—o0 —o00

efi(%JriOJr)t 1 1

Hy— Ay + 0% Hy — Hy +10F Hy— A, +i0

-n

=1

e—i(J{a+iO+)t 1 1

K, —K, +i0* K, — K, +i0* K,—K,  +i0*

= (in)"

Noting that (—i)"i" = 1, the matrix element becomes

e—i(;{a+i0+)t

la;)({a,]
bl¥(t)) = ——( \%
(B0 = e ZZK K+ 07

(K —K+i0+)1

x Z Ian—l><an—1| Vla)
K,—K, , +i0*

Ap—1

(K,—K+i0+)1

(bIv > [k, —K +i01 V] ).
n=1

efi(Kﬂ+i0*)t/h
K, —K, +i0+

This is just Eq. (2.25) with the t-matrix defined as

T(e)=V Y [(e+i0"—K) V]

n=1
=V+V(e+i0t—K)lv
+V(e+i0t—K) V(e +i0T—K) V...
=V +V(e+i0"—K)'T(e),
consistently with Eq. (2.26).

In order to evaluate the transition rate, we need the time derivative of |{b|¥(t))|*>. We
temporarily replace 0" by e and write

(BITEIIQE d et
= MBS Lo = 210 i

d
|(b|‘~11( NP = (K,—K,)2 + €2 dr (K, —Kj)? + €2’
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We thus arrive at Eq. (2.27) by noting that the Lorentzian of width €, L.(x) =
(e/m)/(x? + €2), becomes a delta function as € — 0™

o e/

T, = —(b|T(Kp)|a)? lim e2¢/f ————

a—b h_ |< | ( a)| )l 0+ (Ka_Kb)Z_lr_eZ
5(K,—Ky)

doc-11 The plane-wave basis set

The orthonormality of the plane waves in Eq. (2.29) is verified as follows:

o o Ogig.
kolk'c’) = J dlyo® (De,, (1) = f dr, —2L etk ZT0 pik'ry
< ) SOko‘ Soka ; 1 1/7 W

1 ; ’
= 60-0-/; f dr1 e_l(k_k ! = 60‘0"5kkl‘
The completeness requires

ko) kol=1 e > (1lko)(kol2) =D ¢, (1Def,(2)=6(1-2)
ko ko ko
o

901 ik-r; _992 e—il«r2 —

‘:’Eﬁe Nz

1 .
& =y k) = 5 —1y).
52 (ry =)

501025(1'1 - 7‘2)

This last condition is part of our conventions for the Fourier transforms [see Eq. (3a)].

doc-12 Commutation rules of creation and annihilation operators

Using the definitions Eq. (2.42), we calculate the action of aaa;; on an arbitrary state
[ny,n,,...). We must distinguish the three cases a < §, a = f3, and a > f:

a<pP: aaaE|...,na,...,nﬁ,...)=

n(zgnl’)ﬂ/na,/l-i-nnﬁ|...,na—1,...,nﬁ+1,...)
a=p: aall...,ng,...) =V, +1v/1+nn,|...,n,,...)

1+nn,

a>f: a,agl...;ng, ., Ng,..) =

a—1
n(zl':ﬁ"f)ﬂ,/na,/1+nnﬁ l..ong+1,...,n,—1,...).

At the third line, we have replaced 4/n, +14/1+ nn, by 1+ nn,: this is obvious for
1 =+1; for n = —1 it can also be verified case by case since n, = 0 or 1. At the fifth
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line, the additional factor 1 stems from the fact that a, acts on a state in which the

occupation number of state 3 is increased by one. We now calculate the action of
T

aga,:

a<f: ata [FPRS PRRRS | VI

pla )=

n(Zf:"i)_l T+nngyngl...,ng—1,...,ng+1,...)

a=p: ala,l...,ng,...) =y1+n(n,—1)yg |...,n4...)
n

a

a>f: agaal...,nﬁ,...,na,...)z
a—1
n(Zf:ﬁ"f)dl+nnﬁ,/na|...,nﬁ+1,...,na—1,...).

Subtracting these two sets of equations, we obtain the action of a ,a ['5 —na ['5 a,:

0 a<p
aaa;j—na;jaaz[aa,a;j]_nz 1 a=§
0 a>p.

This proves the first expression in Eq. (2.41). The other relations are easily established
using the same method.

From the definitions, we readily check that a,|...,n, =0,...) = 0. Furthermore, for
fermions, cll ...,y =1,...) = 0. Finally, we see above that the states in the occupation
number representation are 'eigenstates of az;aa with eigenvalue n,. Therefore we can
define the operator n, = a)a, as the operator measuring the number of particles in
state a.

doc-13 Change of basis

We are looking for a relation between a;'c and ai. We omit to write quantum numbers
other than k and r for briefness. The desired relation takes the generic form

a = f dr Uy,al.

The commutation rules require that the matrix U be unitary. Acting on the vacuum
with both sides of the equation and multiplying on the left by (r;|, we find

(r1|a£|®) =pr(r) = f dr Uy, (rilal12) = Uy,
—_———

5(r—ry)
which gives the expression of the matrix U and the relation between az and ai:

T il

1 .
a, = 1/_7J dr e‘k'rar. (10.1)
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Note that this is different from our convention for Fourier transforms, Eq. (2b), both
for the sign of the phase and for the normalization coefficient. Conjugating, we obtain

1 .
a4 =— | dre*7q,, (10.2)
k WJ r

which show that the creation and annihilation operators do not transform like ordinary
scalar functions. The inverse relations are

1 , ) 1 .
T —ik-r T d — ik-r 10 3)
a e E e a, an a, —Ze ay.- (10.
VS vV

k

The argument is readily extended to arbitrary one-particle bases and leads to:
ai = Z cpj;(r)al and a:; = f dr @a(r)ai. (10.49)

With these transformation rules, we can evaluate the Fourier transform of the real-space
density operator:

n(q) = f drn(r)e T = f dr a;far e iar
~—~—

1 T —i(k—k/)-r
Wzkk/akak,e i(k—k’)

1 T i(k'—k—q)-r T
13 da, f ar 6 0r = Sala,
k

kk’
|\
~t/((sk’,kJrq

doc-14 Current operator and continuity equation

As we know from analytical mechanics, the effect of an electromagnetic field on particles
is to shift their momenta by the quantity —eA(r), where e is the charge of the particle
and A(r) is the vector potential (assume the gauge is such that the scalar potential is
zero). The resulting change in the particle energy is the product of its velocity (i.e.,
the current) by the change in momentum. For a collection of particles, the change in
energy is therefore SH' = f dr j(r)-(—e)8A(r) with H' the part of the Hamiltonian
that does depend on A(r). In differential form, this becomes

. _ 1 5H
i) ==25a0)

The current is the functional derivative of the Hamiltonian with respect to —eA(r). If
we can express the Hamiltonian in terms of the creation and annihilation operators,
the above relation can serve as a definition of the current operator. The effect of the
electromagnetic field can be accounted for by replacing in the unperturbed Hamiltonian
the momentum operator p = —ihV by p — eA(r). Since, in a solid, the operator p
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appears only in the kinetic energy, the energy of interaction with the electromagnetic
field is, in second-quantization notation,

+ [p—eA(r)]? . p?
H’:Jdrza;g—zm a,,— dr;a;oﬁam

1 T . 242
=5 dr;am [lthr -A(r)+iehA(r) -V, +e°A (r)]aw.

We can rearrange this into a more convenient form with the help of the relation

J dral V,-A(r)a,, = —f drA(r)-(v.dl)a,,,

which is readily verified through integration by parts and neglect of the surface term.
We then have

il + ;
H/:_efdr{%;A(r)'[(vrar"o‘)aro_ar"a (Vrarcr ]

e 2 "
—% E A (r)alaam}.
o

Evaluating the functional derivative, we deduce the formulas given in Eq. (2.49) for
the paramagnetic and diamagnetic current densities. It will be proven below that this
definition of the current satisfies the continuity equation.

The Fourier transform of j(r) is easily evaluated by using the expressions of the field
operators in the plane-wave basis [ see doc—13]:

i*(q) = f drea” % Z: % kzk; azaak'a[ (Vre—ik-r)eik’-r _ e—ik-r(vreikhr) :l

_ike—ik—k')r ik’ e—ik—k')r

h 1 . ) o
== Z 7 Z(k +k')a, a,. f dr e ilk=kDr

o kk’

VO ktq
h T
= om D 2k +a)al,ay, g,
ko

consistently with Eq. (2.50), and

jlq)= f dre T (—%)ZA(r); Za;(o_ak/o_e_lk'relk r
g

kk’

—__flsgg dr A(r)e i@rk=kDr
mYy ko “k'c
kk'c
A(q+k—k’)
el

= DAk —K)ag, a0
kk'c
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where we have introduced the Fourier transform of the vector potential.

We check now that the current operator, Eq. (2.49), satisfies the continuity equation
V-j(r)+on(r)=0withn(r)=>., aiaam the particle density. The time evolution
of the density is given by Eq. (2.15), n(t) = eX*/"n 7Kt/ which yields 3,n = £[K,n].
Furthermore, the only term in the Hamiltonian which does not commute with the
density is the kinetic energy. Hence we must calculate [H, n], where H is

1 . )
H= f dr ;a;a[p —eA(r)a,,

1 1
=7 I; 5 PRV B0 — el + k') Atk —K') + 24 (k — k) a0y

We have performed the change of basis r — k. In the last expression, A%(q) should
be understood as the Fourier transform of A%(r), not as the Fourier transform of
A(r) squared. The calculations are more easily done in momentum space, where the
continuity equation reads

iq (@) + +[H,n(g)] =0,

We now evaluate the commutator using Eqs (2.46) and (2.41):

11 N .
Hoa@l=—— > >0 - a0 Qg Gersgor]
zm /1/ kk/o- kl/o-//
5‘,0// 5k’k” a;Uak’Jrqo_ﬁ""// 5k,k”+q a;fqaak,g
11
= —— > [Pk>V 5 — ek + k') A(k — k')
2m Y o

—12(k + )PV S + etk + k' +29) - Alk — k') |ap, a0 -

In the second series of terms coming from the commutator, we have shifted both
momenta k and k’ by q. Collecting the terms, we obtain

—K? el 1
[H,n(g)] = -~ D (2q - k+q¥)a),a,,,+ Hq-;Z Ak — k'), 0y, 00
ko kk’c

=—hq -[j*(@)+i%(q)],

which proves that the current Eq. (2.49) satisfies the continuity equation.

doc-15 Hamiltonian of Bloch electrons

The Hamiltonian describing independent electrons subject to the periodic potential
Eq. (2.51) is a one-body Hamiltonian of the generic form Eq. (2.43). We work in the
plane-wave basis and thus replace a and 3 by (ko) and (k’c’). We furthermore omit
the spin indices—the whole problem is diagonal in the spin variables—and we use
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the decomposition k — k + G with k in the first Brillouin zone. The matrix element
becomes

e—i(k+G)ry pf (k' +G')ry
T,s — T, e =|drH———| —+V(r) | ———
ap k+G k/+G f T [Zm ( 1)] 77
with p; = —ifiV,,. Performing the integration and making use of the expansion

Eq. (2.51), we get
i 9
/ / 1
Tyt r+6r = ﬁ(k +G' ) Okiepre + E V(G")6kr6k+6+60-
G//

Due to the uniqueness of the decomposition k — k + G, we have 6.6 k+¢' = Ok Oce’
and Oy k'+6/+6” = Okk' 06,6+~ It follows that

r? ,
T+ k+6 = Okkr [ﬂ(k +G)*566+V(G—G )] ,

which proves Eq. (2.52).

doc-16 Normal coordinates
Using the definition Eq. (2.58), the second-order term in Eq. (2.57) becomes

1
U2 = E Z Z uvi(Rn) MvMp, in,uj(Rn _Rm)uuj(Rm)-

nm yiuj

We inject the Fourier transform W,;,;(R, —Ry,) = % > Dy (ke BrRn) as well as
the displacements, Eq. (2.61), and find

11
U, = e Z quhxl[fklxl]vi Qie, 2, L€k,y2, Juj Drvipj (k)

kkiky A Ay viuj
x E eikl'Rneik'(Rn*Rm)eikz'Rm

nm

A28k —kOkok

Z Z ZQ—kal[f—ul 1vi Qer, [ €12, 1uj Do ().
3

AyAy viug

N |~

The matrix of force constants W being real, we have the property D(—k) = D*(k)
which also implies €_; = €} ,. Furthermore, the reality of the displacements u,,;(R,)
implies q_s; = qj,. Using these properties and the fact that the dynamical matrix is
diagonal in the representation of its eigenstates,

D (k) = > [e3 ]y 2, [€5; 1
A
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we obtain

1 * 2 * *
U, = EZ Z Axer, Dier, P Z[ek)\l]w‘[ekl]vi Z[ekl]uj[eklz]uj

kA A2, vi uj

dam S,

1 2,2
= 5 Z |qkll Wi+
kA
The kinetic energy of the lattice expressed in terms of the normal coordinates reads

1 . 1 1 , KR .
5 MR =5 352 >0 > L 1 ™™ i Ler, D e
nvi nvi kiAq koA,
The R, sum yields A8y _,. Equation (2.63) follows:

ISR = 2SS s i S e Tulei i = = S il
2 2 A vi 2 kA

nvi k A7,

S

doc-17 Phonon density of states in the Debye model

In the model of Debye, the phonon spectrum is composed of only acoustic branches
that remain linear up to the Brillouin-zone boundary, where they reach the maximum
frequency wy, i.e., w, = ck. The phonon density of states in this model is, in three
dimensions,

3N, ¥
N2 (e) = %} 5(e —hwy,) = O(hwp —¢€) (27;)3 J d®k 5(e —hck)
3N,V (7 P 3N,V [ & )2
= Oy — &) 2™ dkk25(——k)=9h - —t(—)
(heop S)anhcfo hc (heop 8)2n2hc hc

The various factors can be expressed in terms of wy, thanks to the normalization:

3N,V (hwp)®
2m2(hc)® 3

)
h
Nmodes = J dENS (8) =
0

In this way we get Eq. (2.68). The lowest-frequency phonons are always acoustic
modes that disperse linearly for k — 0. The &2 behavior of the phonon DOS for
¢ — 0 is therefore expected to be a robust feature and should be controlled by the
sound velocity. When relating the curvature of the phonon DOS to the sound velocity,
one must be careful that the latter is not necessarily equal to c. For a cubic crystal,
for instance, the sound velocity is v, = (vZ + v§ +v2)1/2 = /3¢ because each of
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the three modes has a velocity ¢ = (dw/dk )k —k,—o- On the other hand, we have
3Nat1/ 3Nat‘/V/1/cell modes%ell It follows that

NP(e >0) _ 33%a
Nrnodes 27—62(171/5)3

doc-18 Hamiltonian for the electron-phonon interaction

The electron-phonon coupling Hamiltonian is obtained by inserting in the electron-ion
Hamiltonian Eq. (2.71) the second term in the right-hand side of Eq. (2.72):

Heph = f dr n(r)z eu,(R,) -VV,(r —R,— '1:3).

The displacements are given by Eq. (2.66),

h iq-R
u,(R,) = %: W [€qn]y (qu + b'_ql) e'd™n,

and the gradient of the lattice potential is most easily evaluated in momentum space:
1 ‘ o 1 ‘ .
_ _ A0y _ = ik-(r—R,—7}) — — - ik-(r—R,—7")
VV,(r R, =) = ; V,(k)Ve 2 ; v, (k)(ik)e .
Inserting these two expressions in Hey.,p, we see that the R, sum yields A 64

1 h T . —iq-7° iq-r
Hel.ph=ﬁqzme\ W[equv(bqﬁb'_ql)«vv(q)(lq)e O f dr n(r)e”.
%,—/

n(—q)

The electron density operator is given by Eq. (2.46) as n(—q) = >, c;ock_qa =

i . .
Yko Ckiqo Cko» Which yields

Heppn = ZZ - Z 2M,w, :/V([e‘” )Vl

ko qA Cell
xch ¢ (b +b' )
k+qo "ko \ “qA —qir )’

consistently with Eqs (2.73) and (2.74).
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doc-19 Spectral-density functions

We introduce twice the identity using Eq. (21) and write the trace as ), (c|---|c):

[ 1 . .
FE(0) = F3 007 > {cle e "|a) (allb) (ble~**"Bc)

abc

i 1 :
=F-0(t)= » e PuelKault/h Alb)(b|B
FOED > e PRae {cla)(alA[b){b|B]c)

abc
6ca

i 1 ,
=F0(x0)~ § e PKalKaKs)t/R (| A|b) (| B]a).
ab

The time-Fourier transform is now readily performed using Eq. (8):

Z & hw+K, — Ky £i0*

—00 ab

Zf”d Prs(8)

g—— 4B~
hw—e£i0*

o ) —BK,
Fli(cu)zj dtelwaf(t)le ¢ (alAb)(b|B|a)

—0Q

with p7.(¢) given by Eq. (3.12). In the same way, the function F, becomes:

[ 1 . .
F3(0) = £200(k0)~ D (cle B!/ |a) (alAlb) (ble ™ /"|c)

abc

: 1 '
= :l:%n@(:l:t)z %:e_ﬁKbel(Kﬂ_Kb)t/h(blBla)(aIAIb),

such that the Fourier transform follows as
e_ﬁKb

1 3
+ —_ —) —
frl@)==n7z i + K, — K £ i0* (alalb) {b|Bla)

°° Ps()
= de ————
o Hw—ge=xilt

with p () given by Eq. (3.14).

doc—20 Greater and lesser spectral functions

In Fourier space, the greater and lesser functions are simply proportional to the corre-
sponding spectral functions. Indeed we have

C;B(co)zf de P J de P

€ . - = AL
oo Mw—g+i0T | Aw—g—i0*t

oo
1 1
> . >
_f dspAB(s)(h T - l_0+)——2mpAB(hw),

—27i 6 (hw—¢)
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where we have used Eq. (9). Similarly,

* 1 1 ,
C;B(w) B f—oo dgp’:B(g)( fiw—e—i0t Hw—e+i0F ) - Zmp:B(hw).

21i 6 (hw—e)

doc-21 Spectral functions of independent fermions

For the one-electron Green’s function, we must evaluate (a|A|b)(b|B|a) for A = ¢,
and B = c]: this reduces to |{alc,|b)|*. The many-electrons states |a) and |b) are
Slater determinants for N, and N, electrons, respectively, constructed using the one-
particle basis ¢,(1) that corresponds to the operators c, and c:;. In the occupation-
number representation, they take the form |a) = |n|1“>,n|2a>,...,n|(f),...) and |b) =
|n|1b), n|2b>, ey n‘(f), ...}, with the occupation numbers satisfying the properties . nl@ =

Ng, > niw =Ny, D zsl-nla> =E, and ), siniw = E,. Using Eq. (2.42), we see that

calb) = (1) v/l =1,

wherey =), nim. As a result, we find

2 _ b _ b
l{alc,|b)[? = nlx>5n'1“)n'1”>6n‘2“>n‘z”> S By = n‘a>5n\;>n!1b>_1 | | 5nla>nlb>.
i#a
In other words, all occupation numbers except n, must be the same in the states |a)

and |b) for the matrix element to be nonzero. Since, on the other hand, n'(f> = n'(f> -1,
we have E, = E, — ¢, and N, = Ny — 1. In summary,

" if n” =n" for i # a and nl? =nl" —1

{alealb)I* = { ‘

0 otherwise.

Thus, the spectral function Eq. (3.12) becomes

1
pzci(g) =z Z e PE et lbl 50 — g 4 p1).
b

We note that e PG #N)nlb) = (ple=PKn, |b) and introduce &, = ¢, — p as usual.
Therefore

PZC;(S) =efieg(e—£,) % Z(ble’ﬁ’{naw) = f(=£,)8(e—&,),
b

Trpn,=(ny)=f(§a)



182 Details of calculations doc-21

like indicated in Eq. (3.24). The procedure for p< J is similar:

Pl ()= Z PENIB 5 (e — £, + 1) = f(E,)5(e —Eq).

The calculation is slightly more complicated for the density-density correlation function
because, even if B' = A in this case as well, the square |(a|A|b)|? involves crossed terms
that in the end turn out to vanish. We write

(alA[b)(b|Bla) = (alAIb)(alB |b)* = > > {alef, ci,qolbIalc o Corqor )
ko k'c’
The crossed terms are those with ko # k’c’. For convenience, we temporarily use the
notations (ko) =a, (k+qo) =B, (k'c’)=d’, and (k' + qo’) = 8. Performing the
same analysis as for the Green’s function, we see that

Dry1- ny\/@ if nla> = nlw fori # a, 5 and
(alcfeylb) = nlo) = nlb) 41, nl/;w =n|ﬂb>—1
0 otherwise,
(—1)Y/\/1—7n|:,>\/@ if nl” = n!” for i # o, f and
(alcl ey 1B = 4 R
0 otherwise.

For the product of the two matrix elements to be nonzero, we must clearly have either
a'=aand f’'=h,ora’=fand f'=a. Ifa’ = a and ' = [5 the four additional
conditions n‘“> = n'b> +1, nﬁ> lb) -1, nlf) =n ,> + 1, and n = nlﬂb> — 1 can be
satisfied together. On the contrary, they cannot be satisfied if a’ = /5 and B’ = a: this
second option must be discarded, and with it all the crossed terms. The constraints

a’=a and ' = imply ¥/ = y and consequently
(1—n[f>)n|/f> ifa'=a, p/'=p, n|a>—n fori#a,p
|b)* = and nl® = nl®) +1, n|/§l> =n|ﬁb>—1

(alcie, b){alel c,,

0 otherwise.

The relation between |a) and |b) implies E, = E, — &y, 4 + & and N, = N,,. Using these
conditions, we can finish the evaluation of the spectral function

1 _B(E.— _ b b
p:(q)n(—q)(g) - kz: 7 Z A C nlkg)nlﬁ)—qa 6(& — €xyq T 1)
(e}

_ 1 _
=D P56 g + ) 5 D (ble (=i Iniegolb)
ko b

(Ao g0 ) =L1—F (E1)1Sf (Ekag)
= ePEh f(Erpg) € F(=E,) 8 — Egerq + 1),
k
T e £(&0)
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which is the first of Eqs (3.28). The second of Egs (3.28) follows in exactly the same
way (the minus sign comes from the —n in Eq. (3.14), since we must set ) = +1 here).
Finally, the retarded correlation function takes the form

0 (7 P ) Py gy ()
X"”(q’g)_f_w de e—¢g' +1i0*
_ Zf(gk)f(_€k+q)_f(_gk)f(€k+q)
o €+‘£k_€k+q+i0+

_ Zf(ik)[l —fCrag) ] =1 f(&x)If (Eig)
ko

e+ —Errg 107

_y G )

8+gk_€k+q+i0+'

ko

doc—22 Density-density correlation function of independent electrons

Eq. (3.29) is particularly simple because the wave functions of free electrons are
simple. For electrons that are independent but not free, the wave functions carry
information about the underlying potential and this has consequences for the density-
density correlation function. In general, the Hamiltonian of independent electrons can

be written as
_ T
K= Z gOl)/ot(fyoz(f’
aoc

where yla is the operator that creates a spin-o electron in the eigenstate a of the
Hamiltonian, with excitation energy &, and wave function ¢,(r). In order to express
the density operator, we need the relation between cza (the free-electron creation
operator) and )/LU. Following Egs (10.1) and (10.4), we get

T 1 f ikr *fy 1 —ikr Tt
o =—= | dre pr(r)y! =— dr @,(r)e Y
o W Za: a aoc W Za: [ a ] aoc
@al(k)
1 )
=—= 2,91y,
W ; a aoc
Inserting into Eq. (2.46) yields the expression of the density in terms of the y’s:

@)= D @ Tpe Sup@ = 5 2yl +a)
k

afo
Because the y’s have the same commutation rules than the c’s, the calculation of the
density-density correlation function proceeds exactly like for free electrons in doc—21
with matrix elements like (alclcﬁ |b) replaced by (aly!y ﬁlb). On thus finds
P (E) = D Sap(@)Spa(—a) F(EDF(—E5)8(e + 5 —Ep)
| S —

BT s @P
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and a similar result for p:(q)n(_q)(s), which finally gives

f(&a)—F(Ep)
€+€a_£ﬂ +lO+

20.,8)= > ISep(@)

afo

doc-23 Relations between spectral functions

Using Egs (6), (3.12), (3.14), and (3.23), we can write

_ TN LS K[ KKy
_nd_”(g)pAB(E)_eﬁf—nZ%:e b[e b —’fl]
efe—n

x (alA|b)(b|B|a)5(e + K, —K})
= p5(8).

In the first line, we have introduced into the exponential the constraint imposed by the
delta function. In a similar fashion:

1 1

_ _ - - - —BKq| _ B(K,—Kp)
M) = e 7 D e [—n+e ]
“ —n+ePe

x (alA|b)(b|Bla)5(e + K, —Kp)
P (E).

This establishes Eq. (3.32).

doc—24 Elementary sum rules

doc—24.1 Spectral function

The integration over ¢ simply removes the delta function in Eq. (3.12):

f de piu(e) = 5 Y e P (alAlb) blBla).

—00 ab

The b sum gives 1:

f de pip(e) = 7 3 e P (alaBla) = — 3 (ale P aBla)

—00 a a

= Tr pAB = (AB).
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Similarly,

f de pf(e) =—n7 3 e PF (blBla) alalb) = —n— > (ble P BAlD)
ab

oo b

= —nTr pBA= —n(BA).

doc-24.2 Occupation numbers

Using Egs (3.7) and (3.21), we can write

[ee]

1o o< ()

27 Aqdq

(n,) = {ala,) = (al(0)a,(0) = ihnC= , (0) = ith
27'cipa< o (hw)

ala

= —nf depy ().

—0oQ

We can then use Eq. (3.32) and prove Eq. (3.38):

(na)z—nf dsp;a;(s)z(—n)zf ded_,(€)p, qi(€).

—0Q —0oQ
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It is also interesting to derive Eq. (3.38) using the imaginary-time formalism. In this
case, the trick is to permute the operators by taking advantage of the time ordering:

(n,) = (T.a}(0)a,(07)) = 7(T.a,(07)a}(0)) = -1, . (07).
To finish, we make use of Eqs (4.8), (4.11), and (16):

[ee]

1 v o ) 1 eiv"0+
(n,) :_nﬁze iv, Coat(ivn) = J;oo dspaaal(g)ﬁz v —¢"
iv, OO*W—‘( ) iv,
P, (€ —_—
f de L —nd,n(s)e“O*
oo Ve

doc—24.3 Energy

In order to prove Eq. (3.40), we start by noticing that

T — T Tt —
E a'la,,K]= Zgavaaav+ E Vo, 4,4,4, a, =Ko +2V,
av

a aviy s
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where we have used Eq. (25). On the other hand, we have

(a:; [aa’KD = ihat(al(O)aa(t))h:O = _nhzatcj ar(t)lt=0
S—— ata
ih,a,li=o

2 = dw < —iwt
= —T)ﬁ 8t 2— Ca a,‘\(a)) e
—oco TT ala

t=0
2mip=< ; (w)

dalq

= —nhZJ dw cop;a;(hw) = f deed_,(e)py,q: ().

—0oQ —0oQ

Combining these two results, we find

(Ko +2V) = ZJ deed_p(€)py i (€)

and Eq. (3.40) results by noticing that (K) = %(K0 +2V) + %(KO). It is interesting to
evaluate Eq. (3.40) for V = 0. In this latter case we get

Ko) =D, f deed_,()p? (o).

For independent fermions, we have already seen [Eq. (3.25)] that pgual (e)=06(e—&,)
and thus Eq. (3.42) follows at once. We now show that the same expression for the
spectral function is also valid for independent bosons. Egs (3.12) and (3.14) give in
our case

1 _ _
Pos ()= 7 2 (7 =) albulb) 5o + Ky =K.
Here b, is the boson annihilation operator. Proceeding like in doc—21, we see that

Tll(f> if nia> = nlw for i # a and n[f> = n[f> -1
{alb,|b)|* = o

otherwise,

which requires that E, = E, —¢, and N, = N, — 1:

Py (©) = %; [emPBommtnd — e P In 56~ £2)
= 5e—E, )5 1) ;wleﬂnaw)
= 5(e— @)@Tw ny = 6(c— &),

since Trp n, = {(n,) = b(&,) for independent bosons, with b(¢) the Bose-Einstein
distribution function.
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doc—25 Moments of the spectral function

Here we show how the first moment of the spectral function—and the higher-order mo-
ments as well—can be evaluated using the spectral representation. We use Egs (3.12),
(3.14), and (3.23) to arrive at:

f dee pan(e)= 2 (¢ —ne ) (alAlb) blBIa) (K, ~ K,)
—00 ab

1
=z Z (e_ﬁK“Kb —e P, —me PRk, + ne_ﬂKbKa)
ab
x {alA|b)({b|B|a).

Each of the four terms can be rearraged in such a way that one of the sums gives the
identity. For instance, the first term becomes

%%:(WM“AKblb)(blBla) = %;(aleﬁKAK|b)(b|B|a)

1
=2 za:(a|e*ﬁKAKB|a) = Tr pAKB = (AKB).
Considering all four terms we obtain Eq. (3.46):

f de € pap(€) = (AKB) — (KAB) — n(BAK) + n(BKA)

—0Q

= —([[K,A],B]_n>.

doc—26 (Anti)-periodicity of imaginary-time functions

It is sufficient to prove Eq. (4.7) in the case T > 0. Since 7 < f3, this means that
T —f3 < 0 and therefore

Gap(T — B) = —(T:A(t — $)B(0)) = —n(B(0)A(T — )

=-—1 %Tr e PKBe(r=PIK pe=(r=P)K
=—n %Tr e PKe ™K peTK PR =PKp
1
=—nTre PC AT)B0) = —n(T-A(T)B(0)) = 1%s(7).
—
=T.A(%)B(0)

At the third line, we have used the property TrABC = Tr BCA called the cyclic property
of the trace and at the fourth line, we have used the fact that T > 0 and reintroduced
the imaginary-time ordering.
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doc—27 Spectral representation of imaginary-time functions

According to Eq. (4.10), it is sufficient to know €,5(7) at positive times in order to
calculate 6,5(iv,). Using Eqs (2.2) and (4.3) we have

1
Gup(T >0)= -7 Z(ale*ﬁKeTKAe*TKBla)
a

1
== Z(ale*ﬂKeTKAlb)(ble*TKBla)
ab

_ _%Ze—ﬁKaeT<Ka—Kb><a|A|b><b|B|a>.

We now perform the time integration in Eq. (4.10):

B (ivp+K,—Kp)7 |P i _ -
e ol _ & 07! _ eltKKOB P k)
0 iv, +K,—K, iv, +K,—K, iv,+K,—Kp’

where we have taken into account that e"”*# = 7. Collecting the terms, we find

1 fr’eﬂ(Ka_Kb)
Cus(ivy) =—= > e P ——(a|A|b)(b|Bla
4a(i7,) ZZb e Kb<||><||>
e ﬁKa_rr’e BKs 0

_ 4 . Pap(€)
N HZ: iv,+K,—K, {a |A|b)(b|B|a)—J dgivn—e

—00

with p,5(¢e) defined by Egs (3.12), (3.14), and (3.23).

doc—28 Expansion of correlation functions in imaginary time
The imaginary-time ordered correlation function, Eq. (4.5), reads

6,5(1) = —(T.A(T)B(0)) = —%Tre_ﬁKTTeTKAe_TKB(O).

In the interaction picture, the imaginary-time evolution operator e X is factorized as

e~"% (1) in complete analogy with the real-time evolution (see Sec. 2.2.1), such that
e PK = e PK[J(B). Using these expressions we find

Cup(T) = —%Tr e PRy (BT, U7 (1) e 0Ae™" 0 U(7)B(0)
A1)
=~ Tre P 0(p) [B(0)0 (DARIO()B)
+16(—7)B0)U (T)A(T)0(7)].
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The first term in the square brackets involves the product U~1(7)A(7)U(7)B(0) for
a positive time 7. This term is in fact equal to A(7)B(0), as can be seen by taking
advantage of the time-ordering:

U ()A()U(7)B(0) = T.U (v H)A(7)U(v7)B(0)
= T, A(T) U (v H)U(77)B(0) = T.A(7)B(0) = A(7)B(0).

We have shifted the time arguments by infinitesimal amounts, t* > 7 > 7~ > 0, such
that the time ordering retrieves the operators in the correct order. Then, we have
used our right to permute operators under the time ordering; the sign implied by our
permutation is +1 because the evolution U(7) involves an even number of creation or
annihilation operators. Finally, in order to remove the time-ordering, we have used
the facts that 7 > 0 and U~*(t*)U(77) = 1 because U(7) is continuous. A completely
analogous manipulation shows that for the second term in the square brackets, we
also have B(0)U~(1)A(7)U(7) = B(0)A(7). It is worthwhile to realize how crucial the
time ordering is in this step of the derivation. We have thus obtained

Gup(1) == T PRO(B)TARIB(0) =~ Tr e PO T, O(BIAIBO)

Tre PXo Tre P T U(B)A(T)B(0)  Tre Pl
VA Tre—ﬁKo B VA

(T.U(B)A(T)B(0))o,

where the second equality holds because 8 > 7 and where we have introduced the
notation (X), for the thermodynamic average of an operator X in the ensemble of
states defined by Ky: (X), = Tr(e P%X)/Tre PXo. We finally rewrite the partition
function

Tre P%U(B)

— —pK _ —BKo 17 — —BKo
Z =Tre Tre U(B)=Tre -

=Tre P (0(B)),

and obtain 6,53(7) = —(T,U(BA()B(0))o/{U(B))o. Together with Eq. (5.1), this
yields Eq. (5.3).

doc-29 One-body potential: terms of the expansion

The non-vanishing contribution of order n =1 in Eq. (5.13) is

B
0 f ATy Y Vi, (0], (11)a,(7) (g, (71)a}(0))
0 a1

090, (=7 42 (7))

B
:J d'rlZ‘gsal(’r—rl)Valﬁl%glﬁ(Tl),
0 a1y
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consistently with Eq. (5.14). At order n = 2, the two terms in Eq. (5.15) yield

B
_nf dTldTQ Z Z Valﬁlvazﬂz
0

ay Py oz,
X <a;1(T1)aa(7)> (aﬁl(fl)a22(72)> (a/jz(’fz)a/}m))
_nggal (t—71) _‘5/?1%(7-'1_’52) —ggzﬁ(fz)

B
= J dt,dt, Z Z oo, (T=T1)Va, 5,9 o (T1 = T2)Vay5,9p, 4 (72),
0

a1 81 azBy

which is just Eq. (5.16).

doc-30 One-body diagrams in the frequency domain

The contribution of order n to %aﬁ(r) in Eq. (5.10) is

[
gg;m:f ary a3 S
0 a by B
(ggal(T - Tl)valﬁl ('g/glaz(rl - TZ)Vazﬁz e Va"ﬁ" (ggn/j(fn)-

Performing the Fourier transform by means of Eqs (4.10) and (4.8), we get

&
(n) - _ (n) iV,
‘gaﬁ (wn)—f dt (gaﬁ (T)et™"

0
1 1
_a1/51 ‘;ﬁnﬁizvo: ﬁlz”n:

(ggal(i T)O)Valﬁl (gglaz(i i/1)‘/0‘2/32 o Van n(g/(i)nﬁ(i T)n)

B
x J d’T.'dTl . dTn elVnTe—Wo(T—Tl)e—Wl(Tl—Tz) e
0

ﬁrwlév ) 5

n¥ O 3091 O V17

= Z T Z ggal(ivn)valﬁl (gfglaz(iv”)vazﬁz U Vanﬁn (g[(i)nﬁ(i v")’
C‘1[31 anﬁn

which proves Eq. (5.17). The notation v used here is a short-hand for ivg). iv;

represents a full set of Matsubara frequencies, like i v,, and should not be confused
with the j-th frequency iv;.
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doc-31 Two-body potential: terms of the expansion

The two Hartree terms in Eq. (5.21) contribute the following to %aﬁ(’r) in Eq. (5.20):

p
_(_%)Z”f 4712 Vaupura, (@, (71)3,(9) {a, (71)a; (1)) <ah(71)a}(5(0)>

a1817161

—ng,ml(f—ﬁ) —n‘ﬁglﬁl(’rl—ﬂrf) (1)

)’1/5

:_nf d7y ggal(T_Tl)(gglﬁl(Tl _T-{)Valﬁlhél (g;)lﬁ(ﬁrl)'
a1 17161

In the average (a;l(rl)aél(rl)), the two operators act at the same time. We must
therefore shift one time by an infinitesimal amount to ensure that the time ordering
in %gl ﬁl(’fl — ’rf) returns the operators in the correct order. Hence we get Eq. (5.22).
The only difference between the Hartree terms in Eq. (5.21) and the exchange terms
in Eq. (5.23) is the interchange of the indices y; and &; and the resulting factor 7:

-(-3)2 f 851" Vi, (0, (71)a,(2) () (), (1) s, (1) 0)

a1B1716,

% (TmT) 9 (7)) =93, 5(1)

:_f d/rl Z gO (T Tl)(g ﬁ(Tl TY)Valﬁl)ﬁél(gglﬁ(Tl)'

a1 1716,

doc-32 Two-body diagrams in the frequency domain

Summing Egs (5.22) and (5.24), swapping the dummy indices y; and &, in the
exchange term, and performing the Fourier transform, we get

> o2 55 20 G, 01955 (199 (520 NVey 1,5, ~ Ve

a1 17161 iVoiVyi¥y

B
. s . 4y i
XJ deTl el”n? ivo(T Tl)e iy (7, rl)e iVyTy
0

2 i 0t
B85350, O3grpe1

= > Z L (v)F0 5 (19))e0 G0 (19, (—0Vig,115, = Virprrs)

a1ﬁ1Y151 i



192 Details of calculations doc-32

This expression can be recast in the form

. 1 S= N7 0F [
Z (g(;)al(lvn) BZZ (‘gglﬂl(l vl)e "0 (_nVa1ﬁlY151 _Va1ﬁ151Y1) (g)i)lﬁ(l Vn)

a Y, iv, B16;

- Z (ggal (i v”)zgl)h(i vn)gYOlﬁ(i Vn)

a1

. (1) .
with Eam as in Eq. (5.25).

doc-33 Impurity average

At order n = 1, the impurity average defined by Eq. (5.35) gives:

N;

N;
(V1)) imp = % f dR;---dRy, ZV(T1 —R))= Z % f dRv(r;—R)
=1

(=1

= A—qjﬁfdr v(r)=n;v(q =0),

with n; = N;/¥ the impurity concentration and v(q) the Fourier transform of the
impurity potential v(r). Replacing V(r;) by (V(7))imp in the first-order term on the
right-hand side of Eq. (5.34) and taking the Fourier transform, we find

f dr e tkr=r" J dry Gy(r —ry,iv,)nv(0) 4 (ry —1',iv,)

1 , N _ ,
= niv(O)% Z Yo(k1,1v,)%(ks, ivn)J drdr e k=) eiki(r=r)giks (ri=r’)
kik,

V26kk, Ok ky

= nv(0)[ %k, iv,)]1*.
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At second order, the impurity average yields two terms:
1 N, N,
(V(r)V(ry))imp = TN f dR;---dRy, Z v(ri—Ry) Z v(r,—Ry)
=1 =1

N,
~ 1
— Z % f dRedRe/ V(rl —Re)v(rz _Re/)
0,0'=1
N; 1
=23 J dRAR'v(r; —R)v(r; —R')
LEL 14

Ni
+Z%dev(r1—R)v(r2—R)

=t
N;(N; —1)
R

[v(ig =0)*+n f drv(r)v(r +r; —r,).

193

Hence two terms result by replacing V(r;)V(r,) by (V(r1)V(r;))imp, in the second-
order term on the right-hand side of Eq. (5.34). In Fourier space, the first of those
terms is n; (n;—¥ 1 )v2(0)[ %, (k, iv,)]® and the second is n; 5 Dq ok, 1v,)v(q)Go(k—
q,iv,)v(—q)%,(k,iv,), as can be readily verified by performing the Fourier transform

as we did at order n = 1.

doc-34 Full Born approximation

The full Born approximation takes into account all diagrams of order n; and can be
rewritten in a compact way by introducing an effective impurity potential, w(q; k,iv,),

in the following way:

-q /‘k\(ll —qy /t\ ‘12 _/‘11/ //*\\ \qi
ZFBA(k iy )_ ’ \ " - ‘111‘12 N n _ 7 \ - +
,1V,) =
k—q; k—q; k—q, k—q; k—q, k—qs

1
=n ;v(—ql)%(k —qu, iv){v(g)+

1
+ gv(ql ~ )% (k — 2.7, V(g2)+

+ %;V(qz —q3)%(k —qs, ivn)(v(q3) +... )]}

1 . .
= ”i; ; v(=q1)%(k —q;,iv,)w(qq; k,iv,)

, 1 . :
wlgr K 17) = V(a1 + 5 D v(dr —42) %k — o, 1v)w(dzs K, i0,).
92
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We see that the final expression for the full Born approximation is very similar to the
first Born approximation Eq. (5.41), the only difference being that the potential v(q)
is replaced by an effective momentum and energy-dependent potential w(q; k,iv,).

doc-35 Coulomb interaction in the plane-wave basis

The matrix elements of the Coulomb interaction are evaluated by inserting the basis
functions of Eq. (2.29) into Eq. (2.44):

(k101k202|V|k303k404)

=Jdrdr’25— 6—

I gyt 272 iyt vy (e _ ot So0y ekar b0, eikar’!
[y N7 —_— VT Ve

L3, ViRt

1
= 60'10'3 50204 ; Z V(q )6k1,k3+q 6k2,k4—q
q

1
=05,0,00,0,0k +ky ks +ks ;V(kl —ks),

consistently with Eq. (5.43).

doc-36 Diagrammatic rules for the Coulomb interaction

The recipe for translating a Coulomb-interaction self-energy diagram into the corre-
sponding mathematical formula is the following.

1. Label the diagram

* Attach to the external legs the variables (k, o, w,,).
* Attach to each internal fermion line a set of variables (k;, o}, @;).
* Impose spin conservation at each vertex.

* Impose momentum and energy conservation for each interaction line.
2. Translate the diagram

* A factor (—1)*(—1)%, where n is the order of the diagram (number of
interaction lines), and L the number of closed fermion loops
* A factor %V(k1 — k) for each interaction line

* Afactor 9y(k;,i0;) =1/(iw; — é’kj) for each internal fermion line

* Asum over all k;, 0;, @;, and a factor % for each Matsubara sum
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Applying these rules, we obtain for the Hartree diagram:

kio,0,
7 V(g=0) 1 1
kow, <= koo, =(—1)' (=1 Y 2> —V(g =0)%(k;, i)
kio, /5 i, 14
1 1 1
=V@=0)— ) =) ——
PN Ny
11 1
)
1
=V(g=0); > f(&)=nV(g=0).
kyoq
N

At the second line, we have used Eq. (16) and at the last line n is the electron den
N/¥. Note that we have omitted to write a factor e!®1°", which has its origin in
infinitesimal shift of time implied by the bubble (see Sec. 5.1.3.4) and is requi
to ensure the convergence of the Matsubara sum—and to grant us the right to

195

sity
the
red
use

Eq. (16). The calculation of the exchange diagram is similar. Note the absence of spin

sum, because the spin is fixed on the internal fermion line:

2V (k,—k)

kow, R EVDIED %wkl — )Gk, i3,

o P
== DIVl R ()
ky

i

At second order, we have the diagram

ko6,

km:gkm,, ey I 1 D V(k, —k) V(k —ky)

B2 % %

2
Ky ko, i@,i6,

X Yo(ky,id1)9(ky,id,)
X (go(k + kl - kz, iCl)n + lC_l)l - l(bz)

== |V(k2—k)|2% S

K ky RN

1 1 1

X

107 — &, 10y — &y, L, +107 — 10y — Ejeppe,—k,
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We first perform the Matsubara sum on i &, using Eq. (16) and we introduce temporarily
the notation k3 = k + k; —k:

1 1 1
E; (B, (0 +i0,—i0y—Ef,
fE) L G Tioa—io) | fE)-f(E)

Ek, Tiw, =iy =&y, &g, Ty — 1w, — &, 10y —iw,—& + &,

We could replace f (&, +i®;—iw,) by f(&,) because i, —iw, is an even Matsubara

frequency, such that in the denominator of the Fermi function we have ef(®271®n) = 1
We next perform the i@, sum:

1 1 1
Egz: 10y — &, 10y — 1w, — &g, + &, -
f(&x,) N fliw, + & —&,)  —b(&x, —&x,) —f(Ek,)
Ek, — 1w — &g, + &k,  Twp+ &, — &k, — &y, iw,+ Ek, — &k, — Sk,

Here we have replaced f (iw, + &) by —b(&) with b the Bose-Einstein distribution,
since ef1“» = —1. Finally we use the mathematical identity

fFEDf(E,)
€)= f(=¢&,)

and rearrange terms to obtain the value of the diagram as

F ) (=&, )f (=Ex,) + f (=&, )f (&, )f (Ek,)

2
— > |V(ky—K)|? . >
“Vzklzk; 2 i, + &g, — &, — &,

b(&+&,)=—

in agreement with Eq. (5.48). The other diagram at second order is obtained similarly:

ky—k,  k,—k

o m koo, = Z i Z V(k,—k) V(k; —ky)
k+k,—ky0 p2 4 4 b4
W+ —W, kiky 111y

X (go(k + k1 - kz, iCL)n + l(Dl - iC(-)z).

Since the three Green’s functions are the same as in the first diagram, the Matsubara
sum yields the same expression and the diagram is the second term of Eq. (5.48).

doc-37 Free phonon propagator

. s i gt .
Using the definition of the phonon operator, B o= b i b_ an the fact that correlation

functions of the kinds (bb), and (b'b"), vanish,' and working in the representation

1 without coupling to the electrons, the number of phonons is conserved, see Eq. (2.65).
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that diagonalizes the phonon Hamiltonian, we find:
‘KEMB;MZ(T) —(T.B,, (T)B , (0))
~(Tebg, 5, (Pby,y, (00— (T=by 5 (Pb_y, (0D
=4, 5,1, [ {TeBy,5, (07,5, (o + (T:b 5 (DD, (OD)o]
~84,0:02,2,(T<Bq 5 (TIBL , (0))o
= 04,4,00,2, 25 (41,7,

where we have defined 2,(q,7) = —(T, Bql(r)B ,(0)). In order to calculate the
spectral function of @g (q, 7), we note that for independent bosons the spectral function
is pbab;(s) = 6(e —&,) with &, the boson energies [see doc—24.3 p. 186]. Hence
P51, () =Py ()+ Py (&) =66 —heog;) = B(—e —hieo_gy).
—_——

=_pb—qkbiql(_£)
We have used Eq. (3.31) and introduced the phonon energies like in Sec. 2.5.2. Since
W_g) = Wqy, we thus have p, ABTA(E) = 0(¢ —Hwgy) — 6(& + Aiwy,). Finally, using
qrq
Eq. (4.11), the expression of the free phonon propagator is found to be
1 1

2%(q,iQ,) =
24, 10) = Q,—Twy, 1S, +hog,

doc—38 Effective electron-electron interaction mediated by phonons

At order n, the thermodynamic average in Eq. (5.52) is of the form (schematically)
(Hel—ph T Hel—phCCT>O = <CIC1B1 e CZCanCCUO = <Bl o 'Bn)O(Cjcl Tt CichCT>O-

We can average on the phonons and electrons separately because the average is to be
evaluated in the absence of coupling, i.e., in a system where the electrons and phonons
live in two different Hilbert spaces. The phonon averages (B; - - - B, ), vanish if the
number of phonon operators is odd: (By)q = (B1ByB3)g = ... = 0. As a result, all
terms of odd order in Eq. (5.52) disappear. Writing n = 2m and introducing a modified
time-dependent electron-phonon Hamiltonian,

Hél-ph(T) = f dt’ Z Z Z Z 89,7, 8q,2,Bq,2,(T)Bg 2, (7))

k101 g1 kyos qa2s
xc k 1+q; al(T) k2+q oy (T )Ck oy (T )Ck oy (T)’

we can rewrite Eq. (5.52) as

Y(k,1)=— Z f dty-- (T Hel ph(’fl) H,, ph(Tm)Cka(T)ng(o»gon_diff-
0
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In the definition of Hél_ph, we have shifted the operator ¢, ,, from its original position—
ki +q,0,7 S€€ Eq. (2.73)—to the right, making two fermionic permutations.
This is legal because the whole formula involving H él_ph lies under a T, operator. At
this stage, we use the fact that we can perform the phonon average separately and we

make the following substitution in H él_ph:
Bqlll(T)qulz(T/) - %(TTBql)Ll(T)BqZ)Lz(T/))O = %(TTBqlll(T)BIqZAZ(T/»O

- _1 0 !
- 2511126‘11,_‘12@%((]1’/‘5 T )’

just after ¢

where we have used Eqs (5.49) and (5.50). The factor 1/2 corrects for a complication
that we have overlooked in our derivation.! This substitution allows one to rewrite
%(k, ) in the form given by Eq. (5.53), where the effective phonon-mediated electron-
electron interaction is given by Eq. (5.54). In performing this last step, we pull out the
minus sign from (BB') o< —2°—which appears m times in a term of order m—as a
global factor (—1)™, and we use the Kronecker delta’s above to eliminate half of the g
and A sums.

doc—39 The electron-phonon self-energy at leading order

The first-order contribution of the electron-phonon interaction to the one-electron
self-energy is
qAQ,

1 . . .
koo, G e O koo, = — % |gql|25 EQ 27(q,i2,)%(k —q,iw, —iQ,)
q iy

1 1 1 1
o [§; o Q,—fwg, 1Q, +hwg, ) iw, —1Q, — &4

Note that the result is intensive despite the g sum, owing to the 1/ factor stemming
from [g, 2|12 [Eq. (2.74)]. The Matsubara sum gives, using Eq. (16):

—b(fwgy) _ —b(—hwg;)
iw, —hwg) —Ekq 1w, +hwg; —Ek 4
1 1
+b(iw, — &k, - >
(fw, —&x q)(iwn—ik_q—hwqa iwn—ék_q+hwq/1)

which, together with the relations b(—¢) = —1 — b(¢), b(iw,, — &) = —f(—§), and
f(=&)=1—f(&), yields Eq. (5.58). See also Schrieffer (1964, p. 200).

1 By replacing By B, by (B;B,), in the expression of Hél-ph’ we retain only one out of the (n—1) x (n—3) x

.-+ x 5x 3 terms that are generated by Wick’s theorem from the average of n phonon operators (B; -+ B, )o-
On the other hand, when we rewrote the n sum of Eq. (5.52) as a sum on m = 2n, we did not correct
accordingly for the factor 1/n! coming from the expansion of the evolution operator in Eq. (5.3), that was
cancelled in Eq. (5.5) by retaining only the topologically different diagrams. In our case, the number of
topologically different diagrams will be m!, not (2m)!, such that we must correct by a factor m!/(2m)!.
It turns out that (2m —1) x (2m—3) x --- x 5 x 3 x m!/(2m)! = 1/2™, such that we can take this into
account by inserting an additional 1/2 in front of Hé -ph See also Bruus & Flensberg (2004, p. 315).
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doc—-40 Particle-hole bubble

The zeroth-order term in the expansion of ©€°

aﬂﬂs(f) in Eq. (5.59) is just

%o?/sya(r) = —(TTQZ(T)aﬁ(T)a;(o)aa(o»gon-diff
= — <Tfra2('r)a5(0)>o (TTaﬁ(T)a;(O)x)
—_—

-9, (—7) 42 (%)

=192 ()40, (—0).

Graphically, this can be pictured like in Eq. (5.60): %gy(r) is represented by a line
going from right to left (y to ) as required by our convention for particles. %ga(—f)
describes the hole propagating “back in time” from left to right (a to 6). The n) factor
is taken care of by the diagrammatic rules because there is one particle loop in the
diagram and the minus sign is explicitly kept in front of the diagram. The Fourier
transform of this propagator is

B

‘gfﬁﬁ(iﬂn) = J dr %fﬁyg(f)em”
0

B
1 . . -
=—n—ﬁ2 E %gy(ivl)%ga(iizz)f dr el ema(=7)
0

iVivy

BEay+3y,m
_ M

5 D G0 ((v,)F0, (v, +i9,).

iv,
In the representation where 40 is diagonal, we have using Eq. (16)

1
i'Vn + lﬂn — gﬁ
_ d—n(ga) d—n(gﬁ)
B 5“55M(£a+mn—5ﬁ " 5ﬁ—mn—5a)’

0 (i )— -n 1
(gaﬁyﬁ(lﬂn)_6a55ﬁ)/ /5 Zlq} _g
iv, n a

which is just Eq. (5.61).

Along the same lines, we can derive the expression of the renormalized bubble, in which
the free-particle propagators ¢° are replaced by the exact propagators ¢ expressed in
terms of their spectral representation [Eq. (4.11)]:

®  Pa ()
%,ﬁv@:f de —2 "

oo iv,—e
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We get
. -n . . .
Capya (i) = 5 D, Faa1V) Gy, (17, + 152,)
iv,
(o]
-1 1 1
=| ded : 1(e9)—
J_oo £1482 ool (E1)Pa, i (82) izvn:ivn—elivn+iﬂn—£2

d—'q(gl) " d—n(€2) )

81+iQn_82 82—iQn—€1

= f deldgzpagai(gl)palja;(gz)(

—0Q

which corresponds to Eq. (5.64).

doc—-41 Particle-hole bubble for free electrons at zero temperature

After performing the analytic continuation iQ2,, — ¢ +i0* and shifting the integration
variable k by —q in the second term of Eq. (5.76), the electron-hole bubble becomes:

o _ f(&x) _ f(&x)
Fl4>€) _2;[3+§k—5k+q +i0" e+ kg Sk +i0+}

The free-electron dispersion is &; = %(k2 — kg). In order to perform k
the k integration, we choose spherical coordinates with the k, axis ;
2
parallel to g. We obtain £ —&y,, = —1-(q*+2gk cos®). Introducing 4 o k
the dimensionless parameters x = %, z = 2" and the integration
F h*q2
variable u = k/kg, we then obtain
Ng(o) ! " sin® sin®
0
22 (q,e)= f duuf do procy T i) ; .
4x ), 0 = —cos®+i0t T~ —cost+i0*

We have replaced the k sum by an integral according to ., — % f dk, used the
Fermi functions to restrict the k integration to k < kz (u < 1), and introduced the
Fermi-level DOS of free electrons in 3D, NSI(O) = mkp¥ /(m*h?). We here make use of
the formula Eq. (18) and get
Ng(0) (1 { u+x(z—1)
0 0
= d In —
X4 €) 4x L u u—x(z—1)

u+x(z+1)
u—x(z+1)

—in[0(u—|x(z—1))—0(u—|x(z + 1)|)]}.

It is not difficult to check that fol duub(u—lal) = %max(O, 1 — a?), such that the
imaginary part is

|
nNg (0)

8x

Imy? (q,6)=— {max[0,1—x%*@z—1)*] —max[0,1—x%*(z +1)*]}.



doc—41 Particle-hole bubble for free electrons at zero temperature 201

We can see that this is an odd function of 2z, hence an odd function of the energy ¢ as
required by the general property that the spectral function of y,,,(q, €), Pn(q)n(—q)(€) =

—%Im Xnn(q, €), must be odd. The real part follows by virtue of the formula Eq. (19):

. _Ng'l(O) 1 ) ) 1+x(z—1)
Re 0 (q,¢) = {x(z—1)+5[1—x (z—1)*]ln TxG_D
1 ) 5 1+x(z+1)
—x(z+1)—5[1—x (z+1)*]In m }

In order to study this function, we find it more convenient to introduce the variable
y =2x? = g/(4&5). We therefore rewrite

1 1
Re mn(4,€) = —NSI(O){E + 3~ =y)

x+x2—y

x—x%+y

2

8x3 x—x2—y

1
nNg (0)

Imy? (q,€)=— {max[O, 1— H(x?—y)*]—max[0,1— L (x? +y)2]}.
From these expressions, we find the zero-energy behavior by setting y = 0 and noting
that the imaginary part vanishes:

This is known as the Lindhard function (Fig. 10.1). Since the function approaches
unity as x — 0, we find that in the static long-wavelength limit the free-electron
density-density correlation function is just minus the Fermi-level DOS:

1+x
1—x

1 1/1
1
Xr?n(q,O) =—N§ (0)[5 + Z (;—X)h’l

x°.(0,0) = —Ng\(0).

This result is in fact valid for any system of independent fermions. Indeed, the static
long-wavelength limit can be evaluated directly from the general expression Eq. (5.76)
by expanding the Fermi factor f (. 4) around q = 0 as f(&;) + f’(ik)(ikﬂ — &)
The imaginary part then involves a term like x&(x) which vanishes and the real part
becomes

22,(0,0)==>[—f'(§)] = —f deNg'(e)[—f ()] '= —Ng(0),
ko —00
since —f’(&) becomes 6(¢) at zero temperature.

If we set x = O first instead of setting y = O first, we find xr?n(O, £) = 0. The function
x,?n (q, &) is in fact discontinuous at ¢ = &£ = 0, such that the value obtained for xr?n(O, 0)
depends on the order in which the two limits are taken. When q and ¢ are both small,
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Figure 10.1: Lindhard function.
It has a logarithmic singularity at
x = 1 (¢ = 2kg), corresponding
to the largest momentum at which
electron-hole pairs can be excited at (5 |- -
e=0.

we may develop the function along radial lines y = {x. Doing so, we find that close to
the origin and for ¢ > 1,

Finally, at high frequency we obtain by expanding around y~! = 0: xr?n(q, £€— 00)=
—N§'(0)(—552) = 2NS(0)eqer /€.

¢

1+
20 (q = 0,e o< q) = —Ng(0) (1—Eln ¢

1-¢

doc-42 Plasmon dispersion in RPA

In the RPA approximation for the homogeneous electron gas, the equation Eq. (5.80)
defining the plasmon excitation is, retaining the two terms of lowest order in q/e =

q/hw:
1 e2 N§'(0) l(hqu)2+l(hqu)4 o
€92 Vv |3\ mow 5\ mw '
1+

The terms in the square brackets give the expansion of the function —1 + %ln ‘ ﬁ)

in Eq. (5.77) around ¢! = 0. Multiplying the equation by w* and substituting the
Fermi-level DOS N&'(0) = mky ¥ /(7*h*) gives

e’n
wt—— (coz + %véqz) =0
€om

with n = k3 /(37) the electron density and vy = fiky/m the Fermi velocity. At g =0,

we find the solution w? = jj—;l = wﬁ, while the solution for all q is
11 12 V¢
w?=w?| -+ =41+ =-1L¢q2|.
rl272 5 w2

Expanding w(q) to order g2, we obtain Eq. (5.84).
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doc—43 Longitudinal and transverse dielectric functions

In a linear and isotropic medium, the macroscopic electric and displacement fields E
and D are colinear. In this case, the dielectric function e(q, w) relates the two fields
according to

D(q, (1)) = GOG(q, w)E(q’ w)

It is convenient to separate the fields in two components, one parallel and the other
normal to the wave vector q:

and similarly for D(q, w). Likewise, the dielectric function is split in longitudinal and
transverse components €, and €, such that

Dy(q,w) =¢€p€)(q, w)E(q,w) and  D,(q,w)=¢€pe (g, w)E (q,w).

In the macroscopic Maxwell’s equations, the source of the displacement field D is
the external or “free” charge density, V - D(r, t) = p®*(r, t), while the source of the
electric field E is the total or “bound” charge density, €,V - E(r, t) = p™'(r, t). Fourier
transforming these two relations, we find [see Eq. (2a)]

iq-D(q,w)=p™(q,w) and  €iq-E(q,w)=p"(q,w).

From the definitions of the longitudinal and transverse components, we deduce (omit-
ting the q and w arguments for briefness) o =iq - D = iqDj and p*** =ie,q -E =
i€oqE), while D and E| are related by D| = €,¢ E;. Comparing these three relations,
we find p®* = ¢ p"" or

P™(q,w) V™(q,w)

pei(q,w) Vg, w)’

e(q,w) =

For the last equal sign, we have introduced the scalar potentials V** and V'*°*, which are
related to the corresponding charge densities by the Poisson equation €, V2V (r,t) =
—p(r, t) or, in Fourier space, €,q2V(q, w) = p(q, w).

doc—44 Longitudinal and transverse spin-spin correlation function

In order to separate the longitudinal and transverse components of the spin-spin
correlation function defined in Eq. (5.100), we use the expressions of S* and S” in
terms of ST and S~ (Sec. 2.3.2) and write:

S(q)-S(—q) =5;8*, +S)8Y, +5:57,
= %(S; +S¢;) (Siq +S:q)_ (S;_Sq_) (S:rq _S:q) +stiq

1

7
— Q2 Q3 1(ct+c— —c+
_sqs_q+2(sqs_q+sqs_q).
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Hence the longitudinal and transverse components are defined as

2@ 1) = (5 [1y(@,0) + 2.0, )]

(4 x1(a.9) = —(T.5%(g, P)S*(~q.0)
(Z)ZXJ_(q: T) = % [_(TTS+(q: T)S_(_q’ 0)) - (T’I'S—(qi T)S+(_q7 0))] .

The diagrammatic representation of these functions for electrons interacting via Coulomb
forces is most easily written down in terms of the more general propagator

Zor0,010,@ D) == D (Tl ()i g0, (e, (0)cy, g (OD),
kk’

which allows us to express the longitudinal and transverse functions as follows,

0= Xnn— 200 H ) and oy =200 + Xt

where we have removed the (q, 7) arguments for briefness and y,,,, is the density-density
correlation function discussed in Sec. 5.1.4.5. The diagram representing y_ ../

1¥2¥1Y2
is the same as Eq. (5.75), except that the spins indices at the vertices are free. A
Dyson-like equation on the model of Eq. (5.69) may be formulated as:

o)) o 01— o
B -l
o) o 191 929 N 7/ o

o % 01 5] o

T 3

v P % 2 o1 [

oy % o1 —O0 o

e Ds

In writing this equation, we have taken into account that the spin must be conserved on
the particle and hole lines in the polarization diagram, all interactions along these lines
being spin-conserving. For the first term on the right, this gives rise to the product of
delta functions. For the second and third terms, this fixes the value of the spin on two
of the internal lines. As a result, a delta function appears due to the spin conservation
at the vertex. One spin variable is left free on the second vertex. This spin can be either
o0, or —0 ¢, which explains the two terms. We can immediately translate this into the
following formula:

Vv

01021_[0102 ;(Xalolo’l(r; + 170'170'10'/10';)'

_xalozo’lo’z = 5010’1 aza’znalaz +0
The definition of the various terms should be obvious by looking at the diagrams. This
relation actually defines a linear system of 16 equations for the 16 correlators y o
010,010,
It is immediately clear that y,_;o0 = Xo—0—0o = Xo—o—o—c = 0, since for these 6
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correlators the right-hand side of the equation vanishes due to the delta functions.
Furthermore, we also read from the equation that

Xo—co—c = _Ha'—o';

which is sufficient to determine y,. We are then left with 8 unknown correlators,
namely ¥, 000> Xooo—o> Xoo—cos> A4 ¥so—o—o- The diagrammatic relation leads to
two decoupled systems of two equations, namely

14
~Xoooo = H(ro‘ + Ho‘a?(%(ro‘o‘o‘ + X—a—o‘o-o)
14
—X—o—co0 = H—o‘—a?(l—o‘—ao‘o‘ + Xc’o‘o(r)

with the solution

Haa(l + %H—U—U) P _ %HTTHLL
1+ 210 ’ T 1+ n

Xoooo =

and

|4
~Xooo—o = Hoa ;(XU‘U‘O’—G‘ + X—U‘—O‘G‘—O‘)
1%
~—X—o—co—0 = H—U‘—O‘ 7(%—0‘—00—0 + Xoaa—o):

with the solution ¥, o0_¢ = Yoo—oo = 0. Collecting the results and using Eq. (5.79),
we find
I+ 45 10,11),

and =—=2(II;; + I1},),
1+%H XL 1l n

==

as indicated in Eq. (5.101).

doc-45 Equation of motion of the imaginary-time correlation functions

Writing explicitly the time ordering, —6,5(7) = 6(7){A(7)B(0)) + n6(—7){B(0)A(7)),
and noting that J.0(7) = 6(7), we find

— 0. 63(7) = 6(7)(A(7)B(0)) —n6(7)(B(0)A(T))
+6(7)(2:A(7)B(0)) + n6(—7)(B(0)2:A(7)).

In the first two terms, A(7) can be replaced by A(0) due to the delta function. This leads
to 6(71){A(0)B(0) —nB(0)A(0)), i.e., the first term in the right-hand side of Eq. (5.108).
The last two terms can be grouped as (T.3.A(t)B(0)). Finally, from the definition
Eq. (4.3) we see that 3,A(7) = [K,A],, hence (T.3.A(7)B(0)) = —(T.[A,K].B(0)) =
61ax5(7), giving the second term in the right-hand side of Eq. (5.108).



206 Details of calculations doc—46

doc-46 Grand potential and one-particle Green’s function

Consider the Hamiltonian K = K, + AV, where K,, contains no interaction term and
can therefore be solved to yield the partition function Z, = Tre % and the grand
potential Q, = —I% InZ,. Equation (2.5) gives the grand potential for A > 0 as

1
o) = 5 In Tr e PKoAV),

Taking the derivative with respect to A, we obtain

dQ(A) 1 Tr(—pV)e PEr)  Tpe Pty
dA B TreP&taV) T Tre-BKetAv)

= (V)2

where (---), is the thermal average Eq. (2.2) with respect to the Hamiltonian K, + AV.
Integrating with the boundary condition Q(A = 0) = Q, gives

1
Q=0(1)=9, +J dA(V);.
0

We now express (V) in terms of the correlation function that appears in the equation
of motion of the Green’s function, Eq. (5.114):

Z Varu, { aaarau aulh

aﬂhlf«z
== Z e, (T=(0)al(07)a, (07)a, (07)),

0‘%“1#2

Z wrusiy (T2} (D), (Ta, (D02 ]

aYVqHz A =

-6
Ay 20 i
— A —
___ Z Va7“1”2(6aya a, aa(T 07).
awluz v

On the other hand, Eq. (5.114) evaluated for f = a and the interaction AV and
summed over a yields

>-a.9k - Ziwsﬂa(r)—é(r)]ﬂ 2 Varai €l o (7

a oYy o

such that

(v>x=—%2[ 2.9 () — Zgaycg*(r) 5] _ .
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This, once inserted in the expression of €2, proves Eq. (1.9). It is more convenient to
write Eq. (1.9) in frequency space. Performing the Fourier transform, we have

(V)AZ_%%ZZ[UJ ‘gl L(1v,) — Zgayg (iv,)— 1] —ivn0”

iv,

_ﬁ E Z Z [ Z(l Vnéay gay)%;ta(l‘vn) — 1:|eivno+
_ﬁﬁ ZZ { G (iv) 9 Miv)],, — 1}eivn0+

__n1l ZTr[(ggl(ivn)%l(ivn) —1]e0",

n

We have used Eq. (5.112) and adopted a matrix notation. Now we introduce the
self-energy by means of Dyson’s equation, Eq. (5.31), which gives ¥ lg* =1+ x*g?
and consequently

(V), = _ﬁﬁ ZTr SA(iv, )G (i v, )e O .

an

The resulting expression for the grand potential is [see also Abrikosov et al. (1975,
p. 140)]

dl 1
QZQO_EJ ZTrZA(w Y9 (iv,)el"O".
0

Remark that the calculations and results in the present document assume that Q(A) is
a continuous function of A with a well-defined derivative. This assumption reminds
the hypothesis of adiabatic connection that underlies perturbation theory. In spite of
its apparent generality, Eq. (1.9) breaks down if a phase transition occurs between
A =0and A =1 and induces a discontinuous derivative in Q(A).

doc-47 Gor’kov equations

After performing the decoupling Eq. (5.115) and reshuffling the dummy indices, the
last term in the equation of motion Eq. (5.114) of fgaﬁ(r) becomes

Z ay iy [ >(gf‘1[5(f) + n(aiaul)‘ﬁwﬁ(f) + <auzau1>gjﬂ(f)] =

Yo
Z Z Vo v (a ) Grp(T) + Z Z Vauluzy<au1a ) %,p(7)

Y MM M2

Vil Vilay

+ZZ apia § aul>9;ﬂ(7«')-

Y Mz

Agy
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The mean fields Vj;, V,, and A are those reported in Eq. (5.119). With this, Eq. (5.114)
becomes

Z ( - a‘réay - ‘Say - [VH]ay - [Vx]ay)(gyﬁ(/r) - Z Aayg;ﬂ(r) = 5(T)5a[5‘
Y

Y

Moving to the frequency domain and using a matrix notation for the various quantities,
we get

(iv,1 —Ky— Vi — V) 9(iv,) — AF(iv,) = 1.

This is the first Gor'’kov equation displayed in Eq. (5.118). The notations V;; and V;
suggest that these quantities are the Hartree and exchange potentials, respectively.
Let’s see this in greater detail. From the definition of };, the representation of a:;l in

terms of the one-particle wave-function, aLl = f dr ¢, (r)ai [see Eq. (10.4)], and the
expression of the matrix element

Vo, s, =fdrdr’%’;(r)w;l(r/)v(r,r/)w,j(r)tpm(r’),

[see Eq. (2.44)], we find

[Viddap = f drdr’dr”dr” @3 (r)e;, (r'V(r,r)e,(r)e, ()

My 2

x @, (r")gl (") {al,a,.,).

The u; and u, sums yield closure relations: Zul (pzl(r’)gom(r”) =6&(r'—r") and
similarly for u, which gives §(r’ —r’”). Hence we find

[Vialap = f drdr’ @ (r)V(r,r')¢,(r)(a}.a,)
——

n(r’)

= f dr ¢, (r) [J dr'v(r, r’)n(r')] @p(r) = (alVulB).

The quantity in brakets is just the classical potential produced at point r by a density
of particles n(r’) subject to the interaction V(r,r’). In the context of the Coulomb
interaction, this is the Hartree potential. Following the same logic, one can check that
V, represents the exchange potential.

In order to complement the first Gor’kov equation, we must evaluate the equation of
motion of the anomalous propagator 9‘0" ﬁ(r). The latter is written in the main text,
Eq. (5.117), as well as its decoupling by analogy with Eq. (5.115). Again, by reshuffling
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indices, we find that the last term takes the form

_ZZ ariats, G O, Gp(T) — an . )9'/5(7)

Y Mo Y Uy

A VI,

_ZZ atia e B u1> /5(7)

Y Uil

[VH]EY
We thereby obtain in matrix form the second Gor’kov equation shown in Eq. (5.118):
(iv, 1 +K;+ Vi + V) Z(iv,) + A" Y(iv,) =0
The mean fields can be related to the propagators ¥ and Z'. Since
(af a, ) =(T:a} (0)a, (07)) =n(T.a, (07)a} (0))=-n¥,,, (=07,

we obtain Egs (5.119a) and (5.119b). On the other hand, we have
—(at 4T V¥ — ) T o)) = T (0 g’ *

(ap,zau1> - <aH1 a.“«z) - <Tra“1 (O)GHZ (0 )) - n(T’rauz(O )a (0»

=N I:gll«zﬂl(f = 07)] ’

which gives Eq. (5.119¢).

doc-48 Spin-singlet superconductor

In the real-space representation for fermions, the indices of the one-particle states
are pairs of coordinates (r;0;) for the position and spin of the electron and the wave
functions are ¢, , (r,0) = 6,5, 0(r —r;). The interaction matrix element therefore
becomes, according to Eq. (2.44):

Va/jyé - Vr101r202r3o‘3r40'4 = J dr ZJ dr/Z
o

X 846, 0(F —11)8 515,61 =1 )V(r,1")845,6(r —13)8 515, 6(r' —14)
= 50-10.35(7‘1 - r3)602045(r2 - r4)V(r1, "2)-

The pairing field results from Eq. (5.119¢):

Aaﬂ - Aror’(f’ = f drl Zf d"zz ror’o’ rlcrlrzcrz( rzozcrl(rl)
o1
=V(r,r')c o Cre) ==V, r')CroCripr).

The assumption of spin-singlet pairing means that only electrons of opposite spins
pair, in other words only A;; and A, are nonzero. They are not independent though,
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since the anti-commutation rules of the fermions and the symmetry of the interaction
V(r,r')=V(r/,r) imply

A, )= Dpyy ==V, 1) epem) =V, r)(cm Cop) = =Dy rp-

For the same reason, only 9& and 9} are nonzero. The Gor’kov equations involve
matrix products in the one-particle state indices. For instance

[Kog(lwn) ror'c’ f drl Z[Ko]rcrrlcr1 riogr’ o-’(lwn)

Here enters our assumption of a non-magnetic system: [Kyl,or 0, = 640,Ko and
Y 0,100 = 0g,5+9. Hence

[I%Og(iwn)]rar/a/ = 50’0” f drl IN(O(ra rl)g(rl; r/> lwn)

Likewise

[Agi’(iwn)],‘gwgz = 600’ J drl Arcrrl g,j —or’ g(lwn)-

The first Gor'’kov equation Eq. (5.118a) for o = ¢’ = 1 therefore becomes Eq. (5.133a).
For the second we proceed similarly:

[K:F ((wn)], g =60 o f dr Ky (r,r) 2], iw,)
[A*9(iw,)]. . =600 f dri AL, 90,1 iw,)
=64 o f dri A} .9, riw,),

such that the second Gor’kov equation Eq. (5.118b) for ¢ = —¢’ = | reduces to
Eq. (5.133Db). Note the sign change in front of A* with respect to Eq. (5.118). The gap
equation is readily derived from the definitions:

A(r,r)==V(r,r') el cl) ==V (r,r'NT.c., (0)c].(0))*
=V(r, r)[ T(r r T—0+)] =V(r,r)[F'('r T_0+)]

In the Dyson-like formulation, the self-energy is diagonal in the spin indices and reads
2(1", r/’ lwn) = f drler Ar‘TrllgO(rZ) ry, _iwn)AleT

= _J drldrz A(r> rl)(‘qo(rZ: ry, _iwn)A*(r/: rZ)’
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This can be recast in matrix form as (iw,) = —A%T(—iwn)A"L, where %T is the
transpose of %,. In the Nambu formalism, we may write down the spin structure of
the matrix explicitly:

iw, — K, 0 0 —Ayq, ¥ 0 0 =7y
0 iw,—Ky, —Ap 0 0 ¥ -7, 0 1
o* Ay ie, Ky 0 iy o Z, ~¢9 0 ;
A}, 0 0 iw, +K;/\Z, 0o 0 -y

and then reduce it again to a “spinless” 2 x 2 system for ¥, ¥*, ' = & lTT and

iw,—Ky, —A ¥ Z\_ (1 0
A" iw,+KJ)\FT —9*)\0 1)

This immediately leads us to the following Bogoliubov-de Gennes equations:
f dry [Ko(r, r)u, (r) + A(r, r)v, ()] = Eu, (1)

J dry [—K;(r, r)v,(r) + A*(ry, ru, (1) | = E, v, (r).

Our last calculation here will be the derivation of the gap equation in the particular
case where translation invariance is present. We must be careful to get the signs
right. In case of translation invariance, the gap equation Eq. (5.134) is A(r) =
V(r) [9 (=r,7= O+)]*. Fourier transforming, we get

A= J dr A(r)e_ik'r
* .
:Jdr V(r) I: gﬁ(—r,r:OJ’) ] e—lk.r.
S~~~ (N
% Zkl V(kl )elkrr % Zkz gT(kz,OJr)e*ikz'r
The r integration yields ¥ &y ., - Therefore
= L / T(1./ P *
Ak_;;‘/(k_k)[ w ]
3 S, iR i, Jeen0t

= LS k=K S [FK ie,)] e
¥ 4 3

iw,

The anomalous Green’s function Z(k, ic, ) is found by solving the algebraic equations
Eq. (5.135) with the additional assumption &_; = &:

for Ak . Ak 1 1
?’(k,lwn)=,—‘§(k,lwn)=—(, — - )
iw, + & 2E, \iw,—E;,  iw,+E
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We get:

Ak/ 1 1 . _
[ V(k — k iw,0 .

The last step is to perform the frequency sums with the help of Eq. (17):

%; ( o 1—Ek/ i, 1 Ey ) e = f () = f(Ei) = ~tanh (gE") '

This finally leads to Eq. (5.141).

doc-49 Free-particle propagator in the vacuum

The Green’s function of a free particle in the vacuum is given in momentum space by
Greo (K, 1) = (iv, — £, )7}, where &, = h?k?/(2m) — E, and E,, sets the origin on the
energy axis. We wish to derive the expression of ¥%;.. in real space:

elk't‘

1
Grree (1, 17,) = 72@

k

In order to perform the integration, we choose the coordinate system like in doc—2:

. ikr cos?
Greee (1, 17,) = "k Smﬁez
(2 )? w + Ey—h%k2/(2m)

ksmkr m 1 ketkr
= — dk = - dk .
nzhzrﬁ, —k2 2m2rPr i J_oo K2 —k2

We have introduced x? = Zh—T(ivn + E,). The remaining wave vector integration is
performed by means of the residue theorem Eq. (7), by closing the integration contour
in the upper half of the complex plane, where the integral vanishes due to the factor
e'*". The integrand has two poles at k = x. If Imx > 0, the pole at +« in enclosed in
the contour, while if Imx < O it is the pole at —«k that is enclosed. Hence we obtain

m g L | 2m
G oo, 1v,) = ———— el sign(mmxr k=\| —=(iv, +E,).
free n 27’[7727‘ hz n 0

This propagator is often used to describe particles that are asymptotically free, i.e.,
become free at a distance R large compared with other typical length scales in the
problem. In this situation, the free propagation from a point r in the system to a distant
point R, which only depends on the distance |r —R|, can be written as

. m
(gfree(r —R, ”)n) =TT o

27h°R etsign(mK)x(R—n-r) R>r),
i

where we have used the fact that [r —R|=R—n-r + O[(r/R)?*] with n = R/R.
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doc-50 Photoemission intensity and spectral function

The no-loss contribution to the photoemission intensity is given by the diagram dis-
played in Fig. 7.1(b). The various approximations involved and the relation with the
sudden approximation are discussed in Sec. 7.2 and illustrated in Fig. 10.2. Translating
the diagram with the help of the standard diagrammatic rules and inserting in Eq. (7.6),
we arrive at

dJSA _ 2h3R2

00102

B
[A(rz) : (Vlz - Vrz)] f drdt’ elﬂl'l'elﬂz‘t' 50102 (gbulk(rl —ry T’ — 7)
0

6001 Giree(R— ry, ’L‘)5002 Yrree(Ts —R, _T/)

i€, ~heof +{a)0—>—w0}.
iQy——fiw}

A factor of 2 for the two topologically different diagrams has been added as discussed
near the end of Sec. 7.1 and the factor —1 due to the fermion loop in the diagram is
cancelled by the fact that the correlation function is actually minus the diagram, like
in Eq. (5.59); one can check this by applying directly Wick’s theorem to Eq. (7.7). In

order to be able to perform the time integrations and the analytic continuation, we
introduce the spectral representations Eq. (4.11) of %, and %e:

Goun(r, T) = Z Z Gk, i) T
lwn f g ko)

1 o
gfree(r: T) = E Z (gfree(r; l(,l)n) e 1T,

iw,

f Afree(r €)

A(k, ¢) and Ag..(r,€) are the total spectral functions of the bulk and free Green’s
functions, respectively. We shall always denote the vector potential by a bold A and
the spectral function by a roman A, which should preclude any confusion. The time
integrations can now be evaluated:

B
1 i T it —iw (’L'/—T) —iDT ,—idy(—1") _
f drdt’e™ e e " e 2 /j 51(.01 iw +1S2161w2 iw,—i,*
0
One Matsubara sum remains to be performed before the analytic continuation:

lz 1 1 1 B F(e)
BHiw,—¢iw,+if ' 19 - 19.

i —eiw,—i—e, (e+i—e)(e—ifh—e)

We have discarded two terms proportional to f(e;) and f(e;). The reason is that
¢; and g, enter the spectral functions Ag..(7, ;) and Age.(r, €5). Since Agee(k, €) =

6(¢e —E) with E = h;’:: + ¢ the energy of the free photo-electron (see Fig. 10.2),
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r, @ O —» T
S H2xc2
, 2m

A
ry € L O/—/ L

Figure 10.2: The sudden approximation for photoemission. (a) The sample is treated as a
bulk material of volume ¥, overlooking the presence of the surface, and the propagation from
within the sample to the detector at point R is assumed to be free. (b) Energy diagram. Within
the sample, the energies ¢ are measured from the chemical potential u. ¢ is the surface work
function and fiw, is the photon energy. The photo-electron is directly excited into the vacuum
and k measures its kinetic energy above the vacuum level. In order to refer this kinetic energy
to the chemical potential u, we must set E; = —¢.

the spectral weight is concentrated at an energy of the order of fiw, which justifies
the approximation f(&;) = f(€,) = 0. These two terms correspond to the two time
orderings in Eq. (7.3) that are such that jP(R) acts directly on the system eigenstates.
We can now perform the analytic continuation iQ; — fiw! and iQ, — —fwy and
reintroduce the retarded and advanced free correlation functions [see Eqgs (3.18) and
3.19)]:

dJSA _ 2h3R2
dsgn) - lle6m3 [n'(VR—VR)]fdrld"z [A(rl)'(vg_vrl)]

—0Q

JOO d Afree(R_Ll’gl) foo d Afree(rZ_B’SZ)

(4 (9, = 9,,)]5; D etkire J de Ak, e)f (¢)
k

oo lethwg—eg +i0T | P e+hwy—ey—i0+

GR (R—1,6+hcyg) G2 (ra—R.e+hwg)

We have droped the second term with w, replaced by —w,. This term involves the
free propagators at energy ¢ —Aw, < 0 [remember that ficww, > 0 and that ¢ S 0
due to the product A(k, €)f (¢)]. At negative energy, the free propagators Ggi decay
exponentially like e "™)I" because « is imaginary [see doc—49]: such contributions
disappear as R — oo. This represents the physically obvious fact that only electrons can
propagate to the detector, not holes. Using the relations Gf (1, €) = %ee(r, € +107),
Gp..(1,€) = Ypee(r,£—107), and the expansion of % at large distances [see doc-49],
we are now ready to evaluate the gradients involving R and R. As we measure the
energies relative to the chemical potential and since the photo-electrons are at rest in
the vacuum if their excitation energy above the chemical potential equals the surface
work function (see the energy diagram in Fig. 10.2), we conclude that the energy E,,

must be set to E, = —¢ and that x must be taken as k = \/Zm(s +Hewy — ¢)/h* when
we use the free propagator of doc—49. After checking the identity (the limit R — R is
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tacit)

im2k
2m2h*

eikn-(rzfgl)’

Rz[n (Vg — VR)]Gﬁee(R —r,,e+hw,)Gh..(ry—R, € + Hwy) = —

inserting it in the expression of the photo-current, and noting that the reality of the
vector potential implies A(—q) = A*(q), we obtain

dJ*m) e 1
dQ = 32m2mh ¥

> f de Ak, e)f (e)K(e)
k J—oo

f driA(ry) - (V,, —V,, )e*ne "

—i(kn+k)-A(kn—k)

J dry A(r,) - (Vig _ Vrz)e—ik-LZeiKn.rz

—i(k+kn)-A(k—kn)

62

1 o0
= oy ; Joo de A(k, £)f(£)1<(£)|(;m +k)-A(kn — k)|2,

The last step is to remember that we have been considering a monochromatic light of
frequency w,; we furthermore assume that the light is linearly polarized and takes
the simple form A(r,t) = Acos(q, : r — wyt) with g, = w,/c. The Fourier transform
is A(q, w) = TVA[544,6(w —wy) + 0q _q,0(w + wy)]. The term with w = —w, gives
no contribution as we have seen above. We therefore need only keep the first term,
i.e., we take A(q) = ¥Adyq, . This implies that kn —k = q, or k + q, = xn, which
is the expected momentum-conservation rule if we interpret k as the wave vector of
the electron before it is excited and kn as the wave vector of the photo-electron. This
leads us to our final result:

drtn) v [T 9
= A-(n—22
aQ  8memh | de ‘ (" 2;<)

*3(e)Alkn — g, £)f (6).

For a light of energy 1 keV (X-rays), the wave vector g, = 0.51 A" is similar to the
typical electron wave vectors in a crystal. Such photon energies are usually used to
extract core electrons. However, for the lights of energy < 20 eV that are generally
used in valence-electron photoemission, the wave vector g, S 1072 A1 is negligible
compared with the electron wave vectors and we can assume that the light induces
purely g = 0 excitations. In this latter case, taking q, = 0, we arrive at the expression
given in Eq. (7.8).

doc-51 Kubo formula

Introducing the Fourier transforms of the conductivity tensor and of the electric field
with Eq. (2a) and performing the t’ time integration with Eq. (3b), we rewrite Eq. (8.1)
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in the frequency domain as

e(ju(r,t))y = f i—:e_iwfz:f dr'o,,(r,r',w)E,(r', ). (10.5)

On the other hand, the expansion of the current in powers of the vector potential reads
(G, O)y = GEGr, 0) + (20, ) + (2 (r, )5 + 0(42). (10.6)

We assume there is no current flowing in the absence of field, such that the first term
on the right-hand side vanishes. The second term is the paramagnetic current induced
by the vector potential which is, according to Eq. (6.19),

. m _ = do _ t / . + ’
(jh(r, )y ——eJ._OO PPl e Z):fdr Cirryo (i = H™)A,(r, ).

LE, (o)

The third term in Eq. (10.6) is just the average of the diamagnetic current, computed
directly from Eq. (2.49¢) because j¢ itself is first-order in A:

“ dow
—e_i“’fAH(r,co).
—_——

G, ) = =4, (r, ) (nlr, 0) = = (n(r) f

—0Q

1
7o Eu(r, w)

Here we have used the fact that the average (n(r, t)) must be evaluated in the absence
of field and is therefore independent of time. Collecting the two terms, we find

oo
) do _;, e? .
eUulr, v :Jm%e l tZJdr/{_ﬁ%fﬁ(r)ﬁ(r’)(lﬂn = he™)

2
_5uv6(r - r/)l.(f)_m<n(r)>} Ev(r/9 0))

Comparing with the Ohm’s law Eq. (10.5), we deduce the expression of the conductivity
tensor reported in Eq. (8.2).

In case of translational invariance, we have (n(r)) = (n) and 0,,,(r,r’, w) = 0,,,(r —
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r’,0,w), such that

A 1 A
0,,(q, )= J dre170,,(r,0,w)= 7 J drdr'e™" o, (r+r',r',w)

2
%% drdr/e_iq'r |:(gp(r+r’)] (r/)(lQ —>h(,()+)+5 5(7’)%]
_ ie? o T
{7/2 Z Cirait (qz)(h“) )~ J drdr’e 47 /0t )eldz
919>
V844,041,
(n)
+ 5‘“,?}
ie

= z[l%p (i, = Aw™)+6, <>}
w |7 (@iv(=q) m |’

consistently with Eq. (8.3).

doc-52 Drude formula

For a momentum-independent self-energy (), the spectral function entering Eq. (8.8)
is given by [see Eq. (7.12)]:

—Im>(e)/m
[e — & —ReZ(e)]2 + [Im=(e) ]2

Alk,e) =

The dc conductivity resulting from Egs (8.9) and (8.8) can be recast in the form

®(E)
{[e —ReX(e)—EP +[ImX(g)]2}2"

adc=f de[—f’(s)J[ImZ(e)]ZH dE

—00

We have used Zu ki = k? and introduced the material-specific transport function

i
®(E) = %% V25(E —E).

ko

v, = B V&, is the group velocity, which is ik /m in the plane-wave basis. We see
that the transport function is proportional to the average squared velocity for all states
having energy E. ®(E) will vary from one material to the next depending on the details
of the dispersion relation &}, but it is expected to be a slow function of E. In order
to illustrate this, we assume a free-electron dispersion &, = h”k?/(2m) — ez. Using
(hk/m)? = 2(& + &p)/m, ®(E) can be related to the free-electron DOS:

26277 1 26277

®(E)=

Z(ak +£p)5(E —E) =

f dEN§'(E)(E +ep)8(E—E)

Zezh

3 ——NE)(E + &p).
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This is indeed a slow function of E that varies on the scale of ;. In contrast, the
denominator in the expression of o4 varies over a much smaller scale ~ Im¥(¢),
with ¢ constrained to remain of the order kzT. We can therefore take ®(E) ~ $(0).
Substituting the free-electron expressions, we find:

2e%h 2e*h mky hzké _ e’h k}? ne’f

®(0) = ——N*(0)ep = = = )
© 3m o (0 3m m2k% 2m m 3m2 m

Replacing ®(E) by ®(0) in the expression of o4., we are left with an integral that can
be evaluated analytically:

1(” dE 1 (T du 1
T ) o [(@a—E)?+T2]2 I IE oo (W2 +1)2 I SEN

Finally we get

_ ne’h f T e @I

O4c = & .
T om |7 Imx(e)|

It is interesting to note that the real part of the self-energy disappears completely,
leaving only the imaginary part in Eq. (8.10). The real part of ¥ encodes information
about the renormalization of the dispersion, like e.g. the effective mass. The observation
that the real part of the self-energy disappears underlines the fact that the bare electron
mass, not the effective mass, should be used in the Drude formula Eq. (8.10). For a
more detailed discussion of this point, see doc—76.

doc-53 Self-energy in the first Born approximation

For real energies, the self-energy Eq. (5.41) reads

08y = n b ST MO LSy pGat—g, )
’ L e—E g +i0t YV 4 0 ’

with GX the free retarded Green’s function [see Eq. (3.26)]. £'* is a convolution in
reciprocal space with the generic form f(k) = ¥ Zq g(q)h(k —q). In real space,
such convolutions become simple products: f(r) = g(r)h(r). Hence we can write
%1BA in real space as

2
7 2 —krpr
SBA(r,g) = n, (—e) Z _GR(r,e).
€ 8mkrp

We have used Eq. (8.13) for v(q) and Eq. (15) for the Fourier transform of |v(q)|?.
For an isotropic dispersion &, = h°k?/(2m;) — e, the real-space Green’s function was
calculated in doc—49:

R _ My ixr : — zmb =
Go(r,s)——2nh2r e' with K="\ ?(e+eF)—kF\/1+e/eF.
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The last step is to Fourier transform back to momentum space, using spherical coordi-
nates like in doc—2 and doc—41:

7 2 kTFr ixr
ZlBA(k, £)=— (_e) M dT‘ d’l? r smﬁ o~ ikrcos?
€o 1671'277 kTF

The ¥-integration is elementary and ylelds 251n(kr) /kr. The r integration is easily
done as well:

1BA Zez ’ mpn; = . —kppr IKT
Tk, e)=—| — | ——— dr sinkre "m"e
€ ) 4nhkk ),

3 (et — e )
(2 myn ( 1 1 )
" eo ) 8nlkopk \k—k +ikyy K +k+ikes )

Eq. (8.14) results by introducing the expression of k and using the isotropic-electron
gas expression k2, = (e%/€,)N°(0) = (e?/e,)my kg /(m*h?) to rewrite the prefactor.

Let’s estimate the order of magnitude of the residual resistivity in order to check
whether it can explain the data of Fig. 8.1. The residual resistivity is deduced from
Egs (8.10) and (8.11) evaluated at T =0:

p 2

po =~ = lIm =" (ky, 0)].

We write the impurity density as n; = (x/100) x 4/a®, where x is the impurity con-
centration in atomic percent introduced in the first paragraph of Sec. 8.3 and 4/a®
is the number of atoms per unit volume for fcc crystals like copper and silver, with a
the lattice parameter. The electronic density is expressed as n = 4N, /a® with N, the
number of valence electrons per atom. Denoting s = kp/ky, we arrive at

_po__ 1 mdag(ajag)’(my/m)*  Z’
T x  3(107m)2 eyh N2 s2(4 +52)
(a/ag)’(my/m)*  Z?

=9.23x 1072 uQcm

N2 s2(4+s2)

Copper and silver have a band mass of the order of the electron mass and one valence
electron in the 4s and 5s shell, respectively. The cubic lattice parameters are a = 6.83a,
for Cu and a = 7.72qa, for Ag. The parameter s measures the efficiency of the screening
and is more difficult to estimate. The free-electron expression with N, = 1 electron
per atom underestimates s because it ignores the screening effect of occupied d levels.
The free-electron formula give

oK _ 2% (a/ag)(my/m)
k% 31/35/3 Nvl/3 ’

which leads to values of s &~ 1.5 for Cu and Ag and to somewhat too large a coefficients
acy/Z* = 2.9 uQem/%imp. and a,,/Z* = 3.5 uQcm/%imp. Increasing s by a factor
two relative to the free-electron result gives a coefficients in very good agreement with
the measurements: ac,/Z% = 0.37 uQcm/% imp. and aAg/Z2 = 0.44 u Q2 cm/% imp.
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doc-54 Second-order Coulomb self-energy

Performing the analytic continuation iw, — ¢ +1i0" in Eq. (5.48), taking the imaginary
part with Eq. (10), and using the notations k3 = k + k; —k, and &; = &, we get

_Im( §<:>§ + I8N ) = % Z [21V (ke —k,)> = V(k; — )V (ky — k)]

kik,

X {f(‘gl)f(—gz)f(—gs)+f(—§1)f(§z)f(€3)}5(€ +&1—&,—&3).

Inside the braces {...}, we can replace &5 by ¢ + &; — &, due to the delta function. Let’s
first remark that, at low energy ¢, the Fermi factors and the delta function impose that
all momenta k; be close to the Fermi surface: indeed the combination of Fermi factors
can be rewritten as

()= FEDSf(=Ef(E)f (=E5)
FEFED—FEI+ (=D (&)

In the numerator, f (&1)f (—&1)f (§,)f (—&,) vanishes as soon as k; and/or k, deviates
from the vicinity of the Fermi surface. In addition, since ¢ + &; — &, is small, the
delta function also requires that &5 is small. The exact evaluation of the diagram
requires to perform cumbersome integrations over the angles between the vectors k,
k,, and k,. In order to ease the evaluation, we make two simplifications: (i) we replace
the Coulomb potential V(q) by a constant Vj, to be interpreted as an average of the
Coulomb matrix element for wave vectors on the Fermi surface; (ii) we average the
diagram on k, assuming it has a weak momentum dependence. Since k only appears
in &4, the k-average can be converted into a &5 integral according to

1 Y11 1 « .
ﬁ;('“) = NE?%U = 5 Yean f _AENGEN)

The & integral is trivial due to the delta function and the remaining double integration
on &, and &, can be done exactly for a flat DOS:

—Im( Q + NN ) ~ g“yceuVOZ[Ng‘l(O)P

x J dE1dE, {F(EDF (—E)f (me— &1+ &)+ F(-ENF(E)f (e + £ —E)]

T
= 1g Yea Vo ING (0 [ + (ks T)?],

as indicated in Eq. (8.16). Although the two diagrams give contributions of similar
amplitudes but opposite signs, they do not cancel due to a factor of two difference.
The latter is due to the presence/absence of an internal spin sum.



doc-55 Self-energy up to third order for the Kondo Hamiltonian 221

doc-55 Self-energy up to third order for the Kondo Hamiltonian

The first-order correction to the Green’s function Eq. (8.28) involves the factor

N

i

(TS5 r T ))obimp = (T2 D58 (708 —R)) ),

(=1

(o5t (7))o <25(r1 R)),.

nifdr 6(r)=n;

We have proceeded like in doc—33 for the impurity average. Now we use the fact that
the unperturbed Hamiltonian K, [first term in Eq. (8.24)] does not depend on ss ', such
that [Ky,s}'] = 0 and

Tre PRoemikKoghte=miKo Ty e=Plogln

u — (M — — — u
<T75d1(T1)>0_<5d1(T1)>0_ Tre—ﬂKo - Tre—ﬂKo —TI'Sdl.

The last equation holds because the Hilbert space is a tensor product of that of the
conduction electrons and that of the impurity spin and in the absence of coupling we
can write Tre PXosh! = Tre PXoTrs"". We thus find, using the definition s; = (f1/2)7
of the impurity spin as well as Eq. (23):

h
(<T’ngl(r1, T1)>0)imp =n; ETTTHI =0.

This result is expected: since nothing in the Hamiltonian K, breaks spin-rotation
invariance, the average value of the impurity spin must be zero. At second order, the
spin-spin correlation function does not vanish:

((Trsgl (rl: Tl)Ssz(rZ, TZ))O)imp =

(Tsul(ﬁ)suz(fz) <Z5(r1 R,;)Zﬁ(rz Ré/>

=1

n;8(ry—r)+0(n?)

Developing the time-ordering operator and using Eq. (23), we find

2 2

h h
(Tesh (71)s57 (7))o = 7 [0(Ty —T)TrttH2 + 0(7, — 7)) Trth2ti ] = 5 6,5

so that finally

h2
((Trssl(rly71)552(r2172)>0>imp =1 5 MIM25(T'1 r)-
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We insert this result in Eq. (8.28), move from the real-space to the momentum-space
electron operators, perform the spatial integrations, and finally use Wick’s theorem to
arrive at the following second-order contribution to the Green’s function:*

@ h4J2 B u
gaa’(k’ T) =n; 8 L dTldTZ Z Tglazr(flzo’

U103

<sﬂls§2)
/ \
1 ko O}(/O'/l 02\)\03 ko’
x ;Z(go(k,f_fl)%o(q,ﬁ_Tz)go(kﬂ'z):ni X - o3 = o
q

In the diagram, each dashed line carries a factor iJ/2, the gray circles represent
the Pauli-matrix coefficients, and the constraint on spin indices (o; = o, o"1 =0y,
o, = 0') is enforced by the free propagators. Thanks to Eq. (24), we can evaluate
Do, T Toror = (2, T17#) 5o = 385o/. The result is diagonal in the spin indices
as imposed by the spin-rotation invariance. After a time Fourier transform we obtain:

9 (k,iw,) = Gk, iw,) | & nﬂlzfg( iw,) | %ok, iw,)
oo/ \IY> t&n) — Jo, L& Ua’lg,yqoqfn O\ E%n J.

In this form, it is clear that what we have found is the first term of a Dyson equation, with
the part in the square brackets being the self-energy Eq. (8.29). From the diagram, the
self-energy ch)r' (k, T,—T4) is obtained by removing the two external legs corresponding
to the free propagators ¥,(k, T — 7,) and ¥%,(k, 7,). The simple structure of the result
without mixing of k with other wave vectors is a consequence of the factor 6(r; —r,)
from the impurity average, which itself reflects the fact that the impurity spins are local
objects.

At order n = 3, the three-spin correlation function reads

((TTSZ“ (r1, T1)552(r2, Tz)Sf;g("?,, 73))0>imp

= (Tesy' (71)sy" (72)sy” (T3))o X 1;8(ry —13)8(ry — 15) + O(n})

and also yields delta functions of the real-space coordinates. Hence the self-energy has
the same simple structure as for n = 2 and is given by the diagram

1 o 13
(5q"84754°)
/ I \
o,loy oylo), o3 oy

3) /
Z( k,T{—7T3)=n, x o0-¢ & &0,
UU/( > 1 3) ! T1 q1 T2 42 T3

The three-spin correlation function now has a time dependence because spin operators

! The Wick theorem yields two topologically equivalent terms, only one of which must be counted.
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do not commute:

(Trsgl(71)352(72)553(%))0 =0(1,—712)0(72— 73)<5d Sd 5d3>0
0(t;—73)0(73— )<5d 553552%
0(ty—71)0(7,— T3)<5525515d Jot
0(ty—73)0(73— Tl)(S?STS(’;“)o
0(t3—71)0(71 —T5)(sh’sy’
(s

5,8, sd 2o+
0(t3—75)0(72—71) ishastn

ddd>

From Eq. (23), we see that

AW in’
By M2 M3y —
(st1st?si®Yg = (E Trrtighehs = 2 Chatiatiy

and since € etc., we can rewrite

iz —  Cpppy g

(Tl (72085 (7255 (D)0 = €| 0071 = 72)6(72 = 75)

—0(1; —713)0(13—72) —0(12—71)0(7; —713) + 0(12— 73)0(7T3 — 71)
+0(13—71)0(11 —72) —0(73—72)0(T2— 71)]-

The value of the diagram becomes, taking into account the constraints on spin indices,

3
(3) lh
Took, T —T3) =n; ( ) Z Z Z Tho, oo T a3o'€uluzus

q192 U123 0203

B
X J dt, [ e ](go((h: T1—72)%(q2, T2 — T3),
0

where the square brackets contain the complicated time dependence due to the time
ordering. Eq. (24) tells us that

M1 pha = My U2 U3 — 61
Z Z 002 Ung oga’euluzua_( Z TR euluzug)ag,_6l5aa“

Uraolh3 0203 My Mo 3

Furthermore, since the self-energy is a function of the time difference 7, — 75, we can
set 75 =0 and redefine 7; = 7. In doing so, most of the theta functions in [...] either
vanish or equal one and we are left with [...]=0(7t —7,) — 0(1,— 7) = sign(t — 75,):

613
3) 3r7% 1
Z (k T) —_ —5GU/H 16 "1/2

f dT,sign(T —13)%(q1, T — 72)%(q2, T2)-
9192

oo’

In order to perform the time integration, we need the expression of the free Green’s
function in imaginary time. This can be directly read from Eq. (17): %,(k,7) =
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—[6(7) — f(Ex)]e~**". We then have for the 7, integral, using the notation &; = Eqir
f d7,[0(7 —73) = f(E1)]e = T[0(1,) — £ (E;)]e ™
0

B
—f A7, [0(7 —75) = F(E)]e = T™[0(7,) — £ (E)]e =™

=[1—f(ENNL—F(ED]e 5" f drgef1mt)m

0

B
—[—F(EDN1—f(E)]e ™" J dr,el6i=5)m

T

(&1=E8)7 _ (E1=82)B _ p(&1—&)T
= — — _glf; _ &7 e e
f(=81f (=&2)e £_g, +f(E1)f (=E2)e e
1

= [FE0f (=8 (757 — e 817) + £ ()P f(=Ey)e PE e
—_—

£-&;
f(=€1) f(&2)
— F(EF (—E)e™57]

{112 (EIfF (-8 e 57 +[1—2f (£))]f (—Ex)e 57}

_ 1
£-&;
= ali g2{[1—2f(£2)]%(ql,r)—[1—2f(£1)]%(qz,r)}
_ 1_2f(€q2) 1_2f(€q1)
B 5‘11 _€‘Iz %O(ql,f)-i_ ng _g‘h

(gO(qZ, T)-

The last line shows that the two terms are equal with the roles of q; and g, exchanged.

Since the T dependence of ZS’;,(k, 7) only comes from ¥%,(q;,7), we can directly

perform the time Fourier transform and write

6J3 1-2f(&,,)
3) . 3r°J° 1 9 .
Zo—a-/(k;lwn) :_50'0"ni—_ —(g()(ql,lwn)
8 72 q9192 g‘h - qu
3n®s31 (7° 1-2f(&,) 1
:5 N — = d d NEI Nel 2 )
oo 8 4 f_oo gl ‘52 0 (51) 0 (‘52) 52 _gl ia)n _51

We finally evaluate the scattering rate given by —Im = on the real-energy axis iw, —
£+ 10" using Eq. (10) and we thus obtain Eq. (8.30).

doc-56 Calculation of the tunneling current

In a tunneling experiment, electrons disappear on one side of the junction and appear
on the other side by quantum mechanical tunneling. It is therefore natural to evaluate
the current by counting how many electrons appear or disappear from, say, the right

system per unit time: I = —e(Ng). Here Ny = . o c;; c, is the total number of electrons
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in the right system and Ny its time derivative. Our convention is that the current is
positive when electrons flow from left to right (remembering that e = —|e[). Since
(NR) vanishes if the tunneling Hamiltonian H; [Eq. (9.1)] is ignored, the strategy is to
calculate (Ny) using the linear-response theory for the perturbation Hy. We must tackle
the difficulty that, in the absence of perturbation, we have two systems with different
chemical potentials u; and pg. Therefore, the time evolution of the operators cannot
be written in terms of K = H — uN since there is no well-defined u. We temporarily
revert to the canonical description in which the time evolution is controlled by H and
we use the notation A(t) = et/MAe~—iHt/M Later in the calculation, we shall reintroduce
the grand-canonical description A(t) = e’X/"Ae~ /M in term of a modified grand
Hamiltonian K = H; + Hg — u; N; — ugNg.

From the general linear-response formula Eq. (6.3), we deduce

t

(Np(e))) =~ f iy ([Ne(0), Az (11)])

—0Q0

and, consequently, for the current at first order in Hy:

I(t) = %J dt1Q(t_f1)<[iﬁR(t);HT(t1)]>-

—0oQ

In the canonical description, we have

iANg = [Ng,H} + Hg + Hy ] = [Ng, H; 1+ [Ng, Hg ] +[Ng, Hy ]
W_/ H—/

_ZZTAP CorCorr €02l +ZZ [C Cors lp]
| — \—/—’

P’ Ap . P Ap N
Spp/ChCy —0,p/€;,Cp

:AZ:TM Z T} che, =X —X".
P

We have used our assumption that fermion operators in the left and right systems
anticommute, the expression Eq. (9.1) of Hy, and the standard commutation rules
Eq. (2.41). Note that the tildes are not required here: we use them to specify that the
internal time evolution is governed by H rather than H — uN, but there is no internal
time evolution involved here. Note also that the internal time evolution of the operators
is governed by the full Hamiltonian H, including H; however, the correlation functions
which give the linear response must be calculated with H; set to zero, as usual in
perturbation theory. The current becomes

I(t)=§f dt, 0t — )[R —XT(0),&(t) +X(t,)]).

—0Q
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Using the property —([A", B"]) = ([A, B])*, this can be put in the form

I(6) = %f dt, 00t — ) {{[X (), XT(t)]) +([X (). X (¢)]) + c.c.}
= i—iReJ_oo dt; 00t — ) {{[X (), XT(t)]) +{([X(©). X (e)])}

= _% ImJ. dt; {(—i/mo(t — t1)<[?2(f):if(f1)]>

+(—i/mo(t — t){[R(D),X(t)])} -

We see that the current is given by two retarded correlation functions of the form
(—i/m)O(t){[A(t),B(0)]). The time evolution and the thermal average are governed
by H; + Hy as pointed out above. We would prefer to have functions of the kind of
Eq. (3.4), i.e., (—i/h)O(t){[A(t),B(0)]) with the time evolution governed by the grand
Hamiltonian. To this end, we introduce K = H; + Hy — u; N; — ug Ny and we note that

X(t) — Z Txp ei(HL+HR)t/hC:; Cle—i(HL+HR)t/h
Ap

= Z TAp oiKt/h el(uLNL+uRNR)t/hC; Cke—l(uLNLﬂLRNR)t/h oKt/
Ap

ei,uRNRt/hC; e*iuRNRt/h ei,uLNL t/hckefiuLNL t/h

Considering Eq. (29), we have ei“RNRt/hc; = cz;ei“R(NR“)f/h and etNit/fic, = ¢, et (NL—1)t/H
which gives

X(t) — Z Txp eiKt/hC;r)eiuRt/hCAe—iuLt/he—iKt/h — pleVt/M,iKt/iy —iKt/h
Ap

— eith/hX(t),

where we have used the relation uz — u; = eV and the general definition Eq. (2.15).
Hence we can rewrite the current in terms of the retarded correlation functions that
we are used to manipulate:

I(t)=—%lm{f dty eV (—i/mo (e — e)([X (), XT(¢1)])

—0Q

e (t=ty)
+f dty VM (—i/myo(e — )([X (£),X(t,)]) }
- CE (t—t))
2 .
== Im{Cl (ev /) + HV I, (—ev /).

This is just Eq. (9.3). The next step of the calculation is to express the two correlation
functions in terms of the Green’s functions in the left and right systems. This is possible,
because the correlation functions must be evaluated without Hy, i.e., with the two
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systems disconnected. We deduce the retarded function from the imaginary-time
equivalent:
Gyxr(7) = —(T.X(7)X7(0))
== 20 21 T Ty (T3, (9, (7)), (0, (O
A1p1 Az2p2 - N
(Toc! (0)c,, ()i, (Tec, (T)eh (D),

= Z Z Tllpl T;zpz (g}‘ll2(ﬁr)(g‘02pl(_r)'

A1P1 A2p2

A tunnel junction is not invariant by translation. Hence the calculation of the tunneling
current is not optimally done in the plane-wave basis or the momentum representation.
Until now, we have worked in the unspecified representation of the c; and c:) operators
introduced in Sec. 9.2. The last step of our calculation is to move to the real-space
representation in terms of the operators c;r and cI (the spin is irrelevant in the tunneling
problem—unless magnetic materials are involved—and thus spin indices are omitted).
According to Eq. (10.4), the relation between c;r and c]{ is c; = f dly ;L(l)c:. In other
words, creating an electron in state |¢,) is like creating an electron at every point 1 of
space with an amplitude equal to the wave function ¢, (1). The relation between the
Green’s function ¥, ; (7) and 9(l;, 1, 7) is thus

G, (1) =—(Tc, (1)c (0)) =— f dlydl, 9} (1), (1L)(Txc, (T)c] (0)

= J dl,dl, 90;1(11)%%2(12)’5(117 L, 7).

Collecting all factors, we obtain

G (7) = f dlLdLdrdr, 3¢5 (DT, ¢, (1) 0, (LITS ¢ (1)
AP A2p2

T(l;, 1) T*(1y,15)
X (g(llf 12’ T)(g(r29 ry, _T)'

The quantity T(l,r) is the amplitude for an electron to tunnel from the point [ in the
left system to the point r in the right system. In order to evaluate the current, we need
the Fourier transform of the retarded function at frequency eV /i. We therefore Fourier
transform from 7 to if,, use the spectral representation of the real-space Green’s
functions like in doc—50, as defined in Eq. (9.5), evaluate the sum over Matsubara
frequencies using the standard routine, and finally perform the analytic continuation.
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We get
ﬁ .
C;?XT(eV/ﬁ) = f dt e ™" Gyxi (1)
o iQ,—eV+i0+
oo
_ de,de, f(fz)—f(ﬁl?
oo eV +ey—g; +10*

x f dlydlydridry T(L, 1) T (L, )AL, 1y, €1)A(rs, 1, €2).

The spectral function A(x1, x,, €) is in general a complex quantity, if not for the diagonal
part A(x, x, €), which is equal to the LDOS. We can relate the spectral function to the
retarded Green’s function by A(x;,x,,¢) = ﬁ{GR(xl,xz, £)—[GR(x,,x;,€)]*}, as can
be readily checked using the spectral representation of Sec. 3.2 or directly via Eq. (4.15).
Using this to replace A(r,,r;, €,) and exchanging the dummy variables (1;,r;) and
(1,, ;) in the second term, we arrive at

[ee]

C;XjA(eV/ﬁ) = J dede,

—0Q0

fe)—f(e1)

eV +ey,—e, +i0t

X f dlydlydridryIm [T(ll: r)T*(ly, )AL, 1y, £1) (—%) GR(rz, ry, 82)]-

Taking the imaginary part with Eq. (10) and inserting in the formula for the current,
we obtain Eq. (9.4).

The calculation of the Josephson current is in every respect similar, with the important
difference that the anomalous Green’s function Z ' will replace the Green’s functions
4 (see Sec. 5.2.2.3). The final result is

C;;X(—EV/T’T) = f dlldlzdrldrz T(ll, rl)T(lz, rZ)

~ . flen) = f(=¢,)
Xf deydey B(ry, 1y, 61)B (12;11,82)_6‘/_161_82 +2i0+’

—0Q

with B the spectral function of Z 7.

doc-57 Bardeen’s formula for the matrix element
The matrix element Eq. (9.10) reads:

2
Thp =f dx @, (x) Up(x)pp (x) =J dx [«pl(x)epw;(x)—cpx(x)g—mcp;(x)}.
R ~— R

(ep=22 o5 0)

We assume that the tunneling process is elastic, in other words the matrix element
is nonzero only for states that have the same energy: ¢, = ¢;. In the integrand, the
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quantity @, (x)e, = £, (x) can then be replaced by [% + UL(x)](pA(x). But, since

U, (x) vanishes in the region of integration, this is simply %(p 2(x). We obtain
. P’ .
Ty =JRdx [sop(x)ﬂcpl(x)—wl(x)ﬂwp(x)}
r x 2 2 #
= —ﬁJRdx (02 (x)V20, (x) — ¢, (x) V20 (x)]

2
— e [ @9 (3007, - 0,007 0]

2
=‘§_m [0 (000, (x) — 9, (x)Vy: (x)] - ds.
S

The third line uses an identity of vector analysis and the last line uses the divergence
theorem, namely fV(V -F)dV = fs F -dS. We have thus obtained Bardeen’s expression
Eq. (9.11).

doc—58 Single-particle current in the basis of electrode’s eigenstates

Here, we rewrite Eq. (9.4), which is written in the real-space basis, in the abstract
representation of the eigenstates of the left and right electrodes ¢, and ¢, respectively.
The first step is to express the matrix element T(l,r) in terms of T}, :

T(,r) = (r|TI) = D (rlp)(pI TIANAIL) = > ¢, (1T, 05 (0.
Ap Ap

We then rewrite the real-space Green’s function 9(l;, 1, 7) using the transformation
Eq. (10.4): clT =>4 @;5(Dc;:

Gy, 1, 7) = —(Toc, (1)c] (0)) == D 0, (1) (1)(Toc, (7)), (0))
AN

= 6, ()95 (1) G ().

AN

If the functions ¢, are the ones that diagonalize the left electrode, we have ¥, ,.(7) =
619, (1) and we therefore obtain, for the real-space spectral function,

Ally, L, e) = > o, (1)@ (1)A; e).
2
As usual, A, (¢) = (—1/n)Im %, (iw, — ¢ +10T). With this, we have all ingredients

to replace T(l,,r;), T*(I,,15), AL}, L5, € — |e|V), and GR(r,,r;,¢) in Eq. (9.4). All
real-space integrations are elementary, for instance

J. dl, ‘P;(ll)wy(ll) =065

which leads directly to Eq. (9.13).
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doc-59 Tunneling matrix element for the STM
The tunneling matrix element Eq. (9.11) can also be written in the form

hZ
Ty =5 L dx [()V2, (x) — 0, ()27 ()]

using the divergence theorem [see doc—57]. We calculate this matrix element in the
case where the tip state @, is a s state. Using the correspondence between ¢ (x) and
g(x), we have

V2p(x) = L0 G20 () = FTE0 [ 200y 5(x)] = 2, () — 220 5(x),
K K K

S S S

Furthermore, we have seen [Eq. (9.19)] that V? goz (x)= Klz) np;;(x). Hence

i 47rC00
2m

Tp=

hZ
05 (0)— f dx (12 =12 ) 2 (2D, (x).

The second term on the right-hand side vanishes if the tunneling is elastic.

doc-60 DOS of the hypercubic lattice

The hypercubic lattice is the generalization of the non-interacting one-dimensional
nearest-neighbor tight-binding chain to arbitrary dimension d =2 1. Ind = 2, it
corresponds to the square lattice and in d = 3 to the cubic lattice. The dispersion takes
the form

d
& = Zthos(kia) — U.

i=1
In order to evaluate the corresponding DOS, we replace the delta function by an
exponential with the help of Eq. (3b):

2 +% 2 iu(e—
Nd(s)szn ddk(s(g—gk)—wf _f du e

Once the expression of &, is introduced, the integrals along all directions in momentum
space decouple and become equivalent:

2 = iu(e+u) 4 i dkl —iu2t cos(k;a)
Ny(e) = by due | | —e i4),
T J-oo i-1J-z 27

The k; integration can be performed thanks to the expansion Eq. (13):

¢ dkz —iu2tcos(k;ja) — < . 1 i dd ; Ij 1
fu i) = i"J. (—u2t)— — "™ = =J,(2|tul).
J_ﬂ >, Pau20g | Soet = Zualed)
a N——

277: e

5n,0
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We have used the fact that Jy(x) is an even function of x. Hence

Ny(e—u) = ﬁf

1 i e £x
—— | 4 22 ) 7).
nadu|J; 'x°°s(zn¢) 0 (x)

For d = 1, the integral yields the result Eq. (9.30). We can also finish the calculation
for d = 2: integrating by parts, we find

[ee]

@w%mmg£ﬂ~mmwmmmd
o wa 0

naze 2|t]

Ny(e — ) = — f dxsin(ﬁ)Jo(x)Jl(x)
0

= k(1 Te/(40) )6 (alt] ~ e,

" m2a2|t]

where K(x) is the complete elliptic integral of the first kind.
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Bonus material

doc-61 Thermodynamics of free quantum particles

The equation of state of a many-particle system in equilibrium is p/(kzT) = aa—,,, InZ, as
we saw in Sec. 2.1.2. We consider here free spin-S particles, for which the equation of
state can be worked out in closed form by means of special functions called polyloga-
rithms. This will also give us the opportunity to encounter other special functions: the
Euler gamma and Riemann zeta functions. For independent particles (Sec. 2.1.3), the
partition function is Z = [, (1 —neP%«)™". The single-particle energies &, = ¢, — u
with &, = i%k?/(2m) are independent of the volume but the number of these levels is
proportional to the volume, such that InZ is an extensive function proportional to the
volume. We introduce the fugacity z = neP* and we convert the sum to an integral:

P _% 150 _ zePea
kBT_a”J/RI/“VZa:( n)ln(l ze )

independent of ¥

=—n(2S+ 1)f deNy(e)In(1—zeP¢). (11.1)
0

25 +1 is the spin degeneracy and Ny (¢) is the DOS per unit volume for each spin species.
On writing the sum as an integral, we have implicitly assumed that the logarithm varies
slowly over energies corresponding to the typical inter-level spacing. This assumption
breaks down when ze ?¢ approaches unity, as occurs in the Bose-Einstein condensate.
We shall keep this in mind but ignore it for the time being. For fermions, z < 0 and
there is no concern. The DOS can be readily evaluated in dimension d using Eq. (11):

3 dk 2k mos; [T, ki! 2me
Ny(e) = 5le— =— dk—5 | k—\ == |.
o= | Gry (8 2m ) 12 (2m)d JO k 12

~—_——

l&(k— m)

2k n2

233



234 Bonus material doc-61

sq is the surface of the d-dimensional unit sphere, given in terms of the Euler gamma
function by s, = 211%/2/T(d/2). The free-particle DOS in dimension d is therefore

d/2
No(e) = Nyje?/?7! N, = _1 (l) ) (11.2)
’ r(d/2) \ 2nh?

Performing the energy integration by parts, we get for the pressure:

p
— =n(2 1N 11.
KT n(2S + 1)N;— 4 f ﬂg/z_ (11.3)

The chemical potential entering the fugacity must be eliminated in favor of the particle
density n which, starting from Eq. (2.14), can be recast into

NO( ) 3 . R gd/2-1
Tl—(25+1)f eﬁﬁ/(z/ )— T)(25+1)Ndf0 de m (11.4)

Again, special care must be taken when the distribution function varies rapidly, as it
does for bosons at low temperature. We see that both equations (11.3) and (11.4)
involve analogous integrals. The internal energy density U/¥ is obtained similarly:
it is the same expression as the density except for one additional factor of ¢ in the
integrand, such that the resulting integral is the same as the one for the pressure. This
allows us to readily establish the relation

U d
— == 11.5
v =3P ( )

that will be useful below to compute the specific heat. It is a good time for a little
mathematical digression, for getting in touch with the polylogarithms and establish

the relation
oo
e I'(p)..
JO de Pzl pr Li,(2).

Li, (x) is the polylogarithm, which may be defined by its Taylor expansion as Li,(x) =
Z;:l x1/q” with the useful property dLi,(x)/dx = Li,_;(x)/x. For the proof, we
simply use the expansion 1/(x™ ! —1) = Z;; x4 in order to split the integral and let
the expansion of the polylogarithm appear:

S - I r(p)
= q =
L de i ZZL de s Z
~———

T(p)/(gB)P

We can thus obtain the relation between the fugacity and the density:

) n amh?
le/z(z)=n25+1(kaT) . (11.6)
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Finally, introducing the reciprocal function of the polylogarithm to solve Eq. (11.6) for
z and using the relation T'(d/2 + 1) = (d/2)T'(d/2), we find the equation of state

d/2
p kaT)d/2 ) 1 n 2mh?
—~— =(25+1 L L — . (1.
T )(Znhz a2\ Mar2 | M6 77 \ kg T L7

Equation (11.7) is not quite transparent in this form, but has the merit of being the
solution of our problem, valid both for bosons (above the condensation temperature)
and for fermions, and in any dimension d. Knowing the pressure, we can deduce
all thermodynamic functions by differentiation of the free-energy density @ = —p,
see Eq. (2.8). Since we know the pressure as a function of the variables T and z,
p = p(T,2z) o< TY**1Li;y.1(2), and z = 2(T, u), the entropy density can be readily
shown to be [see Eq. (2.7)]

i_d_P) _3_P+3_P£_(é
¥ dT), 0T 9z3T \2

+ 1) % —nkgIn(nz), (11.8)

where we have used the relation (11.6) between n and Li;/,(2) to eliminate the latter.
Alternatively, we could obtain the same result using Eq. (2.10):

ne d_P) _%poz  oz_z = 0z _ =
Cdu), 9z oy’ oy kT’ OT  kpT?
which yields (dp/d2)(82/0T) = —nkgIn(nz). The specific heat can be calculated
from Eq. (2.9), but it is easier and equivalent to deduce it from the internal energy
(11.5):
G _ d(U/”")) _ E[E_P+ a_P(ﬁ Ed_ﬂ)] _ E(E d_“)
v dT )y ’

Z
= —— 1
T n(nz),

= + +
2lar T az\aT T Budr 2\y AT

We can express du/dT in terms of the isothermal compressibility given by Eq. (2.11).
From the relation u = kg T In(nz) we deduce

du kgT dz
— =kgl +——.
ar ~ eI+ ==
We now differentiate Eq. (11.6) with respect to T and get:
Lig/p1(2) dz _ n ami? \* —d/2
z  dT  "25+1 \mksT T

We then eliminate Li;;,_(2) in favor of the compressibility. Using the expression of
the density n = n(T, z) given by Eq. (11.6), we have

1 dn 10ndz 2S+1 (mkgT\¥? .
r== _) = = —( B ) NLig/—1(2). (11.9)
n* du /)y

T n20z0u  n2kgT \ 27th?
Injecting this in the previous relation, we see that (kg T /2)dz/dT = —d /(2nxT), such
that the specific heat, like the entropy (11.8) and the compressibility (11.9), becomes
an explicit function of T and z:

G _d ( S

=—( = +nkgl -
v o2 “1/+an("2) 2k, T

), (11.10)
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We are now in a good position to plot the thermodynamic quantities as a function of
temperature for a given density n. We first solve Eq. (11.6) to get z, and we can then
compute the pressure with Eq. (11.7), the isothermal compressibility with Eq. (11.9),
the entropy with Eq. (11.8), and the isochoric specific heat with Eq. (11.10). We will
see below that all these quantities can be plotted as universal curves independent of the
density and spin if we use the proper normalization. We will also add the correction
required in order to describe the Bose-Einstein condensation.

Before doing so, let’s derive a few asymptotic results. To this end, we rewrite Eq. (11.7)
in the form

/2

kBLT — 1! (%) T =(25+ 1)(22‘;2) . 20(x) = NLiga (Lizh(nx).
We expect the gas to be classical at high temperature, that is, p¥ = Nk T should be
recovered irrespective of the particle statistics and spin. Indeed, because Li,(x) = x
for x — 0, we have .,Sf;'(x — 0) = x and for large T we get p/(kgT) = n. Corrections
to this high-T classical behavior can be obtained by including higher-order terms
in the expansion of Li,(x). The leading correction turns out to be jfg(x — 0) =
x —nx?/2%2*1 yielding the high-T expansion

d/2
p¥ = Nl | 1= DN (N
B 225 +1 \ mkyT T

For bosons, the effect of quantum statistics is to decrease the pressure with respect to a
classical gas, while for fermions the pressure is increased due to Pauli exclusion. The
formula nicely illustrates the general principle that quantum particles behave more
classically at high temperature, high dimensionality, high mass, and high spin. In the
high-T classical regime, the behavior of the compressibility is simply k; = 1/p, as can
be deduced from Eq. (2.11) using ¥ = NkgT /p. For the entropy, we can replace p/T
in Eq. (11.8) by nkg and use the fact that Lig/»(z) — 0 [see Eq. (11.6) —which implies
z — 0 and therefore Li;/5(z) = 2—to deduce

/2
S 4 i ZSH(kaT) . (11.11)
Nkp 2 n 2mh?

This generalizes the Sackur-Tetrode equation, which gives the entropy of an ideal
classical gas, to any dimension and to the case where the particles have a spin degree
of freedom. Using Eq. (2.9), we can check that the classical equipartition result
Cy = (d/2)Nky is reached at high T.

The low-T regime of a degenerate gas is much more interesting, and allows one to
explore the richness of quantum assemblies captured by that of polylogarithms. At low
temperature, we are interested in the function ,%d" (x) at large x. This requires us to
study Li;/l2 (x) at large positive x for bosons and at large negative x for fermions. We
have to treat bosons and fermions separately from here on: let us start with fermions.

We can use the asymptotic form Li,(—e*) = —x? /T'(p + 1) valid for x — oo in order

to deduce Lig/lz(—x) = —exp{[T(d/2 + 1)x]¥%} in the same limit. Making use of the
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asymptotic expansion once more, we readily find

[r(d/2+1)]¥¢ 2/d+1

Lix =)= A ’

such that the equation of state becomes independent of temperature:

[T(d/2+1)42rnkh% 1 n 24 Ty
V =NkgTy, To= ( ) = .
P B0 0 d/2+1  mky \25+1 d/2+1

Here we have defined some degeneracy temperature T, and introduced the Fermi
temperature Ty = ep/kg, with e = %[F(d/Z + 1)n/(2S + 1)1%/¢ the value of the
chemical potential at T = 0. While the pressure of a classical gas vanishes at zero
temperature, in a gas of fermions the Pauli exclusion maintains a finite pressure even
at T = 0. This “Pauli pressure” o< n*/4*! disappears when the density approaches zero,
as one understands, or for a large spin as the fermions can circumvent the exclusion
principle thanks to the additional spin degrees of freedom. The Pauli pressure is
responsible for stabilizing the neutron stars against gravitational collapse. The low-T
expansions are difficult to perform rigorously,! because the behavior of Li,(—e*) is
unknown beyond the asymptotic form used above. Approximations schemes such as
the Sommerfeld expansion allow one to obtain asymptotic results that are correct up to
a contribution that is exponentially small in kz T /. For example, Eq. (2.56) obtained
by neglecting the temperature dependence of the chemical potential is correct to linear
order in T, because the variation of u is second-order in T apart from this exponentially
small term. Eq. (2.56) can be recast as
Cy d 7m*T

Nky d+23 T,

Since this expression also neglects the energy-dependence of the DOS, it is accurate
for d = 2 where the DOS is constant, but deviations from linearity at low-T are clearly
visible in Fig. 11.2 ford =1 and d = 3.

Let us now turn to bosons. The function Li,(x) is monotonic and has the sign of
its argument. It diverges at x = 1 for p < 1, such that Ligl(x) is well-defined for
any positive x if p < 1, that is, in dimensions one and two. If p > 1, however,
Li,(1) = {(p), where {(x) is the Riemann zeta function, and Li,(x > 1) is imaginary.
Therefore, in three dimensions Lig/lz(x) is not defined for x > {(3/2). This signals the
Bose-Einstein condensation. For n/t > {(3/2), we can no longer ignore—as we did
with the continuous approximation—that the occupation of the lowest-energy state
becomes large, that is, of order N. Solving the equation n/7 = {(3/2) for T yields the
well-known expression for the condensation temperature:

T = 1 271712( n
© T IL(3/2)123 mky \2S +1

In dimensions one and two, this criterion gives a vanishing T, for the Bose-Einstein
condensation.

2/3
) =1.09T,.

1 See R. Weinstock, Am. J. Phys. 37, 1273 (1969).
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A[d_]:=Gammal[d/2+1]/(d/2+1)"~(d/2)

z[eta_,d_,t_,NO_:10"6] :=Re[x/.FindRoot [1-A[d]*t~(d/2)*eta*PolyLogld/2,x]
-If[eta>0,1/NO*x/(1-x),0],{x,If[eta>0,1-1/N0,-2]}1]
pleta_,d_,t_,N0_:10"6,z_]:=A[d]l*t"~(d/2+1)*eta*xPolyLogl[d/2+1,z]-If [eta>0,t/NO*Logl[1-2z],0]

pleta_,d_,t_,NO_:10"6] :=Module [{z=z[eta,d,t,N0]},pleta,d,t,N0,z]]
,d_,t_,NO_:10"6,z_]:=A[d]l*t~(d/2-1)*eta*PolyLog[d/2-1,z]+If[eta>0,1/NO*1/t*z/(1-2)"2,0]

k[eta_,d_,t_,N0O_:10"6] :=Module [{z=z[eta,d,t,N0]},k[eta,d,t,N0,z]]

s[eta_,d_,t_,N0_:10"6,z_]:=(d/2+1)*pleta,d,t,N0,z]/t-Logletaxz]+If[eta>0,1/NO*d/2xLog[1-2],0]

s[eta_,d_,t_,NO_:10"6] :=Module [{z=z[eta,d,t,N0]},s[eta,d,t,N0,z]]

cleta_,d_,t_,N0_:10"6] :=Module [{z=z[eta,d,t,N0]},d/2*(s[eta,d,t,NO,z]l+Log[eta*z]

-d/(2xk[eta,d,t,NO,z]*t)*(1-If [eta>0,1/NO*z/(1-2),0]))]

12 Export [NotebookDirectory[]<>"fermions.dat",Union[N[{{0,1,1,1,1/3,1/2,3/5,0,0,0,0,0,0}}],

13 Chop [Table [{t,p[-1,1,t],p[-1,2,t],p[-1,3,¢t],k[-1,1,¢t],k[-1,2,t],k[-1,3,¢t],

14 s[-1,1,t],s[-1,2,t],s[-1,3,t],c[-1,1,t],c[-1,2,t],c[-1,3,t1},{t,0.02,4,0.02}1111;

15 Export [NotebookDirectory[]<>"bosons.dat",Union[N[{{0,0,0,0,0,0,0,0,0,0,0,0,0,0}}],

16 Chop [Table[{t,p[1,1,t],p[1,2,t],p[1,3,¢t],1/k(1,1,t],1/k[1,2,t],1/k[1,3,¢],

17 s[1,1,t],s[1,2,t],s[1,3,t],c[1,1,t],c[1,2,t],c[1,3,t],c[1,3,t,10°2]1},{t,0.02,4,0.02}1111;

Figure 11.1: Plotting the thermodynamic functions of free particles with Mathematica.

We now wish to plot the various thermodynamic quantities and compare with the
asymptotic results. We must correct our expressions in order to take into account the
macroscopic occupation of the ground state. The contribution of the state with ¢, =0
to the pressure is [see Eq. (11.1)]

— =———1In(1—2).
ks T gy in=2)
This contribution disappears in the thermodynamic limit, unless z becomes unity.
Because u < 0 for bosons (z < 1), the factor In(1 —ze#¢«) can only diverge if £, = 0,
justifying to treat this level as discrete while using a continuous description for all other
levels. The contribution p, was altogether discarded in dimension d = 3 on converting
the sum over states to an integral, because the DOS N,(0) = 0. We must therefore
reintroduce it explicitly. For d = 2 and d = 1, the correction is in principle not needed,
but adding it is harmless. Hence we add the term p, to the pressure in what follows. It
is convenient to measure the temperatures in units of the degeneracy temperature, so
we introduce
(=4, T —A2/d27'fh2( n )W _ T(d/2+1)
T, 07 mky \25+1) 47 (d/2+1)d2
It is then easy to check that the pressure measured in units of nky T, is a function that
depends on the density only implicitly through t:
pYV
The last term is p,, that of course depends explicitly on the number of particles.
Evaluating the density n = (dp/d2)(9z/du), we find the equation giving the fugacity
as a function of the reduced temperature:

(11.12)

2S+1
= A, t42+ nLid/ZH(z)—Tmln(l—z). (11.13)

25+1 1z
1= A, 692 iy (z) + TlnTz (11.14)

The compressibility k7 = (1/n?)(8n/3z)(dz/8 w) is also a universal function of t and
z if measured in units of (nkyTy) ™ ':

. 25+11 mnz
Nlig/p(2) + —— -

£d/2-1 2 )
N t(1—2)2

kpnkgTo = Ay (11.15)
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Figure 11.2: Thermodynamic functions of free fermions, (a)-(d), and free bosons, (e)-(h), in
dimensions one (blue), two (green), and three (red). The thick dashed lines show the results
for the ideal classical gas. In (b), the zero-temperature value of the compressibility is d /(d + 2)
shown by the horizontal rules. The inset in (d) shows C, /(Nkg) x T,/T and the limiting values
d/(d +2) x 72 /3. Note that (f) shows the inverse of the compressibility. All results in (e)—(h)
are calculated for N /(2S + 1) = 10°, except the thin red line in (h) for which N/(2S + 1) = 102.

The entropy (11.8), including the correction due to p, and measured in units of Nkg,
becomes
S _d/2+1 p¥
Nky  t NkT,

S+1
N

—ln(nz)+§2 7nln(1 —z2). (11.16)

The specific heat is finally obtained following the same logic:

Cy S d 1 ( 25+1 nz ):|
—— =d/2| —+1 — -1 1- . 11.17

The Mathematica program displayed in Fig. 11.1 implements these equations and
outputs the data represented in Fig. 11.2 for the pressure, compressibility, entropy, and
specific heat of fermions and bosons in dimensions one, two, and three. The known
T =0 results and high-T asymptotic behaviors are also shown for comparison.
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Figure 11.3: Left: zinc-blende crystal structure. The two fcc sublattices are shown with
different colors. The basis of the elementary cell and the fcc lattice parameter are also indicated.
Right: Brillouin zone of the fcc lattice. The high-symmetry points are I' = (0, 0,0), X = (0, 1, 0),
L= (%, %, %), and K= (%, %,0), in units of 27t/a.

doc—62 Empirical pseudopotentials for semiconductors

In semiconductors, the potential felt by valence and conduction electrons varies rela-
tively slowly in space, in contrast to the potential felt by core electrons: the potential
for valence and conduction electrons can be represented by a small number of compo-
nents in the expansion Eq. (2.51). The idea of the empirical pseudopotential method
is to determine these few components V(G) of the potential in such a way that the
resulting bands fit some prominent experimental features like the band gap. This
procedure has been applied by Cohen & Bergstresser' to fourteen semiconductors of
the IV-IV (Si, Ge, Sn), III-V (AISb, GaAs, GaB GaSb, InAs, InB InSb), and II-VI (CdTe,
ZnS, ZnSe, ZnTe) families. The result is a very easy method to calculate the bands in
these semiconductors.

These semiconductors crystallize in the zinc-blende structure shown in Fig. 11.3. There
are two inequivalent atomic sites in the unit cell, each forming an fcc sublattice. The
two fcc sublattices are a vector T = a(}p %, %) apart, with a the fcc lattice parameter.
Denoting V;(G) and V,(G) the potentials originating from the two atomic sites and

locating the origin between the two atoms, we have

V() =Vi(r +7/2)+ Vo(r —7/2) = D [Vi(G)e' ST+ /D 4 1(G)eC /2]
G

— Z [VI(G)eiGJ:/Z + V2(G)efiG-7:/2:| eiG-r
G

= Z [Vi(G)cos(G - 7/2) +iV,(G)sin(G - 7/2)] €.
G

We have introduced the symmetric and antisymmetric parts of the potential, V,(G) =
[V1(G) +V,(G)]/2 and V,(G) = [V;(G) — V,(G)]/2. Clearly V,(G) = O for the nonpolar
IV-IV compounds. Following Cohen & Bergstresser, we assume spherical symmetry for
the potential such that V,(G) = V,(G?) and V,(G) = V,(G?). The Fourier components

I M. L. Cohen and T. K. Bergstresser, Phys. Rev. 141, 789 (1966).
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of the potential therefore read:
V(G) =V,(G*)cos(G - 7/2) +iV,(G*)sin(G - 7/2).

As illustrated in Fig. 11.3, the elementary cell of the direct lattice is defined by the vec-
tors a; = a(0, %, %), a, = a(%, 0, %), and a; = a(%, %, 0). The corresponding reciprocal-
lattice vectors are b; = 2T”(—l, 1,1), b, = %“(1,—1, 1), and by = %’T(l, 1,—1). Thus
the G vectors take the form

2
G:%(—i+j+l,i—j+l,i+j—l), (i,j,1} eN.

In units of (27/a)?, the squares of these vectors are G> = 0,3,4,8,11,12... The Fourier
component V(G2 = 0) sets a global shift in energy and can be put to zero without loss
of generality. It turns out that, for all vectors such that G2 = 4, we have cos(G-7/2) =0
and for all vectors such that G? = 8, we have sin(G - 7/2) = 0. Hence we retain only
the following six Fourier components to represent the potential: V;(3), V,(8), V.(11),
V,(3), V,(4), and V,(11).

The Mathematica program reproduced in Fig. 11.4 implements the band-structure
calculation for the fourteen semiconductors. Lines 1-14 define the parameters for
each semiconductor. The first parameter is the quantity (27t/a)*h2/(2m) expressed in
electron-volts (eV). The subsequent 6 parameters are the symmetric and antisymmetric
Fourier components of the potential as given in Table II of Cohen & Bergstresser,
which we have converted from Rydbergs to eV. Line 15 defines default values for the
parameters: the same lattice parameter as Si and a vanishing potential; this is useful for

P[A1Sb]:={4.003,-2.86,+0.27,+0.82,+0.82,+0.54,+0.27}
P[CdTe]:={3.661,-2.72, 0.00,+0.54,+2.04,+1.22,+0.54}
P[GaAs]:={4.729,-3.13,+0.14,+0.82,+0.95,+0.68,+0.14}
P[GaP] :={5.083,-2.99,+0.41,+0.95,+1.63,+0.95,+0.27}
P[GaSb]:={4.016,-2.99, 0.00,+0.68,+0.82,+0.68,+0.14}
P[Ge] :={4.695,-3.13,+0.14,+0.82, 0.00, 0.00, 0.00}
P[InAs]:={4.123,-2.99, 0.00,+0.68,+1.09,+0.68,+0.41}
P[InP] :={4.380,-3.13,+0.14,+0.82,+0.95,+0.68,+0.14}
P[InSb]:={3.582,-2.72, 0.00,+0.54,+0.82,+0.68,+0.14}
10 P[Si] :={5.101,-2.86,+0.54,+1.09, 0.00, 0.00, 0.00}
i1 P[Sn] :={3.571,-2.72, 0.00,+0.54, 0.00, 0.00, 0.00}
12 P[ZnS] :={5.139,-2.99,+0.41,+0.95,+3.27,+1.90,+0.54}
13 P[ZnSel:={4.712,-3.13,+0.14,+0.82,+2.45,+1.63,+0.41}
14 P[ZnTel:={4.082,-2.99, 0.00,+0.68,+1.77,+1.36,+0.14}
i5 P[S_] :={5.101, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00}

0N oW N e

©

16 VIS_,G_1:=Vs[S,G.G]Cos[G.{1,1,1}Pi/4]+I*Va[S,G.G]Sin[G.{1,1,1}Pi/4]
17 Vs[S_,3]:=P[s]1[[2]];Vs[S_,8]:=P[SI[[8]1]1;Vs[s_,11]:=P[S1[[4]];Vs[S_,G_]:
18 Vals_,3]:=P[s]1[[511;ValS_,4]:=P[SI[[6]1];Vals_,11]:=P[SI[[7]];Vals_,G_]:

19 Levels[S_,k_]:=Module [{G,h},

20 G=Select [Flatten[Table [{-i+j+1,i-j+1,i+j-1},{i,-4,4},{j,-4,4},{1,-4,4}3]1,2],(k+#).(k+#)<21&];
21 h=0Outer [If [#1==#2,P[S][[1]1] (k+#1).(k+#1),V[S,#1-#21]&,G,G,1,1];

22 Sort [Re [Eigenvalues [h]]1] [[Range [20]]]

23 ]

24 K=N[Flatten[{Table [{Sqrt[3]i/17,{1,1,1}(17-1)/34},{i,0,17}],

25 Table [{Sqrt [3]+2%i/17,{1,0,0}i/17},{i,1,17}],

26 Table [{Sqrt [3]+2+Sqrt [8]*i/27,{1,1,0}(1-i/27)},{i,1,27}1},111;
27 S=ZnSe;EF=Levels[S,{0,0,0}]1[[4]1];

28 Export [ToString[S]<>".dat",Join [{#[[1]11},Levels([S,#[[2]]1]-EF]&/@K];

Figure 11.4: Implementation of the empirical pseudopotential method in Mathematica.
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Figure 11.5: Band structures on the zinc-blence lattice, calculated with the code of Fig. 11.4.
Left: folded free-electron bands; the Fermi level is such that the electron density is that of Si,
ie,n=16/ agi. Middle: Si, a typical nonpolar, small-indirect-band-gap compound. Right: ZnSe,
a typical polar, wide-direct-band-gap compound.

drawing the bands that would correspond to free electrons constrained to move on the
Si lattice. Lines 16-18 define the potential V(G): the generic formula is given at line
16, while lines 17 and 18 make the assignment of the symmetric and antisymmetric
components, respectively. Unassigned components are set explicitly to zero by the
instructions Vs [S_,G_] :=0 and Va[S_,G_] :=0.

Lines 19-23 define the routine which computes the energy levels for one particular
semiconductor (argument S) and one k point (argument k). In line 20, the set of G
vectors is constructed: only vectors such that |k + G|?> < 21—in units of (271/a)?*—are
retained in the basis. This is the same cutoff as in Cohen & Bergstresser; it leads to a
basis of typically 100 G vectors. Line 21 builds the Hamiltonian given in the square
bracket of Eq. (2.52). Since we work with vectors k and G expressed in units of 27t/a,
we must multiply the kinetic part |k + G|?> by (21t/a)?*h?/(2m). Line 22 returns the
20 lowest eigenvalues of the Hamiltonian. We take the real part in order to eliminate
any small imaginary part that could appear due to numerical inaccuracy. Thus, for
instance, the command Levels[A1Sb,{1,0,03}] returns the AlSb bands in eV at
k =2(1,0,0).

Lines 24-26 are somewhat tedious: their role is to define the path in the Brillouin
zone along which the bands are plotted. It is customary to plot the bands along
high-symmetry lines of the fcc reciprocal lattice, as illustrated in Fig. 11.3. For our
semiconductors, these lines are (i) from point L to point T, (ii) from I to X, and (iii)
from the point 27“(1, 1, 0)—which is outside the first Brillouin zone but has energy levels
identical to those in X—to T, crossing the zone boundary at point K. The list K defined
at line 24 is a series of elements {¢, {k,,k, ,k,}} where £ is a continuous abscissa to
be used in the band diagram (see Fig. 11.5) and (k,,k,,k,) is the corresponding k
point.

Finally, the lines 27 and 28 perform the actual calculation (for the semiconductor ZnSe
in this case). The Fermi energy is set equal to the fourth level at the T point, i.e., the
top of the valence band. Line 28 builds the list of levels associated with each abscissa
¢;, and saves it to file “ZnSe.dat”. Executing this code on modern computers will take
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typically a few seconds.

In Fig. 11.5, we display the result for free electrons, Si, and ZnSe. The free-electron
diagram shows the quadratic free-electron band folded to fit into the fcc Brillouin
zone. Comparing with Si, one sees that much of the actual band structure of the
small-band-gap semiconductors resembles the free-electron result. Si has an indirect
band gap, the bottom of the conduction band being somewhere between I' and X, while
the top of the valence band is at I'. In contrast, ZnSe has a direct band gap at I'. One
also sees that Si, being nonpolar, has additional degeneracies (in particular at the X
point) as compared to the polar ZnSe.

doc-63 Spring models for phonons

Like for electronic bands, much of the apparently complicated phonon dispersion
curves in real materials can be understood with the help of simple models that include
the crystal symmetry. The simplest of these models envisions atoms connected by a
network of classical springs. Each spring of constant K contributes a term (1/2)Kx?
to the elastic energy, where x is the change in spring length. This model can offer
a qualitatively correct approximation to the phonon spectrum based on just a small
number of spring constants. We provide here a small code that solves any spring model
in dimension d and we apply it to Si. According to Eqgs (2.59) and (2.58), the dynamical
matrix is:

1 o*U SiKR
VMM, 5 9u,;(0)0u,;(Ry) |,

The elastic energy is a sum of pairwise terms involving the displacements of two atoms
connected by a spring. Only the terms including the displacement u,(0) contribute to
the dynamical matrix as written above. These terms are

m

Dviuj(k) =

Z %Klrv—Rm/—rm (lTv + uv(O) —Ryy — Tw — uu’(Rm’)l - |Tv Ry — Tu'l)z .

m'u’
The sum runs over all atoms connected by a spring to the atom located at 7, in the
central unit cell, K., is the corresponding spring constant which only depends on
the rest length of the bond, and the quantity in parentheses is the change in bond
length. When evaluating the derivatives, we must distinguish cases. If y = v and
R,, = 0, we get contributions from all atoms connected to our central atom at 7,,.
These contributions are

X (Tyi —Rpi = Tpi)(Tyj — Ry — Tyj)
D Kpe,ry :
= T W |7y =Ry — T2

If u = vand R,, # 0, the only bond that contributes is the one involving u,(R,,): it gives
a term —Kg_|R.iR;nj/ IRy |*. The coefficients of the dynamical matrix corresponding to
the atom v are therefore
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L2[x_]:=x.x
RIn_]:=Plus@@(n[[#]]al#]&/@Range[d])
Dynamical [k_]:=ArrayFlatten[Table [1/Sqrt [M[mul*M[nu]]l*Plus@@ (
K[L2[taulnul -#[[1]1]-tau[#[[2]11111]
*(KroneckerDelta[mu,nu] -KroneckerDelta[mu,#[[2]]]*Exp [I*xk.#[[11]1])
*(taulnu] [[41]-#[[11]100il]-tau[#[[2]11100il1])
*(taulnu] [031]-#C011]00j1]-taul#[[2]11100310)
/L2[taulnul -#[[1]]-tau[#[[2]]1]]&/@
Select [{R[#[[1]1]1],#[[2]]1}&/@
Tuples [{Tuples [Range [-Shells,Shells],d],Range[Nat]}]
,taulnul -#[[1]]-tau[#[[2]]]!=0%*Range [d]&])
,{nu,1,Nat},{mu,1,Nat},{i,1,d},{j,1,d}]1]

© N O W N e

o e
[SRESY

13 d=3; al[1]l={0,1,1}/2; al[2]={1,0,1}/2; al3]={1,1,0}/2;

14 Nat=2; M[1]1=28; M[2]=28; taul[1]={0,0,0}; taul2]={1,1,1}/4;

15 Shells=1; K[3/16]1=1870; K[1/2]1=214; K[L2_]:=0

16 DN[kx_,ky_,kz_]=N[Dynamical [{kx*2*Pi,ky*2xPi , kz*2xPi}]];

17 Phonons [kx_,ky_,kz_]:=Sort[Re[Sqrt[Eigenvalues [DN[kx,ky,kz]111]]

18 BZ=N[Flatten[{Table [{Sqrt[31i/17,{1,1,1}(17-1)/34},{1i,0,17}],

19 Table [{Sqrt [3]1+2%i/17,{1,0,0}1i/17},{i,1,17}]1,

20 Table [{Sqrt [3]+2+Sqrt [8]1*i/27,{1,1,0}(1-1/27)},{i,1,27}1},11];
21 Export["Si.dat",Join [{#[[1]11},Phonons [#[[2,1]],#[[2,2]1],#[[2,3]11]1]&/@BZ];

Figure 11.6: Solving spring models with Mathematica. The lines 1-12 can provide the
dynamical matrix analytically in any dimension d. The lines 13-21 calculate and save the
phonon spectrum for Si.

1 (Tvi_Rmi_Tui)(ij_ij_Tuj)
R
mu

D.. . (k)= —
vw;( ) Mv ITv_Rm_TuP

ol R, 2

m

If u # v, we are again considering two different atoms such that only one bond
contributes. The “off-diagonal” dynamical matrix results as

m

1 ZK (Tvi _Rmi - Tm»)(ij _ij - Tuj)eik-R
v_Rm_
VLM, £t 73— R =,

These formula for D(k) depend on the atomic masses, spring constants, and equilibrium
atomic positions and they fully determine the model. We can gather both of them
again into the single expression

Dviuj(k) =

1 ik
Dviuj(k) = W ZK\TV—Rm—TM/I (5W - 5uu’elk Rm)

Vv VU mu!
(Tvi _Rmi - Tu’i)(ij _ij - Tu’j)

1Ty =Ry — 7|2

(11.18)

The code printed in Fig. 11.6 implements this expression. The code does not maximize
readability because it was meant to minimize length. The parameters are d for the
dimensionality, a[1] to a[d] the d-dimensional basis vectors of the lattice, Nat the
number of atoms in the unit cell, M[1] to M[Nat] the masses of the atoms, tau[1]
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Figure 11.7: Left: Spring model for the non-polar zinc-blende structure with atoms of mass
M. The strong covalent bonds with spring constant K; and the weaker springs of strength K,
are indicated. Right: Phonon dispersion curves calculated with the code of Fig. 11.6 (orange)
compared with experimental neutron-scattering data.!

to tau[Nat] the d-dimensional vectors giving the positions of the atoms in the unit
cell, and K[] a function giving the spring constants. The function L2[] defined at
line 1 takes a vector and returns the square of its length. The function R[] at line 2
takes a list of integers {n;,...,ny} and returns R = n;a; + ...+ nga,. The function
Table at line 3, closed at line 12, builds the dynamical matrix. On the lines 4-8, one
recognizes the function that must be summed. This function is applied to a list of
pairs {R,,, u’ }—each pair being addressed by #, such that # [ [1]] stands for R,, and
#[[2]] stands for u’. The list is build at lines 9-11 using the functions Tuples and
Range. This list must contain all atoms connected to the central unit cell. The integer
Shells specifies how many layers of neighboring cells are included when building
the list: Shells=1 means that the various springs connect the central unit cell to its
first neighbors at most. Finally, the Select at lines 9 and 11 removes the element
{0, v} from the list, which would be suppressed anyway because Ko = 0, but produces
a division by zero if left in place. All in all, the function Dynamical [{ky,...,k;}]
returns the dynamical matrix at the given wave vector.

The application to Si is done at lines 13-21. Note that the spring constant function K []
defined at line 15 takes as argument the square of the equilibrium length rather than
the length; by default K [] returns zero, except for [ = 3/16 and [? = 1/2. The values
K, and K, for these two cases are chosen in order to produce a good-looking result.
The lines 18-20 define a path in the Brillouin zone like in Fig. 11.4. Figure 11.7 shows
the resulting phonon dispersion curves, compared with experimental data measured
by inelastic neutron scattering.! The agreement is of course not perfect; given the
simplicity of a model with just two parameters, one can hardly expect more. The
eigenvectors of D(k) provide the displacements associated with each mode and allow
one, in particular, to visualize the difference between acoustic and optical phonons.

1 G. Nilsson and G. Nelin, Phys. Rev. B 6, 3777 (1972).
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doc—64 Double occupancy

The double occupancy D measures the average occupation of the same point in space
by two electrons of opposite spins:

D= %f dr (ny(r)n (r)) = %f dr (n (r)ny(r)).

This quantity plays an important role in strongly correlated materials, where it is
suppressed by the Coulomb repulsion. With the help of Eq. (3.35), we can relate D to
the density-density and longitudinal spin-spin greater correlation functions. Eq. (3.35)
tells us that

f de Prging)(€) = (n(@)n(—q)) and f de pg(gr5:(—q)(€) = (S*(@)S*(=q))-

Summing over q and moving to real space, we get
= n(@)nt-9)) = f dr {n(r)n(r)) = f dr ([ny(r) + ny ()] (r) + (1)),
q

and similarly for (S*(q)S*(—q)),
= DS @S ) = f dr ($°(r)s(r)
q
2

7\2
= (—) f dr ([ny(r)—n (r)][ny(r) —ny(r)]).

Combined together, these relations lead to

1 < o1 2\?
— _ > N >
b=z Zf Oodg 4 [pn(q)n(q)(e) (h) psz(q)sz(q)(’?)]'
i

doc—65 Analyticity, causality, and the Kramers-Kronig relations

Consider a complex function F of a complex variable z and denote FR(w) with w € R
the function just above the real axis: FR(w) = F(z = w +i0™). Assume now that the
function is analytic in the upper half of the complex plane and vanishes in the upper
half at least as 1/z for |z| — co. These two conditions are sufficient for the function to
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obey Kramers-Kronig relations. Indeed, using Eq. (9) we have

w—w' +1i0*

f dw/&:f do'’ [ReFR(w’)+iImFR(a)'):|

—o0 —o0

x [Q’%—iné(a)—w')]
w—w

oo
R FR /
= dw’e—(w)+7tImFR(w)
oo w—w’

+i[ﬁg dw’M—nReFR(w)}.

w—w

The same integral can also be evaluated by closing the contour in the upper half:

= FR) F(z) F(z)
d(l) _— = dz —_— dz _
w—w +i0* c w—z+i0* c 2z—(w+i0")

—o0
=—-2mi F(w +i0") = —27i FR(w)
= 2 Im FR(w) — 27mi Re FR(w).
We have used Eq. (7) and our assumptions of analyticity and behavior at infinity.

Comparing the real and imaginary parts in the two results for the integral, we deduce
the Kramers-Kronig relations:

0 R, ./
ImFR(w)z l% dw’M
T

oo w—w
[ee]
1 ImFR(w’)
Re FR(w)=—= do' ——=.
() n%m w—w

Kramers-Kronig consistency is tightly related to causality and sufficient to imply that
the function FR(t) is proportional to 8(t). The two Kramers-Kronig relations can be
recast into

. oo Rr. ./ . Re. ./ . o Re, ./
FR(a))ziag da)’ReF (w)+ilmF (w):i% dw’F ()

w—w’ T w—w’

= LJ. de’ FR(w") [; + iné(w—w’)]
71 w

— w +1i0+
oo w’ +10
oo

. FR /
L g ) prey,
oo w—w' +i10*

from where it follows that

oo 2T w—w’ +10"

() =f 4o by



248 Bonus material doc—65

Take the Fourier transform with the help of Eq. (8) [see doc—1]:
oo oo oo
d ; do’ d ; [
FR(t) — aw FR(w)e—lwt — w FR(CL)/) _we—lwt t
oo 2T oo 2T oo 2T
i

w—w' +i0*
oo oo
— do’ FR(w/)e—ico't d_we—iwt
271 21 w+i0t

—0Q —0Q

a(t)
=6(1) f 99 R ()i,
oo 2T

Here we have made implicit regularity assumptions about the function FR(w), such
that the two integrals can be exchanged. Hence a Kramers-Kronig consistent function
is causal. The converse is also true: given a causal function FR(t) and its Fourier
transform FR(w), the continuation F(z) of F?(w) in the upper half of the complex
plane is analytic and decays at infinity, therefore Kramers-Kronig consistent. To see this,
we note that, if FR(t) = 6(t)F(t), the following property holds because 8%(t) = 0(t):
FR(t) = FR(t)O(t). As the Fourier transform of a product is a convolution, we have

< de' < de’ i
FR — FR / 9 _ / — FR /
() foo 2m ()6~ o) J 2m (e )a)— w’ +10*’

—0Q

were we have again used Eq. (8). The continuation in the complex plane is

F(z) — LJ d(;)/ FR(Q)/)

21 | z—w’ +10"

The poles of this function are at z = w’—i0%*, which is in the lower half of the complex
plane. Hence the function is analytic in the upper half. It also clearly decays as 1/z at
infinity.

doc-66 One-dimensional electrons in a potential

The purpose of this document is to illustrate how the Green’s function formalism
can be put in action to painlessly solve the problem of non-interacting electrons in a
local potential. Let’s consider electrons in one dimension with the dispersion &, =
2t cos(ka) — . This corresponds to a tight-binding model with only nearest-neighbor
hopping. We shall use the hopping energy as our unit of energy (t = 1) and the lattice
parameter as our unit of length (a = 1). Furthermore, we shall assume that the system
is initially half-filled (one electron per site), which is equivalent to setting u = 0 such
that the chemical potential lies at the center of the band; the band extends from —2t
to +2t. The density of states (DOS) of such a system is easily deduced from Eq. (2.55)
or equivalently Eq. (5.7), see also Sec. 9.4.1.1:

1
N(S)ZERG

1= (5
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To this uniform one-dimensional electron gas, we add a local potential V(r). The
translation invariance gets destroyed and the above uniform DOS becomes a spatially-
varying local density of states (LDOS) N(r, ¢) given by Eq. (5.8). In order to calculate
the LDOS, we must obtain the Green’s function in real space using Eq. (5.18a). The
first step is to build the unperturbed retarded Green’s function Gg(r, r’,€), which is the
analytic continuation of %,(r,r’,iw,). For this we exploit the translation invariance of
the system in the absence of potential, which means that

1 eik(r—r')
GRrr,e)=GR(r—r',e)=— Y ————.
o(nr,€) = Gyl ) “I/Zk:s+i0+—€k

Hence by Fourier transforming 1/(e +i0" — £,) we immediately get Gg(r, €), which
we can then use to build the matrix Gg(r, r’,&). The matrix V,,., on the other hand, is
just the diagonal matrix with V(r) on the diagonal: V,,, = &,V (r). With this we have
all ingredients needed in order to evaluate N(r, ).

The calculation is in fact very easily implemented, as shown in Fig. 11.8 (we used
MATLAB® in this case). We consider a system of N = 512 sites closed with periodic
boundary conditions. The line 1 defines the dispersion &, as a vector of length N built
from the discrete momenta k; = 27tj/N. In MATLAB®, the syntax [0:N-1] returns the
vector (0,1,...,N—1). At line 2 we define the potential: we use a Gaussian of strength
V0=-3 and width r0=0.05/N with its minimum in the middle of the system. At line 3
we initialize a vector w containing the energies at which the LDOS is to be calculated
and we start the loop over the energies w(1), a loop which is closed at line 7. Inside
the loop, the first step is to calculate Gg(r, ¢) by Fourier transforming 1/(¢ +i0% —&}).
In order to obtain a smooth LDOS (as a function of ¢), the value used for 0t must be
somewhat larger than the typical spacing of the levels ;. In our case, we have N /2
levels (since &_; = &;) distributed over a bandwidth of 4t, hence the typical inter-level
spacing is 8t/N. We use the value 12t/N for 0. At line 5 the matrix G5(r,1’,€)
is built and stored in g(r,s). At line 6 the Green’s function is calculated following
Eq. (5.18a); instead of G = (G, '—V) ™!, we use the equivalent form G = Go(1—VG,) ™
that requires only one matrix inversion. In MATLAB®, inv (.. .) is the function to
invert a matrix and eye (N) is the N x N identity matrix. The second instruction on
line 6 evaluates the LDOS following Eq. (5.8) and stores it in the array LDOS. At line 8

1 N=512; xi=2*cos(2*xpi*(0:N-1)/N);
VO=-3; 1r0=0.05; V=VO*exp(-((-N/2:N/2-1)/N/r0)."2/2);

()

w=(-5.1:0.01:2.1)"; for 1l=1:size(w)
go=fft (1./(w(1)+i*12/N-xi))/N;
for r=1:N; for s=1:N; g(r,s)=g0(abs(r-s)+1); end; end
g=g*inv(eye(N)-diag(V)*g); LDOS(1l,:)=-2*imag(diag(g))/pi;

end

for r=1:N; density(r)=sum(LDOS(:,r).*(w<=0)); end; density=0.01*density’;

0 N o oS W

9 save LDOS.dat LDOS -ascii; save n.dat density -ascii

Figure 11.8: Calculation of the local density of states N(r, ¢) and electron density n(r) for
one-dimensional electrons in a local potential, using MATLAB®.
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Figure 11.9: (a) Local density of states (LDOS) for one-dimensional electrons in a local potential
(intensity-mabp, left scale). Darker regions denote larger values of the LDOS. Corresponding
electron density (black line, right scale). (b) Same quantities calculated within the Thomas-Fermi
approximation (see text).

we also calculate the zero-temperature density using Eq. (3.38):

—0Q —0Q

n(r)= J dep, .1(€)f (€)= J deN(r, e)f (¢).

In MATLAB®, the syntax (w<=0) returns a vector with the same length as the length
of the vector w whose elements are either one or zero, depending on whether the
corresponding element of w satisfies the inequality w(1) <=0 or not: thus (w<=0)
simply returns f (&) at zero temperature. Finally, at line 9 we save the LDOS and
the density in the files LDOS.dat and n.dat. Running this code requires ~ 200 Mb
of memory (including MATLAB’s own memory), and takes a couple of minutes on a
laptop.

The resulting LDOS is displayed in Fig. 11.9(a). The main effect of the potential is
to shift locally the whole electronic spectrum by the value of the potential V(). This
effect is the essence of the Thomas—Fermi approximation shown in Fig. 11.9(b):

1

1— (e+u2—[V(r) )2

Npgp(r,e) = N(s - V(r)) = % Re

In addition to this “macroscopic” effect, we see the formation of bound states in the
potential well. As expected, the lowest bound state is nodeless with the maximum
at the center of the well, the second has one node at the center, etc. We also see the
quantum interferences between waves incoming and reflected, either outside or inside
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the well. Bound states and interferences are of course absent in the Thomas—Fermi
approximation. The strength of the Green’s function formalism appears very clearly
here, as we could obtain these well-known quantum effects without using the wave-
function machinery and solving the Schrodinger equation. Note also that the spectrum
is “less dense” inside the potential well due to the presence of bound states and the
resulting electron density is lower than the value expected from the Thomas—Fermi
approximation, namely n(r) = 1—(2/m)Re{sin ! [(V(r) —u)/(2t)]}.

doc—67 Density of states of BCS superconductors

Combining Egs (5.7) and (5.136), we see that the DOS per unit volume of a BCS super-
conductor characterized by a normal-state dispersion &} = £_; and a superconducting
gap Ay is

1 1 1
N ==>"(-=)r1
pes(€) ¥ Z( n) m 1A

ko :
e+i0t—§& — ————
Sk £+10% + &

Replacing 0" by a phenomenological constant scattering rate T leads to the so-called
“Dynes formula”.! For a numerical evaluation, one can directly use this equation, taking
advantage of the symmetries in &; and |A| for a better performance. Figure 11.10
gives a minimal implementation in MATLAB®—not exploiting these symmetries. The
case considered is a two-dimensional tight-binding band, &, = 2t(cosk, + cosk,) —u
with t = —1 and p = 1, the value of u being arbitrarily chosen in order to break
particle-hole symmetry. Line 2 builds the mesh of k points and the band &}, using the
MATLAB® command meshgrid. We use a dense 2048 x 2048 mesh in order to achieve
a good energy resolution. Lines 3-5 set up the array |A.|* for three possible gap
symmetries: s symmetry with Ay = A; d,._,. symmetry with A, = %(cos k. —cosk,);
d,, symmetry with A, = Asink, sink,. Line 6 defines the vector of energies ¢ as well
as the quantity 10 representing i0%. We use the value 8/N for 0*: smaller values lead
to spurious oscillations in the DOS while higher values broaden the DOS more than
necessary. Lines 7-9 perform the loop over ¢ and the k-sum for each €. Finally, line 10
saves the data to file DOS.dat.

Results for the three gap symmetries are displayed in Fig. 11.11. For the s-wave
symmetry there is a true gap of width 2A surrounded by two coherence peaks, which
are square-root singularities (see below). The slight rounding at the gap edges reflects
the finite value used for 0*. The two additional peaks correspond to the Van Hove
singularity of the normal-state DOS and are logarithmic singularities, weaker than the
coherence peaks. The Van Hove singularity is due to the saddle point at k = (7t/a, 0) and
therefore appears at energy &(,/,,0) = —MU, i.e., —1 in our case. In the superconducting
state, this is pushed to —[& (21_[ Ja0) T A2]Y/2 = —1.25; furthermore, an “echo” appears at
+1.25 due to the particle-hole mixing of the Bogoliubov excitations (see Sec. 5.2.2.3.5).

L R. C. Dynes, V. Narayanamurti, and J. B Garno, Phys. Rev. Lett. 41, 1509 (1978).
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1 t=-1; mu=1; D=0.75; N=2048;

2 [kx kyl=meshgrid (2*xpi*(0:N-1)/N); xi=2xtx(cos(kx)+cos(ky))-mu;

3 D2=abs(D)"2; % use this for s-wave

4 D2=abs(D/2*(cos (kx)-cos(ky)))." 2; % use this for d-wave (x"2-y~2)

5 D2=abs(D*(sin(kx).*sin(ky))). 2; % use this for d-wave (xy)

6 e=(-3xD:6xD/1000:3%D)’; i0=1i*8/N;

7 for 1l=1:size(e,1);

8 e(l,2)=-sum(sum(imag(1./(e(1,1)+i0-xi-D2./(e(1,1)+1i0+x1i)))))/(pi*N*N);
9 end

10 save DOS.dat e -ascii

Figure 11.10: Calculation of the density of states (DOS) for two-dimensional BCS supercon-
ductors with s, d,2_,2, and d,, gap symmetries, using MATLAB®.

The relative weights of the main Van Hove peak and the echo peak are controlled by
the coherence factors u; and v; appearing in Eq. (5.139).

For d-wave pairing three main differences can be seen. First, there is no gap in the
DOS but N(¢) vanishes linearly like |¢|, showing that the gap has nodes on the Fermi
surface, i.e., points where A, = 0; since, by definition of the Fermi surface £, =0, the
excitation energy Ej vanishes at these points. As the insets show, the nodes are located
along the zone diagonal for the d,._,. symmetry and along the zone boundary for the
d,, symmetry. The linear increase of the DOS close to &€ = 0 is due to the linear increase
of | Ay | near the nodes. Second, the coherence peaks—which are now weak logarithmic
rather than strong square-root singularities—are not located at £A. They appear at the
energy corresponding to the largest value of | A, | along the Fermi surface. As illustrated
in the insets, this maximum is always smaller than A. Third, the renormalization of
the Van Hove singularity, which is controlled by the gap value at k = (7t/a,0), depends
on the symmetry. For d,._,. symmetry, the gap is maximum at this point and the
renormalization is therefore the same as for the s symmetry. In contrast, the gap
vanishes at (1r/a,0) for the d,, symmetry and there is no renormalization. For the
same reason, there is no echo of the Van Hove peak in the d,, case, as the coherence
factor v7 vanishes at (1/a, 0).

For s-wave pairing symmetry, A, = A, the BCS DOS can be related exactly to the
normal-state DOS Ngl(s). To show this, we define the even and odd parts N (¢) and
Ny (¢) of the normal DOS,

Ny (e) = % [NE(e) £ N (—e)]

and we use Eq. (5.140):

Nyes(e) = %’Z[% (1 + 2—:)5(8—Ek)+ % (1— 2—:)5(€+Ek)].

Since Ej. = 4/& i + AZ is a function of &} and not of k alone, we can rewrite the k sum
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N(¢) (arb. units)

e/t e/t e/t

Figure 11.11: Density of states N(¢) for two-dimensional superconductors with s, d,2_,2, and
d,, pairing gaps. The dashed lines show the normal-state DOS with its Van Hove singularity
at ¢/t = —u/t = —1. The vertical lines indicate the maximum gap +A and do not coincide
with the coherence peaks for d-wave pairing (see text). The insets show |A| in the Brillouin
zone (green surface) together with the Fermi surface (brown lines on the basal plane) and the
value of |A,| along the Fermi surface (dark green lines). The red dots show k = (7t/a,0) and
symmetry-equivalent points.

as an energy integral:
S-wave « e 1 1
Nyes™(e) = f dENE(E) [5 (1 + Ei) 5(e—Ee)+ (1 - Ei) 5(e +E5)}
—oco £ £

With E; = /&2 + A2. Now, since Ngl(g) = N; (&) + N; (&), the integral can be split
into

%xmmﬂ=f dE NG (E)[5(e —E¢) + 5 (e + E¢)]
0

+J dgz\z(;(g)Ei [6(e—E:)—6(e +Ex)].
0 3

When evaluating the delta functions with the help of Eq. (11), we can use the fact that
E>0:6(e—Eg)= 6(5—50)/|Eé0| with &, the positive solution of € — E; = 0, namely

£y = ve2— A2, Clearly IEQOI = £,/le| and the delta function cannot be satisfied if
€ < A. Hence

o0(e—E)=0(e —A)?Mg— o)
0
Similarly
0(e +E:)=0(—¢ —A)Lﬂ&i —&)-
0

Summing the two delta functions, we can write

l¢]

5(€—E5) +06(e +E5) = Re(sz— — A7

RGN
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because taking the real part has the same effect as the sum of the two step functions.
The difference, on the other hand, reads
le]

5(E—&)—0(—e—A)—6(E—¢&p)

4

3 [6(e—Ee)—68(e+E)] = 6(c —a)le!
E5 &
=[0(e —A)=0(—e—A)]6(E—&o)-

Collecting the particle-hole symmetric and anti-symmetric contributions, we find:

Niw™(e) = Ny (V2 =A%) Re (—M )

22 — A2

+Ny (Ve2—a2)[6(e—A)—6(—e—A)].  (11.19)

The DOS vanishes for |¢| < A and diverges as 1/v &2 — A2 at the gap edges. For
a constant normal-state DOS Noel(a) = Ngl(O), this reduces to Eq. (5.137) because
Ny (e)=0and NJ (e) = Ngl(s) = NSI(O).

For d-wave pairing symmetry, analytical calculations are less easy because E; depends
on k through both &; and A;. Progress is possible for example in two dimensions
if one assumes cylindrical symmetry, i.e., £, = &, and A, = Acos28, where k =
k(cos®,sin). This defines a generic model with d,._,. gap symmetry. The DOS
follows from Eqs (5.7) and (5.136) after rewriting the sum as an integral:

oo 2n .
1 2 +i0* +
N (e) = (——) Im dkk | df ———— S :
T (2n)? J, o (e +i0%)2 — & — (A cos29)?
e+i0t+E
2n o (e+i0F2=E2 3 [ (eiot)2—£2-n2

We see that after performing the angle integration we fall back to an expression that
only depends on k through &, such that it is again possible to relate it exactly to the
normal-state DOS as we did for s-wave symmetry:

(doave), oo o 1 e+i0" +&
NBCS (8)—J_ood€N0 (5)( TE)Im \/(g-i-i0+)2_€2\/(8+i0+)2_€2_A2'

For a flat DOS Ngl(g )= NSI(O), the term proportional to & in the integrand is odd and
does not contribute. The remaining term may be evaluated thanks to the following
identity, valid in the complex plane where Imz # O:

ood Z — _o9isi I © AZ
—o0 5\/22—52\/22—52_&__ tsign(Imz)K| —- |.

K(2) is the complete elliptic integral of the fist kind. We deduce the DOS model first
obtained by Won and Maki:'

d- 2 A?
Nécswave)(e)zNgl(o)EReK = | (11.20)

This function is displayed in Fig. 5.11(c).

1 H. Won and K. Maki, Phys. Rev. B 49, 1397 (1994).
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Perturbation about the BCS ground state The Eliashberg formalism is a self-
consistent theory of pairing in superconductors which, unlike the BCS theory, can
take into account retardation effects implied by the time dependence of the pairing
interaction. It is well known that the phenomenon of pairing cannot be explained by a
perturbation expansion around the non-interacting Fermi sea. This is manifested for
instance in Eq. (5.143), which shows that the BCS gap cannot be expanded as a power
series at the non-interacting point V, = 0. The reason is that the Fermi sea and the
BCS ground state are not adiabatically connected. From the perspective of the low-
lying excitations, it means that the electrons—or the Landau quasi-particles—are not
well-defined excitations in a superconductor. In contrast, the pairing problem becomes
a simple non-interacting problem once formulated in terms of the good excitations,
which are the Bogoliubov quasi-particles of the superconductor. Therefore the latter
formulation in terms of Bogoliubov quasi-particles is the good starting point in order
to investigate retardation effects using perturbation theory. The Nambu formalism®
is a neat way to implement the Bogoliubov transformation that brings out these new
quasi-particles. The trick is to introduce Nambu spinors, which are pairs of an up-spin
electron and a down-spin hole in the same orbital state |a): yl = (CZT Cy l)' One then
introduces the corresponding 2 x 2 Nambu matrix Green’s function:

a1 (7)

Gup (V) = —(Toy, )y (0)) = —(T, (c;i;l(f)) (c}4(0)cq, ()

_<TrcaT(T)C;5T(O)> _<TTCaT(T)Cﬂl(O)>
. - N . (11.2D)
_<TTC(;1(T)CAT(O)> _<TTC;1(T)Cﬁl(O)>

Note that the matrix ¢ introduced here is the same object as the one introduced in
Eq. (5.122), but specialized here to the case of a spin-singlet superconductor. The fact
that in the usual BCS theory—often called “weak-coupling BCS theory”—the excitations
are independent Bogoliubov quasi-particles is manifested by the fact that the Nambu
matrix ¢ has the same form as the Green’s function of free fermions [see Eq. (5.124)],
except for its 2 x 2 structure. Thus the 2 x 2 Nambu structure is the price to pay in
order to move us from the part of the Hilbert space surrounding the Fermi sea to the
part surrounding the BCS ground state.

A crucial property of the Nambu matrix ¢ is that it has a diagrammatic expansion
identical to that of the usual electron Green’s function ¥, except that the electron
propagators in the diagrams must be understood as 2 x 2 Nambu matrices and the
interaction vertices carry additional Pauli matrices. One verifies this by extending the
perturbation theory developed in Sec. 5.1.3.4 in order to include diagrams involving
propagators of the kind (a'a') and (aa). This implies working with both the usual
fermion propagator ¢ and the anomalous propagator Z' of Eq. (5.116), which are
both nonzero in the superconducting state.> The two expansions for 4 and Z' can
then be recast in the 2 x 2 Nambu matrix form. Clearly, there are only two independent

ly Nambu, Phys. Rev. 117, 648 (1960).
2 L. P Gorkov, Sov. Phys. JETP 7, 505 (1958).
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objects in this theory, ¥ and Z; therefore there are only two independent elements
in the Nambu matrix ¢. One sees that the component 11 of the matrix Eq. (11.21) is
just 9,4(7) for up spins, while the component 21 is 9;'/5(17) as defined for instance
in Eq. (5.132). In a paramagnetic state, the two remaining components are simply
related to the two first. We indeed have

[Dap(D)] 11 = Gap(D) = —[Gup(—) 5, = [ Gus (7)1, (11.22a)
[9p ()], = 210 =[], = [Dpa(D)], - (11.22b)

For checking these relations, one has to remember that %Aaﬁ(r) is real. This results
directly from the definition of the correlation function and from the fact that creation
and annihilation operators can be represented by real-valued matrices. Furthermore,
one has to be careful that [c, ()]’ = Cl(—T), as is clear from the definition of the
imaginary-time evolution in Eq. (4.3). In frequency space, these relations become

[(g\aﬂ(iwn)]ll = _[(‘é\aﬁ(lwn)];2 = _I:(‘éaﬂ (_iwn)]zz (11233)
[Gop i)y, = [Gpa(—iw)]1, = [Gpaliown)],,- (11.23b)

Consider now that the electrons interact via a generic retarded potential V(q,if2,). In
conventional superconductors, this interaction is the sum of the screened Coulomb
interaction Eq. (5.90) and the phonon-mediated interaction Eq. (5.54):

V(q,if2,) =W(q, i) + Y |22*23(g,i9,). (11.24)
A

Both contain retardation effects. In other situations, the interaction could be due
to the exchange of spin waves. This interaction leads to pairing, an effect that is
automatically taken into account at the mean-field level via the Nambu formalism. The
time dependence of the interaction furthermore leads to renormalization and damping
of the Bogoliubov quasi-particles: this effect will be treated by perturbation theory. We
specialize to a translation-invariant case, such that all matrices become diagonal in
the af indices, the latter being replaced by a wave vector k. The matrix ¢ satisfies a
Dyson equation in Nambu space:

Gk, iw,) = Y9 l(kiw,) — Sk iw,). (11.25)
————

(e ™ we)

In the Eliashberg approximation, the self-energy is given by the self-consistent exchange
diagram:!

-

~

a 7 1 n
Sk, iw,) = G0 = —ﬁ—ﬂyZV(q,iQn) Tk —q,iw, —iQ,)T". (11.26)
qiQ,

The dashed line represents the effective pairing interaction V(q,if2,), the double-
dashed line is the matrix ¢, and the gray circles represent Pauli matrices. For the

Ip.J. Scalapino, J. R. Schrieffer, and J. W. Wilkins, Phys. Rev. 148, 263 (1966).
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Coulomb and phonon-mediated interactions, the appropriate Pauli matrices are 7°
(u = 2), while for a spin-wave mediated interaction it is the identity matrix 70,

From the symmetry properties of the matrix ¢ and the fact that V(q, if2,) is real, we
can deduce symmetry properties for the matrix 3::

Zzz(k,iwn) Z_Zil(k,ia)n), le(k,iwn): 221(k,iwn). (11.27)

The Dyson equation Eq. (11.25) can then be inverted to yield ¢, whose 11 and 12
components are

Y(k,iw,) =

(11.28a)
2
Z:12

iCl)n + gk + 2;1
212
(iwn - gk - Z:11)(1.0‘)11 + gk + 211) - 2%2

lw, =& — X1y

F(k,iw,) = (11.28b)

Egs (11.26) and (11.28) form a set of self-consistent equations known as the Eliashberg
equations, that can be solved once &, and V(q,if,) are specified.'> 2

Example of solution In order to illustrate the content of the Eliashberg equations,
we solve them in the simple case where the effective interaction between electrons is
due to a single optical phonon branch and the Coulomb interaction is neglected:

. . 1 1
V(q,lﬂn)EV(lQn)zgz(iQ — oo ) (11.29)
n 0 n 0

Q, is the frequency of the optical phonon, assumed independent of q [see Eq. (5.51)]
and g represents the electron-phonon coupling, also assumed independent of q. As

! The BCS “weak-coupling” limit is recovered when V is the time-independent BCS interaction: using the
BCS result Eq. (5.136) in Eq. (11.26) we find that £;; becomes a momentum- and energy-independent
constant (to be absorbed in the chemical potential) while the equation for ¥;, becomes the gap equation
Eq. (5.141) with the solution X1, = Ag.

2 Most often in the literature, the Eliashberg equations take a different form because the two unknown
self-energies ¥1; and X1, are rewritten in terms of two real-valued functions Z and y, and one complex
function A or ®. From the definition Eq. (11.26), we see that Re X, (k,iw,) = ReX;(k,—iw,) and
Im %, (k,iw,) =—ImXq;(k,—iw,), such that, without loss of generality, we can define

Sk, iwy) =iw, [1—Z(k,iw,)]+ x(k,iw,)
with Z(k,iw,) and y(k,iw,) two real functions that are even in iw,. It is also customary to write
Sk, iw,) =Z(k,iw,)Alk,iw,) = d(k,iw,).
Expressed in terms of these new quantities, the Green’s functions may be put in the form
iwp,Z(k,iw,)+ & + x(k,iwy,)
liwnZ(k, iw,)]* = [Ex + x (k,i,)]* = 82(k, i)
F(k,ico,) = — . . <I>(k,io.>n)‘ _ ‘ .
liwnZ(k,iw,)]” — [Ek + x (k, ie,)]" — 2(k, iw),)

One sees that y describes a renormalization of the dispersion &; while Z renormalizes the energy. A, on
the other hand, is known as the energy- and momentum-dependent pairing function.

Y(k,iw,) =
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the interaction does not depend on momentum, the self-energy Eq. (11.26) becomes a
function of energy only:

Siw,) = —% D VIR A (iw, —i2,) = —% D Vliw, —iw,) N (iw,) (11.30)
i

Wy,

with A (iw,) =¥ Y, Y(k,iw,) and A,(iw,) ==Y >, Z(k,iw,). Owing to
the momentum independence of the self-energy, ¥(k,iw,) and Z (k,iw,) in Eqs (11.28)
are function of £; only and we can therefore replace the k sums by energy integrals
according to ¥ 1 D, (+-+) = f dENZ(E)(--+). NE'(&) is the density of states per spin
direction for the band &;. In order to be able to proceed analytically as far as possible,
we make the simplification N&'(&) = N¢!(0) for || < W and Ng(§) =0 for |£] > W. In
other words, we assume that in the absence of pairing the density of states is flat over
the bandwidth 2W. The & integration can then be performed analytically. Separating

out the real and imaginary parts of %;; through ¥,; = ¥, +i%7}, we find:
. iw,—i%" (iw,) w
Hlieo,) = KE(0) [(1 + —) tanh” ( , , )
" 0 E(lwn) E(lwn)_ 2/11(10),1)

3 _iwn—iE’l’l(iwn) _1( w )}
(1 E(io,) )tanh E(iwn) + =, (o)

: — _qgel Zip(iow,) -1 w
Aalten) =N O, [ta“h (E(iwn)—zgl(iwn))

. w
+tanh (E(iwn)+2’u(icon))]

E(iw,) = y/liw, — i/ (i0,)P? — 22, (io,).

Since .4 is proportional to ]\75‘1(0), it is convenient to measure the interaction strength in
units of 1 /1\751(0) by introducing the dimensionless parameter g2 = 2g2]\7§1(0) /hQ,. We
are now in the position to perform the self-consistent loop numerically on the imaginary
axis. Starting from the BCS solution %1, (iw,) = 0 and Z,(iw,) = A/ sinh(1/§2),
we compute A7, and A4, using the above relations. The latter quantities allow us to
calculate new values for the self-energies 3;(iw,) and %;,(iw,) using Eq. (11.30)
and the process is iterated to convergence. Since the self-energy is a convolution, it is
most efficiently evaluated using a fast Fourier transform (FFT). This procedure works,
but has one major drawback: the procedure yields numerical values for, e.g., A} (iw,),
while we are primarily interested in the density of states on the real axis, which is
formally given by N(¢) = (—1/n)Im A;;(iw, — & +i0%). If we knew the function
M1 (iw,) analytically, the continuation to the real axis would be straightforward; but
we happen to know this function only numerically for the discrete frequencies iw,. The
problem of the analytic continuation of numerical data is a very difficult one, because it
is equivalent to inverting a matrix with exponentially small eigenvalues [see doc—69].

In order to avoid this problem, we solve the Eliashberg equations directly on the real
axis. This can be done by means of the spectral representation of the Green’s functions,
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1 WO0=1; W=1000; T=0.1; g2=2; max=15; n=3000;

de=2max/n; e=N[(Range[n]l-1)de-max]; i0=I*2de; a=0.2;
f=Chop [1/(Exple/TI+1)]; blx_1:=1/(Exp[x/T1-1);
M=g2*W0/2*de*xTable [(£+b[WO0])/(e[[k]]+i0+W0-e)-(£+b[-W0])/(e[[k]]+i0-W0-e),{k,1,n}];
dS11=g2*W0/2(2%b[W0] (ArcTanh [W/(e+i0+W0)]+ArcTanh [W/(e+i0-W0)] -
ArcTanh [max/(e+i0+W0)] -ArcTanh [max/(e+i0-W0)]1)+
Log [1+W/(e+10+W0)]1-Log[1-W/(e+i0-W0)] -
Log [1+max/(e+i0+W0)]+Log[1-max/(e+i0-W0)]1);

0N oo W N

9 Iteration:=Module[{u,EE,A1,A2,N12},

10 u=e+i0-I*Im[S11]; EE=Sqrt[u~2-S12°2]; u=u/EE;

11 Al=ArcTanh [W/(EE-Re[S11]1)]; A2=ArcTanh[W/(EE+Re[S11]1)1];

12 Ni1=-Im[(1+u)A1-(1-u)A2]/Pi; N12=-Im[-S12/EE(A1+A2)]/Pi;

13 S11=(1-a)S11+a(M.N11+dS11); S12=(1-a)S12+a*M.N12;

14 ListLinePlot [Table [{e[[k]],N11[[k]]},{k,1,n}],PlotRange->{0,A11}]
15 1;

16 S11=0; S12=W0/Sinh[1/g2]; Dynamic[Iteration]

Figure 11.12: Solution of the Eliashberg equations on the real-energy axis for an interaction
mediated by a single optical phonon, using Mathematica.

which implies

:/V(iwn)zf dsM with N(e)z—llm,ﬁ(iwn —eg+i0h).
oo Ly —E i

The real functions Ny, (¢) and N;,(¢) will be our unknowns. Using the spectral repre-
sentation and Eq. (16), we can perform the Matsubara sum for the self-energy:

f(e)+b(nQy)  f(e)+ b(=M) ] .

iCDn +—ﬁ520——€ iCOn'_'hszo__é

ﬁ(iwn):ng dsN(s)[ (11.31)

—0Q
This expression is analytic in ic, and allows us to evaluate 3:(¢ +i0") on the real axis.
From this information, we deduce A4, (e +i0%) and A;,(¢ +i0*") using the formula
derived previously and we can thus close the self-consistent loop by computing new
values for the functions N;;(¢) and N;,(¢). For a practical implementation, we must
discretize the e-integral giving the self-energy. At high energy, we have 3:(¢ +i0*) — 0,
which implies Ny;(|e| — o0) = Ngl(s) and Np,(]e| = o0) = 0. Hence the numerical
evaluation of the self-energy 3I;, can be done by cutting the integral at some cutoff
€max, While for 3;; we may perform analytically the integrations for |¢| > &,,,, Where
the Fermi functions are either one or zero.

The complete solution is implemented in the code of Fig. 11.12. Line 1 defines the
parameters. We measure energies in units of fi{); and thus set WO=1; W is the bandwidth,
T represents kT in units of 7Y, g2 is the coupling g2, max is the cutoff for the energy
integral, and n is the number of discretization points. Line 2 builds the energy axis
[—€max> Emaxl in € and sets 10, which represents i0", to twice the discretization step.
a is the mixing factor, which tells how much of the new solution is mixed with the
old solution during the self-consistent loop; it is sometimes necessary to change this
values in the course of the self-consistent loop. Lines 3 and 4 build the matrix M
whose matrix elements are the expression in brackets in Eq. (11.31): one sees that
after discretization of the integral, the calculation of the self-energy amounts to a
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Figure 11.13: (a) Density of states N(&) = N;;(¢&) calculated with the code of Fig. 11.12 (solid
line) and corresponding weak-coupling BCS result (dashed line). (b) Evolution of the critical
temperature T, with the dimensionless coupling §> = 2g2]\7§1(0)/ hQ, as calculated with the
code of Fig. 11.14 (dots). &2 is equal to the electron-phonon coupling parameter A (see text).
The solid line is the McMillan formula Eq. (11.32) with (w) = Q, and u* = 0.

matrix-vector multiplication; since the matrix does not depend on N(¢), it can be
set up outside the self-consistent loop. Lines 5-8 define the correction dS11 to the
self-energy coming from the region outside [—¢,,x, €max[- Lines 9-15 define a function
that performs one self-consistent iteration. At line 12, the new values of Ny;(¢) and
Nj,(€) are computed and at line 13 the mixing of the new and old self-energies is
performed. Line 14 displays a plot of N;;(¢). Finally, at line 16 the loop is started by
initializing the self-energies to their BCS values and performing the iterations. The
Mathematica function Dynamic will run the iterations indefinitely; by looking at the
plot, one can stop it at convergence. When using this code, it is better to move this
last instruction in a new cell and launch it only after the other instructions have been
executed. The calculation will take a few seconds.

Figure 11.13(a) shows the DOS Nj;(¢) obtained with the code of Fig. 11.12. The
corresponding BCS solution (i.e., the first step of the self-consistent loop) is also dis-
played for comparison. One sees that the strong-coupling theory leads in this case to a
gap wider than the weak-coupling BCS theory, but the gap edges are less sharp. One
also notices features at i, 2k, ..., that denote the threshold of the one-phonon,
two-phonon, etc... absorption or emission processes. The self-consistency indeed
includes these many-phonon processes through the subset of rainbow diagrams:

- -
—_ - //_\\\
N

7/ 4 7 / -
\ \ -~ N\ RN
GO = -0+ C=B-=-0=0 + B=O=0-=-0-0=0 + ...

P - - N
~ ~ 7

One also sees that the most prominent signature of strong coupling is a dip-hump at
energies above the coherence peaks. This appears because the scattering rate is roughly
proportional to the shifted DOS, e.g., —ImX;; (&) ~ N;; (e —1£,) for € > 0, and thus
the scattering rate is peaked at € = A + i), leading to a suppression of the DOS at this
energy. Therefore, the higher the coherence peak in the DOS, the stronger the dip. It
is clear that the analysis of the features in the DOS allows in principle to determine the
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energy of the underlying phonon. This is the background of the celebrated McMillan &
Rowell inversion procedure,! by which the whole phonon spectrum is extracted from
tunneling spectra assumed to be proportional to the DOS.

Linearized equations at T, In order to determine T, in this theory, we have to find
the temperature above which the anomalous self-energy >:;, vanishes. At T,, where
315 = 0, we can expand the Eliashberg equations to lowest order in 3;,. This means
that we can replace in Eq. (11.28) Z}fz by zero. Then ¥ only depends on %;; and
F =—2,,99". We thus get self-consistent equations for ¢4 and %;; that do not depend
on & and %;,. Once they are solved for ¥, we see that the equation Eq. (11.26) for
331, has the form of an eigenvalue problem, namely (schematically) 3,, =V ® ¥¥4*%,
where ® stands for the convolution in Matsubara frequencies, in other words X, is
an eigenvector of V ® ¥¥* with unity eigenvalue. The strategy to determine T, is
therefore to watch the eigenvalues of this matrix while varying T.

With our simple interaction Eq. (11.29), the self-consistent equation for 3;; can be
simplified and yields %, (iw,) =0 and

. w
,/Vn(iwn) = —ZINSI(O) tan™ (%T{l(lo)n)) .
We can check this by noting that E(iw,) is purely imaginary if Zfz =0: E(iw,) =
i|w,—%7,(iw,)]. The above formula follows, since tanh ™ (—ix) = —itan"'(x). On the
other hand, since .47; is purely imaginary and V is real, the real part of the self-energy
¥1; in Eq. (11.30) vanishes, consistently with our initial assumption. The equation for
31, can be recast in the form of an eigenvalue problem, indeed:

el . .
Eplio) =D [—2N° © Vo, ~ ””m)) tan”! (%)} Tia(ion),

B w, =2 (iw, W, — X7

iwy,

with the term in brackets being the matrix of which we have to find the eigenvalues. At
T < T., the largest eigenvalue is greater than one and consequently the self-consistent
loop tends to increase the value of 2;,. Inversely, at T > T, the self-consistency drives
3, to zero and all eigenvalues of the matrix are therefore smaller than one. At T =T,
the largest eigenvalue is exactly one.

The code of Fig. 11.14 implements the calculation of T, as a function of 2. At line 3,
we start the loop on temperature close to T = 0; for each T, the series of 2M Matsubara
frequencies w), is first built in w. Lines 4-7 solve for X;;. Since %, is a convolution of
V and A4 [Eq. (11.30)], we can evaluate it using Fourier transforms: schematically,
%11 = —(1/B)FT[FT (V) * FT}(A;,) ]. The quantity FT~!(V) is prepared at line 4
and multiplied by the appropriate factors and normalization; then the convolution is
done at line 6. Lines 5 and 7 open and close the self-consistency loop for 3;;. Once
%, is found, we build at lines 8 and 9 the matrix corresponding to the expression
inside the brackets in the above equation and compute its largest eigenvalue max. If
the latter is smaller than one it means that we have crossed T,, such that we move one

1 W, L. McMillan and J. M. Rowell, Phys. Rev. Lett. 14, 108 (1965).
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1 WO=1; W=1000; M=200;

2 Tclg2_]:=Module [{T,dT,w,V,S11,S0,dSA,max},
dT=0.1; T=0.001-dT; While[dT>10"-6, T=T+dT; w=(2Range[-M,M-1]1+1)Pi*T;
V=-2Txg2*W0 " 2InverseFourier [RotateLeft [1/((2Range [-M,M-1]1Pi*T) " 2+W0"~2) ,M]]1Sqrt [2M];
S11=0; S0=0; dS=1; While[dS>10"-14,
S11=Fourier [VxInverseFourier [I*ArcTan[W/(w-Im[S111)]1];
dS=Abs[S11[[M]]-S0]; SO0=S11[[M]1];
A=2T*g2#W0~2ArcTan [W/(w-Im[8111)1/(w-Im[S11]);
max=Max [Re [Eigenvalues [Table [A/(((2*n+1)Pi*T-w) 2+W0"2) ,{n,-M,M-1}111];
10 If [max<1,T=T-dT; dT=dT/2]]; Max[T,0]
11 ]

© 0N oW

12 Export ["Tc.dat",Table[{g2,Tc[g2]},{g2,0.01,3,0.1}1];

Figure 11.14: Calculation of the critical temperature T, in the strong-coupling Eliashberg
theory, using Mathematica.

step back and decrease the temperature increment dT (line 10), continuing until the
increment is sufficiently small (107° in our case).

The curve T,(§2) obtained with this code is displayed in Fig. 11.13(b). Also shown is
the behavior expected from the McMillan formula®

H{w) exp( 1.04(1+ A) )

kpT. = ——~ —
Ble™ 12 A— (1 +0.621)

(11.32)

This formula was derived by fitting numerical values of T, for a model more elaborated
than ours. The results nevertheless match at weak coupling, while deviations occur
at strong coupling. McMillan considers a continuous phonon distribution rather than
a single phonon and the electron-phonon coupling is represented by a dimensionless
function a®F (w). Our model corresponds to the simple case a*F(w) = g*N&'(0)6 (hw—
hQy). The overall electron-phonon coupling strength is measured by the parameter
A= 2f000 dw a*F(w)/w, which becomes simply 2g2N¢!(0)/AQ, = g2 in our case.
u* is a parameter measuring the strength of the Coulomb repulsion, which we have
neglected. Finally, (w) is a measure of the “center of mass” of the electron-phonon
coupling function, defined as (w) = (2/1) fooo dw a?F(w), i.e., simply Q, for our
model.

doc—69 The problem of numerical analytic continuation

The continuation of imaginary-time functions % (iv,) from the imaginary to the real
axis is a trivial task when the functional dependence of ¢ on Matsubara frequencies
is known analytically. For instance, if € (iv,) = 1/(iv, — &), we immediately know
from Eq. (4.12) that CR(¢) = 1/(e +i0" — &). It is not quite that simple when the
values €(iv,) can only be obtained numerically for a finite—even if large—set of
frequencies iv,. In the latter case, we face a problem of general significance: given
a finite number of values C, = ¢ (iv,), find the function p(¢) such that Eq. (4.11)
is satisfied. Rewriting the e-integral as a discrete sum, we see that this is a linear

Tw L. McMillan, Phys. Rev. 167, 331 (1968). % R. C. Dynes, Solid. State Commun. 10, 615 (1972). % P B.
Allen and R. C. Dynes, Phys. Rev. B 12, 905 (1975).
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problem of the kind C, =) A,,R,, where R,, = p(¢,,) are the unknowns and the
rectangular matrix A is given by A,,,, = de¢/(iv, — &,,,). The formally simple solution
R = (ATA)'AT C—where the superscript T means transposition and (ATA) AT is the
left-inverse of A—falls apart when it comes to the practice, because it turns out that
the square matrix A”A is badly conditioned and cannot be inverted numerically in any
reliable way. This can be seen as follows. If we keep the whole series of Matsubara
frequencies, the matrix ATA is given by

(ATA) e = (de* S — 1 @ do(en) —doy(en)

~ 1V, — € 1V — €y kg T Em — Eny

where we have used Eq. (16). Writing ¢,, = mde with integer m and defining 6 =
de/(kgT), this becomes

5 Semd m=m’
(ATA)mm/ =0 U - X emd _ em’é
(em® —m)(e™® —n) — m+#m'.

The problem is most obvious for fermions at high temperature: expanding for small
& with = —1, we see that all matrix elements are equal to —52/4 at leading order,
such that the determinant of ATA is identically zero in this limit. It is not because
just one eigenvalue happens to be zero: all but one eigenvalues are actually zero.
In the opposite limit of low temperature, we see that the diagonal matrix elements
approach —5%e71™%_ The off-diagonal matrix elements vanish even faster if m and

m’ have the same sign. We can assume this be- 0-88808g, ' |
cause the argument should not depend critically I ° 033. n= |
on which domain of energy we are considering. = °, OS-.

Hence we find that the determinant of A”A should & s ° %00 o 1
typically vanish as e ®M™*+1)/2 for a matrix of size & —500 °. OO'. -
M. The figure shows In|det(A’A)| as a function = [ ® 0=100 o Oo;.:
of M for a grid of M energies ¢, taken symmetri- | © 6=10 o o
cally around € = 0 and confirms that the matrix Lo o=1 ‘e
determinant plunges well below the accuracy of —1000 0 1‘0 ‘ 2‘0 ‘ 3‘0 e 0
computers for just a few tenths of energies. M

doc-70 Energy dissipation in an applied field

Imagine a system with rest Hamiltonian K|, subject to an external field F(t) that is
switched on adiabatically. The field couples to observable B like in Eq. (6.6). We are
interested in the total energy dissipated at leading order in the field. For any operator
that has both the internal and an external time dependencies, the equation of motion is

ihitAt(t) =U(t) ([At,K] + ik 94,

y r )U(t), (11.33)

where the partial derivative is taken with respect to the external time. This results
from Eq. (2.15) and the equation of motion of the evolution operator. In our case,
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A; =K =K, +BxF(t) and it follows that dK/dt = B(t)*dF(t)/dt. The instantaneous
power dissipated is P(t) = d(K)/dt = (B(t)) * dF(t)/dt. At first order in the field,
(B(t)) is given by Eq. (6.19). Considering Egs (4.12) and (6.8), introducing the Fourier
transform of the field, and noting that B = B, we have

_ 7 de i 47 e ey
P(t)_J o et (Aw) * F(w) * dtf_oo o F(w')

—0oQ

= J‘ i—w di eii(w+w,)t(_i0)/))(33‘r(h0)) * F(Cl)) * F((J)/)
oo 2T 2T

The total energy dissipated is

AE=f dtP(t)=if i—:waBf(hw)*F(w)*F(—w).

—0oQ —0oQ

As the field F(t) is real, we have F(—w) = F*(w). AE is also real, therefore:

“ dew

AE=iJ d—“waBT(hw)**lF(w)l%—if = @ Y () ¢ |[F ()
oo 2T 21

—0Q

i [ do .
- 5 Joo % w[XBB*(hw)_XBBf(hw):I** IF(a))lZ

2iIm yppt (Hew)

The last line results by averaging the two expressions at the first line and the notation
** implies summation over all cartesian and spatial indices associated with B and F.
The final result is that the energy dissipated by a field coupling to observable B is
controlled by the imaginary part of the retarded correlation function of B with itself:

BB
2 —00

AE = lf dowo(—1)ImCE (w) *|F(w). (11.34)

Owing to Eq. (3.47), the energy dissipation is related to the spectral function pggi(¢€),
which expresses the fluctuation-dissipation theorem.

doc-71 Golden-rule calculation of the photoemission intensity

The momentum-resolved photoemission process may be viewed as an absorption of a
photon that leaves the system in an excited state containing one free electron of wave
vector k. More precisely, the state of the photo-electron is a so-called time-reversed
LEED state, which is built by matching an outgoing plane wave outside the material
with a high-energy excited state inside the material; such LEED states with ingoing
plane waves are used for the description of low-energy electron diffraction. To evaluate
the absorption rate, we use the following version of the Fermi golden rule:

27 e PK

hab

r {a|V|b)|?6 (hew,y + Ky — K,).
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Three modifications were brought to Eq. (2.27). First, we have replaced the t-matrix by
its first-order value, namely V. Second, instead of a single initial state, we perform a
thermal average over all possible initial states here denoted |b), which are eigenstates
of K, with Boltzmann weight e X+ /Z; we also sum over all possible final states |a).
Third, we have generalized the golden rule to the case of an oscillating perturbation
as discussed after Eq. (2.27) and kept only the term corresponding to the photon
absorption. In the expression of T, the final state is unconstrained if not for the
energy conservation K, = K, + fiw,. As V conserves the number of particles, the
final state has the same number of electrons as the initial state. In the photoemission
experiment, there is one additional constraint since the only final states measured
are those containing the photo-electron. In the sudden approximation, this is made
explicit by replacing in the expression of the absorption rate |a) by c,'C |a) and K, by
E, + & —w(N, + 1) = K, + &, where CZ creates the time-reversed LEED state and
€; is the energy of the photo electron. In other words, it is assumed that the photo-
excitation from the state |b) leaves all of a sudden the system in an eigenstate |a) of
energy E, = E, + fiwy — €, with one electron less than |b). This is an approximation,
because the photo-excitation in fact produces a superposition of eigenstates determined
by all the processes leading to the relaxation of the photo-hole. The photoemission
current dJ(n)/dQ = el in the sudden approximation is therefore

dJ%™(n) 2me s e PKb
% - TZ —alcx AlbY 26 (Hewo + Ky — K, — Ex),
ab

where n is the direction of k and for V we used the dipole operator [see doc—14]
—e ) )
A= ﬁZ(odp "A+A-plf)c,c, = ZAaﬁc&cﬁ.
af aff
We take the vector potential A as constant throughout space and |a), |3) are single-
electron states with cZ and c,g the corresponding operators, see Eq. (2.43).

As the LEED orbital created by c;'; is not occupied in the initial state |b)—rather, since
we sum over all states |b), the states such that ¢, |b) # 0 have exponentially small
Boltzmann weight of order e ™@o/ksT in the sum—the only way for the matrix element
(alckc;cﬁ |b) to be nonzero is to have ¢/ = c/. We thus get

(aleeAlb) = ; Ayp (alckc;;cﬂ [b) = ;Akﬁ (alcy |b),

where we have used ¢, |b) = 0. More formally, this can be established by means of the
commutation rules Eq. (2.41), which give ¢;c] g = = 0pqC st c! oCpCic: The photocurrent
follows as

dJ%®(n) 2me
) _ 2 DI ﬁZ = ale, 16} (BIc} la) 5 (eop + Ky — Ky — £,

The relation with the spectral function is now easily seen. The occupied part of the
single-electron spectral function is [see Eqs (3.32) and (3.14)]

_Kb
Ap©=p7 ()= Pesey (I () = D —— (alcalb) (Blepla)5e + Ky —Ky).

ab



266 Bonus material doc-71

A direct comparison leads to

JSA n 2me
( ) ZAkaA* A<ﬁ(€k hwo)

& —Hhwy is the energy of the photo-hole measured from the chemical potential, which
corresponds to ¢ in Eq. (7.10), as seen in Fig. 10.2. In a plane-wave basis, and taking
the LEED state as a plane wave of wave vector k for simplicity, the matrix element
of the dipole operator is Ay = —efi/m (A - k)6, and we get a result very similar to
Eq. (7.10):

dJSA(n)

dQ

While the derivation based on the Fermi golden rule is much simpler than the response
theory of Sec. 7.1, it relies heavily on the specific form adopted for the final state.
Unlike in the response theory, there is no clear strategy for a systematic improvement
of the simplest approximation.

o< |A-k|?A(k, €)f (¢).

doc-72 Photoemission matrix element and selection rules

For understanding photoemission in real materials, it is necessary to go beyond the
idealizations of a translation-invariant sample and plane-wave final state that have
been adopted in order to arrive at the simple result Eq. (7.10). Still based on the
diagram in Fig. 7.1(b), we provide here a more general expression that takes into
account the wave functions of the initial and final states. The calculation proceed
exactly like in doc—50, however with the following replacements:

G(ry,r,io, )ﬁcha(rl)cp (rz)f w"‘(i)g
lKR
free(R r, s+hw0)—>—ﬂ;qp (_1)
—ikR
free(rz B’€+hw0)_)_ wan( 2)

The first expression extends Eq. (3.27) to the case of interacting particles with the
assumption that the interacting Green’s function remains diagonal in the basis ¢, (r)
of the non-interacting problem.! The free retarded and advanced Green’s functions
are replaced by expressions in which the plane wave ¥ ~/2¢’*" at positions inside the
sample is replaced by the wave function ;. (r) of the time-reversed LEED state [ see
doc—71]. This leads us to the following total photo-electron current:

dJSA(n) e2y o0
i sn’mh f_m de Za: M, (xm)[*Aq(e)f (2) (11.35a)
M, (xn) = % v K(E)Jdr[A(r)'(Vr—Vr)]tpa(r)w*m(z). (11.35b)

! The generalization is not difficult but involves a non-diagonal spectral function Agp(£).
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The result has the same general form as Eq. (7.8), however with a more involved
expression for the matrix element. In the ¢ — 0 limit for the electromagnetic field,
where A(r) = A, we can integrate by parts the term involving the gradient of ¢, (r)
and thus transfer the gradient to the final state. The matrix element simplifies to

My(kn) =i/ K(s)f dr @,(r)(A-V, )y (r) (11.35¢)

~ k¥ (A-n)p,(kn).

Because the final state is not far from the plane wave 7 (r) ~ e”MT e can

remember as a rule of thumb that the matrix element is proportional to the Fourier
component of the initial wave function at the wave vector kn of the photo-electron,
corrected by a geometric factor depending on the light polarization. If the initial and
final states are expanded on a basis of angular-momentum eigenstates |[n{m), the matrix
element becomes a superposition of matrix elements of the form (nfm|A - p|n’¢’m’)
which obey the standard dipole selection rules.

As a case study, let’s consider a Bloch crystal and ignore final-state and surface effects.
In order to describe this situation, we make the substitutions

! : 1,
(r)—> o, (r)=— u V(G)el(k‘FG)'r and Y, (r)— e
v Pk \/7; " =

where k is in the first Brillouin zone and v is a band index. We furthermore restrict to
a constant vector potential and arrive at

d*7¥n,e)  e*v
dQde  8m2mh

<A n ] [y, (en — )"y, (2)f (),

The wave vector k is the irreducible value of the photo-electron wave vector kn in the
first Brillouin zone. This result resembles Eq. (7.10), except that the photoemission
intensity is modulated by the Fourier component of the initial-state wave function in
the zone G = kn —k. For electrons in tight orbitals, the wave function has components
U, (G) up to large values of G and the photoemission signal spreads over several
Brillouin zones. The more extended the Bloch states are, the more concentrated vy, (G)
is close to G = 0 and the more the signal tends to be confined to a single Brillouin
zone, the one closest to kn. Because k increases like the square root of the photon
energy, the signal may shift from one zone to another as fiw, varies.

Another approach is to expand the Bloch waves on localized Wannier orbitals. The
Wannier functions are defined as [Wg ,) = A2 e7*®:|¢ ) with the sum extend-
ing over the first Brillouin zone. They are localized around the cell R, and have the
symmetry of the orbital(s) composing the band v. The Bloch states are expanded as
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|0gy) = A2 ZRn elk-Rn [Wg, v)- The matrix element Eq. (11.35c) becomes

Mje,(kn) = «/?J dr ﬁ;eik'R”Wan(r)(A (V)Y (r)

#K(A-n)e—i’"‘"

Zeik'Rn J dr’ Wan(r/ +Rn)€_iKn'(r/+R")
R, —_———

=Wo, (1)

1
AV

=x%2(A-n)

5k+G,KTl

\% %ell

The momentum conservation expresses that kxn = k+G with k in the first Brillouin zone
and G some reciprocal-space vector. We find that the matrix element is proportional to
the Fourier component of the Wannier function at wave vector kn. We can study this
Fourier component by expanding the integrand on angular-momentum eigenstates. It
is a well-known result of scattering theory that the plane wave has a representation in
terms of spherical waves,

=«k%2(A-n) dr Wy, (r)e T,

e kT =4n Z(_i)ejé(kr)ygm(ﬁk: 0¥ (0, 0, )5,

{m

where j,(x) are the spherical Bessel functions, Y,"(#, ¢) are the spherical harmonics,
k = k(sin ¥, cos @y, siny, sin gy, cos ), and similarly for r. In general, the Wannier
function involves series of spherical waves centered on different atoms in the unit cell.
For the sake of argument, we consider a single component:

WOv(r) X Rne(r)ng(ﬁr’ wr)

The orthogonality of the spherical harmonics yields the Fourier transform

Woy(kn) o< Y™ (0, (p")f dr r?R, (r)j (k7). (11.36)
0

The key observation here is that the dependence of the matrix element on sample
orientation follows the angular dependence of the wave function and, consequently,
the photoemission intensity in principle allows one to determine the symmetry of the
initial state. The radial integral introduces a dependence on k—hence on hw,—that
is non-monotonic and can lead to extinction of the intensity at particular photon
energies. Figure 11.15 depicts the sample-orientation and photon-energy dependencies
of the matrix element for the case of a 5dxz_y2 initial state (n =5, { =2, m = +2).
The angular dependence is given by 1|Y2(9, ) + Y, 2(9, )|* = %= sin*(9) cos?(2¢),
shown in the figure as a stereographic projection. For the radial wave function, we
used the hydrogen-like form

3 _ ) _ ] 7r {
Rur=\|(22) QoD (220 o (220
nay /) 2n(n+¢£)! na, m na,
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Figure 11.15: (a) Stereographic view of the photoemission matrix element for an initial state
of d,2_,> symmetry. The factor |A - n|? is not included. (b) Dependence of the matrix element
on the photo-electron kinetic energy for a 5d state with effective nuclear charge Z = 18.7.

were L are the generalized Laguerre polynomials, a, is the Bohr radius, and we took
the value Z = 18.7, which is the effective nuclear charge for the 5d shell of iridium.
The radial integral is known analytically and yields the result

3

I=x =
1 +x)1

217 x7/2 ( 18 2)2 _ Ey,

1——x+x X = ,
(Z/5)*Ry

[es] 2
J dr r®Rs 5(r)jo (k)
0 ’ 7

where we used x = 4/2mE,/h* and Ry = hz/(Zmag) = 13.6 €V is the Rydberg.
Figure 11.15(b) shows that this function defines three energy ranges favorable for
photoemission separated by blind windows where the intensity is suppressed.

doc—73 Analytic properties of the self-energy

The self-energy is a key quantity since it encodes all effects that cannot be understood
on the basis of mean-field approximations. Obviously, this is also the reason why the
self-energy is most often impossible to calculate exactly. For checking the validity of
approximations or the consistency of self-energies derived from experiments, it is useful
to notice a few analytic properties that the self-energy must obey on general grounds.’
We restrict here to translation-invariant systems and we regard the self-energy %(k, 2)
as a function of the complex energy z.

A first property is that the self-energy is analytic everywhere in the complex plane, except
possibly on the real axis Imz = 0. This follows directly from Dyson’s equation X(k,z) =
Y 1(k,2)—%'(k,z) using the facts that both ¥, and ¥ are analytic everywhere except
on the real axis and that neither %, nor ¢ can vanish for Imz # 0. The analyticity of
% is obvious from the spectral representation [see Eq. (4.13)]

lz—el?’

Clearly 9(k,2) cannot be singular if Im(z) # 0. From the second equality, since A(k, €)

1 J. M. Luttinger, Phys. Rev. 121, 942 (1961).
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is real and non-negative, we find that

Im¥%(k,z) = —Im(z)f de Ak, ) .
oo el

~—_—
>0

The inequality is strict, because for the integrand to vanish A(k, €) must be identically
zero, which contradicts the sum rule f fzo deA(k,e) = 1. Hence Im¥%(k,z) and a
fortiori 4(k,z) cannot vanish for Im(z) # 0.

The second property is %(k, |z| = 00) = Zyp(k), where (k) is the real and energy-
independent contribution coming from the mean-field decoupling of the interaction.
In the case of the Coulomb interaction, this is the sum of the Hartree and exchange
terms calculated in Sec. 5.1.3.7. This property can be established quite generally
using the equation-of-motion method. The trick is to note that the equation of motion
of the Green’s function Eq. (5.114) can be put in the form —3.%9,4(7) = 6(7)d,4 +
[Ko9(7)]ap + Agp(7), with Ayp(7) = —(T;[a,, V](’r)a; (0)). In the frequency domain
and in matrix notation, this reads (iw,1—Ky)¥(iw,) = 1+A(iw,). Since iw,1—K, =
9, (iw,) [see Eq. (5.112)], this is nothing but Dyson’s equation provided that we define
the self-energy by A = ©¥. The relation %(z) = A(z)¥ ' (z) allows us to investigate
the asymptotic properties of ¥(z) by studying the moment expansion of A(z). For
|z| — oo we have (see Sec. 3.4.5) A(z) = M,/z, where [My],5 = ([[a,,, V]_,a;]_n) is
the first moment. Evaluating the matrix element we find M, = Vy; + V,, with V}; the
generic Hartree potential defined in Eq. (5.119a) and V, the corresponding exchange
potential Eq. (5.119b). Therefore, since ¢ '(z) = 2 for |z| — oo [see Eq. (3.45)], we
find lim,_, o0 2(2) = Vi + V.

The third property results from the first two: since %(k,z) — Xyr(k) vanishes at infinity
and is analytic in the upper half of the complex plane, we can deduce the Kramers-
Kronig relations for the retarded self-energy [ see doc—65]:

oo
1 m¥(k, ¢ +i0*
ReZ(k,s+i0+):EHF(k)—;j€ ds'% (11.37a)
1 [7 ReX(k,&' +i0")— Sk
ImZ(k,s+i0+):—ag g ReZUE F /) (k) (11.37b)
T ) o e—e¢

The easiest way to check this is to integrate the function [X(k,2) — Zyp(k)]/(e — 2)
along a contour C passing immediately above the real axis, avoiding the pole at &
and closing at infinity in the upper half. The contour contains no pole, such that
the integral vanishes. The contribution of the real axis avoiding ¢ yields a principal
value integral and the infinitesimal half-circle around the pole at ¢ gives —i7 (we turn
counter-clockwise) times the residue which is —[Z(k, & +i0") — Zye(k)]:

o:jgdzwz
C

E—2Z

%f Bk, 7+ 00 =Bk i1 o 4 i0%) = B ()]

de’
oo e—¢
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The Kramers-Kronig relations result by taking the real and imaginary parts of the above
relation.

doc-74 Modeling the photoemission spectrum of Bi,Sr,CaCu,0g. ;5

The photoemission spectrum displayed in Fig. 7.3 presents several characteristics
that are common to many systems: a linear dispersion close to the Fermi energy,
symmetric Lorentzian-like momentum distribution curves (MDC), and asymmetric
energy distribution curves (EDC) with a long tail. Our purpose here is to show how a
simple model can be constructed to reproduce these three features. Simple models
of this kind are useful for understanding how such spectra must be understood and
to help distinguishing what is expected from what is surprising. We assume that the
sudden approximation is appropriate here, such that the quantity plotted in Fig. 7.3
is proportional to A(k, €)f (¢) as we have obtained in Eq. (7.10). Two ingredients are
needed in order to model the spectral function Eq. (7.12): the dispersion &; and the
self-energy 3.(k, ¢). We start with a tight-binding model for &, = g, — u.

The high-T, cuprate superconductor Bi,Sr,CaCu,Og, s has a layered atomic structure
illustrated in Fig. 11.16(a). Planes of bismuth oxide (BiO), strontium oxide (SrO),
copper oxide (CuO,), and calcium are superposed in a periodic sequence. A band
structure calculation' yields the result shown in Fig. 11.16(b): only two bands cross
the Fermi energy and contribute to the photoemission signal in the narrow energy
range considered in the experiment. It turns out that these two bands originate mostly
from the 3d,._,. orbitals of the Cu atoms with some admixture of the 2p, and 2p,,
orbitals of the oxygen atoms located in the CuO, planes. The other Cu 3d orbitals are
pushed to lower energies by the crystal field and are full because Cu has 9 electrons in
the 3d shell. The atomic levels of Sr and Ca are quite far from the Fermi energy, such
that these atoms play no role close to ¢5. Finally, the Bi 6p states are slightly above
er and hybridize with the oxygen 2p states in the same planes to form the band with
the minimum at (7t/a,0) near 1.5 €V, well above the ARPES measurement window.
The pair of bands crossing ¢ is the bonding-antibonding pair formed by the two sets
of 3d,._,. orbitals in the two CuO, planes of the unit cell, which are weakly coupled
across the Ca layer. This coupling lifts the degeneracy of the two bands, except along
the (0,0)—(m/a, t/a) line, precisely the line on which the measurement in Fig. 7.3 was
performed. Therefore, we do not need to take this bilayer splitting into account and
we can work with a one-band model.

Let [Wg ) be the Wannier functions built from the electronic states in this band, i.e., a
collection of orbitals localized at the Cu lattice sites R, and having d,._,. symmetry.
These functions are schematically shown in Fig. 11.16(c). They are all identical if not for
a shift of their origin, such that Wy (r) = Wo(r —R,). Let c;n be the operator creating
an electron in the state [Wy ). Following Eq. (2.43), the one-electron Hamiltonian—of
which ¢, are the eigenvalues—takes the form

Ho= > (W, P’ W, )i, Cx, =Z<WO)%+V
nm nm

v
m
I H. Lin, S. Sahrakorpi, R. S. Markiewicz, and A. Bansil, Phys. Rev. Lett. 96, 097001 (2006).

T
2 WRm >CR,l CRn +Rm >
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Figure 11.16: (a) Crystal structure of Bi,Sr,CaCu,Oq,s. (b) Band structure plotted along
high-symmetry lines in the two-dimensional Brillouin zone of the square CuO, lattice. The
orange curve shows the model dispersion &,. The orange rectangle indicates the range of the
measurement in Fig. 7.3. (c) Representation of the Cu 3d,2_,» Wannier functions localized on
the Cu atoms and hopping amplitudes t; and t,.

where V(r) is the crystal potential and the discrete translation symmetry of the lattice
has been used. Because the Wannier orbitals are localized, the matrix element falls
off rapidly as |R,,| increases. For our simple model we shall assume that the matrix
element is negligible for |R,,| > v/2a, with a the Cu—Cu distance. Hence we retain
only matrix elements between Wannier functions on nearest neighbor and next-nearest
neighbor lattice sites. The on-site matrix element (W,|p?/2m + V|W,) sets the zero
of energy and can be absorbed in the chemical potential. We are left with only two
distinct matrix elements—or hopping amplitudes—namely t; = (W,|p?/2m + VIWs,)
with §, = +ax,+ay for nearest-neighbor sites and t, = (Wy|p?/2m + V|Ws,) with
0, = a(£x = y) for next-nearest neighbor sites. Explicitly, the Hamiltonian becomes

_ T
Hy = Z Cr, [tl (CRn+a)2 TCR—az TCR4ay T CRn—a}?)

n
T (an+a(£+y) TR ra@—9) T Ryra(—249) T CRn+a(—>e—9))] :

Thanks to translation symmetry, we can now diagonalize HO by moving to momentum
space: we express the real- space operators in terms of ¢, using Eq. (10.3): cR =

N2 Y e Rl and ¢ = 473 Y, e Ruc, (¥ has been replaced by A because
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here the real space is discrete). This gives

1 - - 1./ AN PN PPN AN
HO — Z y Z eilk'R”C;( {tlelk ‘R, (elk a eﬂk ax elk ay 4 eflk vay)

n kk’

+t2eik’~Rn [eik"a(my) 1 eik aE=9) 4 pik a(=%+9) 4 eik’-a(—ﬁ—j/)]} c

— Zc;;ck’ {fl (eik;a 4 e—ikia 4 pikia e—ikya) +t, I:ei(kx+ky)a
kk’
s ’ . ’ ’ . ’ ’ 1 N
+el(kx—ky)a +el(—kx+ky)a + el(—kx—ky)a]} jzel(k —k)-R,

n

1%

5kk’

= Z ekc;’('ck with g, = 2t;(cosk,a +cosk,a) + 4t, cosk,a cosk,a.
k

Therefore our model for the dispersion &; has three parameters and reads
&k = 2ty(cosk,a + coskya) + 4t, cosk,a cosk,a— u. (11.38)

To determine the parameters, we require that the model reproduces the measured Fermi
surface shown in Fig. 7.3. The Fermi surface is defined by the condition & = 0: it
cannot fix all parameters but only two ratios, for instance t,/t; and u/t,. The result is
t,/t, =—0.38 and u/t; = 1.18. With a = 3.885 A, this gives k = 0.446 A" along the
line (0,0)-(w/a, /a) and ky = (7/a,0.115 A_l) along the line (7t/a,0)—(n/a, n/a).
To fix t;, we require that the model reproduces as much as possible the calculated band
shown in Fig. 11.16(b): specifically, we take t; = —416 meV such that both agree at
(rt/a, m/a). The resulting dispersion is shown on top of the calculated band structure
in Fig. 11.16(b) and the corresponding Fermi surface is displayed in Fig. 11.17(b).
Improving the model by adding more hopping amplitudes is straightforward: the
dispersion is given in general by g, = Y. (W,|p?/2m + VIWRn)eik'Rﬂ. But this increases
the number of adjustable parameters, a complication which is unnecessary for the
purpose followed here.

We turn now to the self-energy. Most often the self-energy depends much more on
energy than it depends on momentum. Our phenomenological model is a momentum-
independent self-energy with the following properties. (i) The scattering on impurities
and the finite temperature give rise to a constant (energy-independent) scattering
rate, such that Im¥(e = 0) = —I. (ii) The electron-electron interaction leads to a &2
increase of the scattering rate at low energy. (iii) The imaginary part of % vanishes as
€2 at high energy, where the effects of interactions disappear. (iv) The real part of
Y. is “Kramers-Kronig consistent” with the imaginary part, as required by the general
analytic properties of the self-energy [see doc—73]. This leads us to the following
model:

Ttae® 1 e T[1+(e/W)]—aw?[1-(e/W)]
Tr /Wy Aaw 1+ (/W)

Y(e)=— (11.39)

The parameter a sets the magnitude of the £2 term and the energy scale W controls
the crossover from €2 to £72. The imaginary part is even as a function of ¢ and the real
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Figure 11.17: (a) Kramers-Kronig consistent model self-energy. The slope of ReX at ¢ =0
gives the renormalization factor A. The circles, dotted line, and crosses show the value of —Im %
obtained by fitting the MDC to a Lorentzian, assuming a linear dispersion with A = 0.5, 1.8, and
2.5, respectively. (b) Calculated Fermi surface and photoemission intensity. The dots are the
experimental results of Fig. 7.3 and the dotted line is the bare dispersion.

part is odd. As Re X} vanishes at ¢ = 0, there is no renormalization of the Fermi surface:
the maximum of A(k,0) in the Brillouin zone coincides with the bare Fermi surface.
There is a renormalization of the Fermi velocity, though (see also Sec. 7.3):

vp = |VE|, — Vi = |VE,, = with A =—-3,ReX(e)|,_,.

Vr
1+2
The model gives A = (aW? —T')/(v/2W) and, with our dispersion parameters, we have
vg =3.19 eV A at the Fermi crossing along (0,0)—(7t/a, 7t/a). The measured velocity
vp=1.14 eVA implies A = 1.8. We substitute this value in the model by eliminating
the parameter @ = (v/2WA +I')/W2. The parameter I can be determined by fitting
the MDC of Fig. 7.3, because the spectral function only depends on I at ¢ = 0. The
result is I' = 39 meV. Finally, fitting the EDC at kg yields W ~ 200 meV.

The outcome of the model is compared with the experimental data in Fig. 11.17.
Figure 11.17(a) shows the self-energy. The imaginary part increases like £2 at low
energy, peaks at ¢ & W and then decreases. The real part goes like —Ae at low energy,
has a minimum where the imaginary part changes curvature and a zero where the
imaginary part is maximal. Figure 11.17(b) displays the calculated ARPES intensity
map and the MDC and EDC cuts to be compared with the data in Fig. 7.3. One sees
that the overall behavior is crudely reproduced. In particular, the contrast between a
symmetric Lorentzian-like MDC and an asymmetric EDC is a direct consequence of the
fact that the self-energy is independent of momentum.' This feature has an important
implication: if the experimental self-energy were indeed momentum independent and if

1 A strictly Lorentzian line-shape requires a linear dispersion in addition to the momentum-independent
self-energy. The dispersion is nonlinear in our model and the MDC is not exactly Lorentzian.
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the bare dispersion were known, the imaginary part of the self-energy could be extracted
exactly from the ARPES data by fitting the MDC at different energies. Unfortunately,
the bare dispersion is not a priori known. One can start with the linearized form
&k =vp(1+A)(k —k): vy and kj, are experimentally measurable quantities, but A is
not. If one uses this form, the extracted self-energy depends on the unknown A. This is
illustrated is Fig. 11.17(a): the model MDC for energies between 0 and —100 meV were
fitted assuming the linearized A-dependent bare dispersion and the fitted self-energy is
shown for A =0.5,1.8, and 2.5. One sees that the procedure can lead to significant
errors on Im X, even if the correct value of A is used. Extracting reliable self-energies
from ARPES data still requires a great deal of expertise. ..

The model is of course too crude for capturing the fine details of the Bi,Sr,CaCu,0g, 5
photoemission data. One can see, in particular, that the shape of the EDC tail is not
properly reproduced. The change of slope seen experimentally in the momentum
dependence of E; near —70 meV also goes beyond our model: it is believed to be the
signature of the coupling to a collective mode, either a phonon or a spin excitation. In
fact, the excitations in Bi,Sr,CaCu,Og, 5 are far from being completely understood.

doc-75 Electrons coupled to Einstein phonons

At lowest order in the electron-phonon coupling, the self-energy due to the interaction
of electrons with phonons is given by Eq. (5.58). Here we consider the simplest case
of a nondispersive optical-phonon branch—in other words Einstein phonons—whose
frequency is independent of wave vector: wg; = Q. Likewise for the electron-phonon
coupling: g, = g. The self-energy is independent of momentum and can be rewritten
as an energy integral because the integrand only depends on q through &;_,:

. _ 2 el
Z(Iwn)—gf dﬁNo(g)[ iw,—hQ—&  iw,+hAQ—E

—o0
1\751(5 ) is the density of states per spin direction for the dispersion &;. We can readily
deduce the scattering rate, related to the imaginary part of 3 on the real-energy axis,
by making the analytic continuation iw, — ¢ +i0" and using Eq. (10):

—ImX(e) = ng? {[1— f (e — 1) + b(HQ) INE' (e — 1)+
[f (e +HQp) + b(AQ)INS (e + 1)} . (11.41)

—Im X(¢) gives the scattering rate for an electron or a hole of energy . We see two
terms, one corresponding to relaxation of electrons above the Fermi energy and one for
holes below the Fermi energy. An electron of energy € > hQ), > 0 can relax to a lower
energy € — hif), by emitting a phonon of frequency Q, at a rate proportional to the
number of final states available at the final energy—hence a factor Ngl(e —hQy)—and
provided that the final state is not already occupied—hence a factor 1 — f (¢ —hQ).
This relaxation rate o< [1— f (e — EQO)]Ngl(e —h$Qy) is enhanced by b(fQ)): this is
the phenomenon of stimulated emission; the probability for an electron to decay by
emitting a phonon is larger if a phonon is already present. The stimulated emission
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contributes only for temperatures similar to, or higher than the phonon energy, such
that thermally excited phonons are present. The second term in the scattering rate
corresponds to the relaxation of a hole at energy ¢ < —h; < 0. Such a hole can relax
to a lower binding energy € + hQ, by “absorbing” a phonon,! provided that there are
final states available—factor Ngl(e + hy)—and that the state at ¢ + i), is occupied
by an electron—factor f (& + aQ).

In order to discuss the spectral function, we also need the real part of the self-energy.
One possible approach is to use the Kramers-Kronig relations [see doc—73] and the
known imaginary part. We follow another route by calculating both the real and
imaginary parts together. We take the simplest possible model for the density of
states: Ngl(s) = 1\75’1(0) for |¢] < W and Ngl(e) = 0 for |¢| > W. We assume that
the bandwidth 2W is much larger than 7, and kzT and also much larger than the
energies ¢ of interest (i.e., a few times f€2,). This will allow us to obtain an expression
for the self-energy that in independent of the bandwidth and only depends on three
parameters: the product gZNOeI(O) controlling the overall strength of the coupling, the
phonon frequency €2, and the temperature. The term proportional to b(f€,) is readily
evaluated and yields

Y(e) = gZNel(o)b(fmo)fw d& ( 1 + ! )
0 W e—hQy—&+i0t  e+HhQy—&+i0*
) 2 _ (10>
= g2Re!(0)b(h2) {m Exigz —Emz;

—in[O(W —|e—haQ|) + O(W — e +h90|)]}. (11.42)

The logarithm in the real part behaves as 4e/W at low energy and drops in the limit
W > |¢|. The imaginary part survives in that limit and gives —2ng21\7§1(0)b(h90). This
constant term is only relevant if kz T 2 i€, due to the occupation b(fS,): we drop it
as well in the following since we are interested in the opposite regime kzT < fi£2,.

The contribution involving the Fermi factors is convergent at high energy and does
not require the introduction of a bandwidth. Using 1 — f (&) = f(—&) and changing
variable from & to —¢£ in the first term, we see that the integral to evaluate is

o 1 1
sz_wf(g)[g—(—iwﬁmo) - 5—(iwn+mo)]

1 RS | 1 1
:_EZL E—iwy [5—(—iwn+mo)_ 5—(iwn+mo>]'

iwys

The first line shows why this contribution is independent of the bandwidth: the
integrand is cut by the Fermi function at & — oco and behaves as —2iw,/&? for
& — —o0. At the second line, we have used Eq. (16) and expressed the Fermi function

! The actual physical process is that an electron initially at energy e + 1, below the Fermi level recombines
with the hole at ¢ by emitting a phonon, thus leaving a hole at £ +h2; there is in fact no phonon absorption,
which would require a real phonon to be present (see Sec. 5.1.3.8).
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as a sum over a set of Matsubara frequencies iw,,. In this form, the integral is readily
performed using the residue theorem by closing the contour in the upper or lower half
of the complex plane, where the integrand vanishes. If w,, < 0, we close the contour
in the upper half: the pole at £ = iw,, lies outside the contour and does not contribute,
the pole at £ = —iw, + A, contributes if w, < 0, and the pole at £ = iw, + i,
contributes if w, > 0. If w,, > 0, we close the contour in the lower half instead. This
leads to [see Eq. (7)]

2mi 0(—w,) 0(w,) ]
1=—25"0(~w, —
B ; ( w”)[—iwn+hno—iwn, i, + 2 — iy
2mi 0(w,) 0(—w,) ]
+_ 9 ’ -
3 ; (w")[—iwn+ﬁ§lo—iwn, T, + MY — iy
271 — 1 1

= [ iw, +sign(w,)(iw, —1Q) iw, +sign(w,)(iw, + Q) ] ‘

The last line results after changing variable from w,, to —w,, in the term involving
0(—w,). This kind of sum over one half of the Matsubara frequencies is typically a
case for the digamma function, which is defined for z € C as

M
1
z)= lim [ InM— . 11.43
1/)( ) M—oo ( ; n—+ z) ( )
The connection becomes clear if we substitute for iw,, its expression Eq. (4.9) and
then rearrange our integral as:

— 1 1

iw,—MQ,
n/ 2nkyT

I=

_ + .
o | '+ [% —isign(w ] n’ + [% + isign(wn)“;"ﬂt:?o]
We recognize here two sums identical to those entering the digamma function, while the
logarithmically divergent terms cancel each other. Our final formula for the self-energy

follows after analytic continuation:

(e)= gzﬁgl(O) [1/; (% —1i sign(s)s_hgo ) —p (1 +i sign(s)g-i_hQO )] . (11.449)

2nkg T 2 2mkg T
As T — 0, X(¢) approaches gzﬁgl(O) (ln % - in). It is customary to quantify the

strength of the electron-phonon coupling by a number A corresponding to —9,Re X2,
(see Sec. 7.3). In our case, A = 2g2]\7§1(0)/(h90) at T = 0. The real part of %(¢) is
odd with a negative slope —A at ¢ = 0 and peaks at |¢| = h,. The imaginary part is
even and negative with a jump at |¢| = hQ,. The peak in Re ¥ and the jump in Im %
are strongly temperature dependent (see Fig. 11.18).

In spite of its simplicity, this model can be useful for interpreting real data. As an
illustration, we consider measurements performed on the Be(0001) surface.! The

Iwm. Hengsberger, D. Purdie, P Segovia, M. Garnier, and Y. Baer, Phys. Rev. Lett. 83, 592 (1999); M.
Hengsberger, R. Frésard, D. Purdie, P Segovia, and Y. Baer, Phys. Rev B 60, 10796 (1999).
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Figure 11.18: Left: self-energy Eq. (11.44) due to coupling of electrons with Einstein phonons.
The parameters are g21\7091(0) = 12 meV, hQ2; = 56 meV, and the two indicated temperatures.
Right: photoemission data for Be(0001) (circles) and fit (lines).

photoemission EDC curves shown in Fig. 11.18 can be nicely approximated by the
function

I(k,&) o< —llm( ! ) !
’ . \e—vplk—kp)—Z(e)+iT ) ol +1

We have assumed a linear dispersion &; = vg(k — kg) using the values of k — ky given
with the experimental data and a Fermi velocity of 5756 meV A = 8.8 x 107 cm/s.
The strength of the electron-phonon coupling is g21\7061(0) = 12 meV and the phonon
energy is i), = 56 meV. The temperature is set to kg7 = 1.06 meV = 12.3 K like in the
experiment. We have added to the model a phenomenological scattering rate I', which
can account for effects not described by our simple self-energy and was left free to adjust
independently for each EDC curve. The values of T are indicated on the figure. Clearly,
the model captures the main trends seen in the experiment—in particular the peculiar
double-peak line shape close to the Fermi point—and allows one to conclude that the
electrons on the Be(0001) surface interact with phonons in the 60 meV range. We find
an electron-phonon coupling strength A = 2g2N§1(0) /() ~ 0.42. Hengsberger et
al. report a value of 1.18 based on a different modeling that takes into account, in
particular, the finite momentum resolution of the experiment. This relatively large
difference in the values of A shows that extracting reliable physical information from
photoemission line shapes is delicate and that a good fit is not always the end of
the story. A better modeling of a second self-energy component is probably needed
here: one sees that the I' values are larger than —Im (&) and increase like (k — kg)?
above a minimum at k = kj, suggesting a superposition of impurity scattering and
electron-electron interaction as assumed in the work of Hengsberger et al. (the finite
energy resolution may also contribute to I'). This second component should ideally be



doc-75 Electrons coupled to Einstein phonons 279

Kramers-Kronig consistent as well and involve a real part which also contributes to the
renormalization of the dispersion, like in the model Eq. (11.39).

doc-76 Drude formula, band mass and effective mass

Our purpose here is to generalize the expression of the Drude formula derived in
Sec. 8.2 to the case where—except for the interactions—the electrons are independent
but not free. This is an occasion for illustrating the difference between the notions
of “band effective mass” and “dynamical effective mass”. Independent electrons are
described by the Hamiltonian

KO = Z ga’)/j‘xo-’)/ao-)
aoc

where ij creates an electron in the eigenstate |p,) of K. It is necessary to perform a
change of basis, like in doc—22, in order to move from the plane-wave representation
to the representation based on the eigenstates of K,,. The resulting expression for the
paramagnetic current operator Eq. (2.50) is

7@ =D jup@r i,
afo

with the matrix elements given by
Jap(a)=—= 2(" + 1) i),k +q) =5, (—q)

—ih —iq-r % * —iq-r
=5 | dr [0V pp(r) + sV (r)e T .

As the translation invariance is in general broken, the conductivity tensor Eq. (8.2)
depends on both r and r’ independently. We must define a spatial average of the
conductivity. Introducing the center-of-mass coordinate R and the relative coordinate
p,wewriter =R+ p/2 and r' =R — p /2 and we perform an average on R:

T,,(p, )= %f dRo(R+p/2,R—p/2,w)

0y(g, w) = f dp T, (p,w)e 0",

The Kubo formula then becomes

1 . 7
72 (q,i9, —>hw+10+)+5‘”;],

where 7 is the spatial average of the electron density and
7(q,7) = —(T. 2(q,7)j2(~q,0))

= Z Uep(@)]uliep (—0)1, 90 (T)9p/o(—7) + vertex corrections.
afa’'B'o

— ie?
qu(q’ w)=— [
w
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Here 9,5(7) = —(Tfya(’r))/};(O)) is the propagator of the independent electrons.

Without interaction, ¥,5(7) = 5aﬁ<§2(r) because the states |p,) are eigenstates,
with 92(iw,) = (iw, —&,)”" (see Sec. 5.2.2.1). We now take the same assump-
tion as in Sec. 8.2, namely that the interactions not contained in K, lead to a self-
energy that only depends on the energy and does not induce transitions between
states: N,p(iw,) = 6,4%(iw,). The resulting Green’s function is then ¥,4(iw,) =
Ogpliw,—E&, —%(iw,)]" and vertex corrections vanish. The expression of the current-
current correlation function simplifies to

755 (q,i%, )—o%[]aﬁ(‘ﬂ ulipa(= q)]vf mdsldsza(fl)Aﬂ(fz)%’
—ImX(e)/m

with the spectral function A,(g) = R F+ImE@E - [he resulting expression for
the dc conductivity tensor is

oo
Re0,,(0,0) = ﬂezﬁf de[—f'(e)]— Z[]a/j (0)],0J55(0)],Au(e)Ag (2),
—00 aﬁo
where we have used the symmetry property of the matrix element. Following the same
approach as in doc-52, the dc conductivity of an isotropic (7, =7,, =7,,) system
can be put in the final form

Tge = f de[~f'(e)][Im =(e)]?

1 * ®(E,E')dEdE’
T | o le—E—ReX(e)]? +[ImX(e)]2}H{[e — E' —Re X(e)]? + [Im X(e) ]}

8(E, E') = ﬁ‘l = > i OB~ E)3(Ep — )

aﬁo‘

Bloch electrons. Let’s consider the case of electrons in a periodic potential. Their
Bloch wave functions are characterized by a wave vector k in the first Brillouin zone
and a band index n (see Sec. 2.4.1) and can be decomposed according to

1 .
r)=— u G el(k+G)-r‘
Gren(r) «/7; 1n(G)

Using these wave functions as our basis, we can evaluate the matrix elements of the
current:

. —ih .
Jrenkrn (0) = — J dr ¢, (V¢ (1)
—ih

uy (G, (G) — J dr e iktG) Ty ik +G)r
Go'

i(k+G)oyr/ 6ge

= 5kk,% > 1k + G, (G, (G).
G
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The evaluation of the matrix elements seems to require the wave functions. This is
actually true for inter-band transitions, but not for intra-band transitions as we shall
see. Since the Drude response is due to intra-band scattering, we restrict now ton =n’.
We first show that the matrix elements of the current do not depend on the wave
functions, but can be expressed in term of the group velocity only as:

. 1
Jknkn(0) = 5kk'%vk8kn = Oki Viens

where ¢, are the band energies and v, the group velocity. Indeed, since &, =
(@ienlh(k) Py} We have

Vic€in = (Vi Prnlh(k)0kn) + (0snl Vich()|pxn) + (0nh (k)| Vi 0gen)
= (@il Vich(k)xn) + €xn (Vi Pien| Picn) + (sen| Vie0rn) ] -

=V (PknlPrn)=0

On the other hand, the matrix elements of the Hamiltonian h(k) are given by [see
Eq. (2.52)] hgg (k) = %(k +G)?656 + V(G —G’), such that the gradient is simply
[Vih(K)]ge = %Z(k + G)6¢q - As a result, we can evaluate the action of V, h(k) on
Pkn aS

Vih(k)pia(r) = —= D [Vch(k)]go ttgn(G e *+E)7

1
VYV &S
=L >, L G)utgen(G)e K FHE)T
VYV 4m o
and the gradient of the dispersion becomes

1 s yr N .
Vi€rn = ; f dr Zuzn(cl)efl(kJrG )r Z E(k + G)ukn(G)elUHG)'r
G’ G

hz
== (k + Gt ()11, (G) = Mjgryen (0):
m G

This completes the proof that ji,xn(0) = S/ Vien-

The function ®(E, E’) for intra-band scattering becomes
e 1
Y7 vi 6(&gn—E).

kno

@(E’ E/) = 5(E _E/)(I)intra(E)r <I>intra(E) =

This leads to the same expression as in doc—52 for the dc conductivity, except that
the function ®(E) must be replaced by ®;,.,..(E) defined above. Neglecting the energy
dependence of &, ..,(E), we thus arrive at
oo
[—f'(e)]
Tac = Py (O)J de —————.
C ntra - 2|Im2(€)|
As already noted in doc—52, the real part of the self-energy has disappeared from
this formula, together with any information regarding the dynamical effective mass.
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The dynamical effective mass m* relates to the mass renormalization induced by
the interactions not taken into account in the band structure. All interactions that
can be treated by a mean field approximation are captured by the band structure
and lead at low energy to a mass renormalization that we shall call the band mass:
1%k%/(2m) — g ~ h*k?/(2m,). The latter mass is present in the Drude formula. To
see this, we can rewrite ®,,,.,(0) by means of Eq. (11), which in the present context

reads
o(k—k o(k—k
5(§kn):f dsgzlj dsg.
S, |V€kn|kpn f S, |kan|

S, is the Fermi surface corresponding to the band n and kg, are the corresponding
Fermi wave vectors. Converting the k sum into an integral we get

e? 1
Pinira(0) = 3 Z Wf dS |Vinl-
Sn

no

Hence ®,,.,(0) is just proportional to the Fermi-surface average of the Fermi velocity.
This reduces to ®(0) = ne®#/m for free electrons but becomes ne?#i/m;, for a dispersion
& = ﬁzkz/(Zmb)

doc—77 Self-energy of the Coulomb gas in RPA

We have introduced the RPA in Sec. 5.1.4.4, as a general approximation scheme for the
polarization IT; see also Eq. (5.81). In Sec. 5.1.4.6, we have seen that, in the context
of the Coulomb interaction, the polarization describes the screening capability of the
electrons and is related to the dielectric function. The screened Coulomb interaction is
given by Eq. (5.90), which in RPA becomes

V(q)
1—2V(q)x°.(q,i,)

WR(q,iQ,) =

where xr?n is the free density-density correlation function. It is useful to rewrite this
in terms of the full density-density correlation function, which is given in RPA by
Eq. (5.82). One gets

W, i9,) = V(@) + V(@) 5 £Na, 9
Diagrammatically, this expression takes the form
e
2727
:W+W\N\<:>WM+MAAA< Il D e

WR(q,i0Q,) is a retarded effective interaction, analogous to the one resulting from
electron-phonon coupling, Eq. (5.56). In the same way as the phonon-induced electron-
electron interaction is mediated by bosonic modes, the screened Coulomb interaction
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is mediated by bosons: these are electron-hole pairs—or density fluctuations—whose
propagation is described by xfiA or more generally by y,,.

If, in the first-order exchange diagram for the self-energy Eq. (5.47), we replace the
bare Coulomb interaction V by the screened interaction WR™ an infinite series of
diagrams is generated:

st N e S e cae st S

The first diagram is the real exchange term Eq. (5.47), the second diagram is the first
term of Eq. (5.48), and the subsequent ones contain corrections up to infinite order.
The explicit self-energy formula results by applying the diagrammatic rules of doc—36:

. 11 1 . . .
SR (K i, ) =% h(k)—;;E;vz(q)vxf}f“(q,lﬂn)%(k +q,iw, +iQ,).

In order to evaluate the Matsubara sum, we introduce the spectral representation

o0 —1/7)Im y*A(q,E
xffA(q,iQn)=f ar &Y )Q X”g (9. 5)
i, —

—0oQ

>

where x}l‘fA(q,E) is the retarded function just above the real axis. We also use

Yy(k,iw,) =1/(iw, — &) as well as Eq. (16). The result is, after making the analytic
continuation iw, — & +i0" :!

f(Ekiq) + b(E)
€+ E—CEjyq +10T

& °°
Tk, £) = TN (k) + ) | ;f)f dE (=7 )m z,(q, E)
q —00

The scattering rate follows by taking the imaginary part:

[ee]

—Im=fA(k, ) = nf dE[f(e +E)+ b(E)]

—0oQ

5 V@AM AN B )

The quantity Im xf}fA(q, E) vanishes outside the particle-hole continuum, as illustrated

in Fig. 5.8, and is proportional to the number of particle-hole excitations with wave
vector q and energy E. The presence of a Bose factor b(E) underlines the fact that
these excitations are bosons. At low energy and temperature, the combination of Fermi
and Bose factors in the integrand vanishes as soon as |E| exceeds a few times kT,
which means that the scattering rate is only sensitive to particle-hole excitations close
to the Fermi surface as expected. Similarly, for k close to kg, the possible q vectors
extend from zero to approximately 2k, covering all low-energy transitions close to the

! Let’s point out that something was ignored here. As we saw in Sec. 5.1.4.5, the function )(E,fA(q,E ) has a
pole corresponding to the plasmon. When using Eq. (16) to perform the Matsubara sum, we have ignored
the existence of this pole and thus discarded the contribution of the plasmon to the self-energy. This
contribution accounts for processes in which the electron decays by emitting one or more plasmons. Since
plasmons have a high energy, theses processes are completely negligible for € — 0.
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Fermi surface. Using Eq. (5.82) and the free xr?n calculated in doc—41, we can see that
Im xﬁfA(q, E) is a linear function of E for E — 0, with some dependence on q between
0 and 2kg. Indeed we find for q < 2kg:

2
V2(q)(—2)im y*(q,E) = "V%F (%)Ewwz),
F F

where F(x) = x/[x + 2mkpagx® + (1 — xz)tanh_l(x)]2 and aj is the Bohr radius. We
can now perform the momentum sum:

%;F(zik}:)é(s+E—§k+q)

2k T
1 f .
=wf dqqu(zikF)J d¥ sin?6(e +E—&yq)s
0 0

with ¥ the angle between k and q. The angle integration is easy to perform for a
parabolic dispersion:

2 2

" m |1 (E-E) <1rsf<(E+ i)

dfsinG6(e+E—Eppq) = 75—
0 kg 0 otherwise.
Since |¢ + E| < €5, we can neglect the energy dependence of this last expression and
note that, for k = kg, the condition (1 —q/kg)? < 1 < (1 + q/kg)? is satisfied for all
q < 2kg. Collecting all terms, and using the identity

oo
1 1 1
dxx( + )z—(n2+y2),
" ey +1 e —1) 2

we obtain the scattering rate on the Fermi surface as

—Im =R (kg €) = M |:

%+ (mkgT)?],
€

where the amplitude is

I(ka)—nfl dx x? (n)% 1
o)) =— ~|— .
! 4 Jo [x+2mkpagx® + (1 —x2)tanh™ x]2 167 /kga

The last approximation is good for kpay 2 1.

This calculation shows that the essential ingredient leading to £ + (7kg T )? behavior
is that the spectrum of bosonic excitations to which the electrons are coupled increases
linearly with energy. A handwaving argument goes as follows. An electron of energy
€ can excite bosons of any energy E from zero to ¢; the scattering rate is therefore
r~ fog dE n(E), where n(E) is the number of bosons at energy E. Hence I' ~ £2 if
n(E) o< E. Similarly, for electrons coupled to acoustic phonons which have a density
of states o< E? [see doc—17], we expect a scattering rate I' ~ &>,
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doc-78 Pairing susceptibility and Thouless criterion

In the BCS theory, superconductivity arises due to the formation and condensation
of Cooper pairs. The interaction responsible for the formation of these pairs is the
sum of the screened Coulomb repulsion Eq. (5.90) and the effective electron-electron
interaction due to the exchange of phonons Eq. (5.54), which is attractive at low energy
(typically below the Debye energy ficwp). If the electron-phonon coupling g, is large
enough, the attractive part of the interaction wins at low energy resulting in a net
attractive force between electrons close to the Fermi surface. In the weak-coupling
BCS theory, this attractive interaction is reduced to the simplest possible model: an
attractive potential —V;, acting between electrons of opposite spins within a range fwp
around the Fermi surface (see Fig. 5.5).

The operator giving the density of Cooper pairs (see Sec. 5.2.2.3),
p= Z CkoCk—0o>
ko

vanishes on average in the normal (non-superconducting) state, (p) =0 for T > T,
but acquires a finite value for T < T,. Very much like a charge-density wave instability
is signaled by a divergence of the charge susceptibility—or density-density correlation
function—at zero frequency (Sec. 5.1.4.5), the superconducting instability is signaled
by a divergence of the pairing susceptibility or pair correlation function y,,, which
describes the propagation of fluctuations in the density of Cooper pairs:

ko k'o’

1@ =~rp O =~ L

—k—o

—k'—o’

The dominant terms in y,, are likely those where two electrons repeatedly interact
with each other to form a bound state (Cooper pair). These terms correspond to the
ladder series in the particle-particle channel:

ko
ko Ko ko iwll +iQp Ko
iwn+iQ i) +ifn iwn+ify i) +ifly
7 ~ —_— p— —_—
Aop(i2,) = ..
—k,—0,—iwy k!, —0,—iw) —k,—0,—iwy k!, —0,—iw),

7" -
—k",—o,—iwy

Here the zigzag line represents the BCS interaction, —V;, for wave vectors corresponding
to excitation energies within Aicwp, of the chemical potential and zero for other wave
vectors. The first diagram gives —2(—1)(—V,)%(if2,,), where the factor 2 comes from
the spin sum and

7(i,) = ~ > lzfgo(k,iwn+inn)%(—k,—iwn).

v .
[k I<hep T iw,

The first minus sign is the prefactor, the second minus sign comes from the fact that
the diagram is of first order and the third minus sign is the sign of the interaction.
Note that there is no fermion loop in the diagram. Similarly, the second diagram gives
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—2(—1)%(—V,)?¢3(iR2,) and so on at higher orders, such that the complete series can
be summed exactly:

—2Vp03(i0,)

At the superconducting transition, the pair correlation function diverges at zero energy.
The transition temperature is therefore found by solving 1 — V,¢®*(0) = 0. The function
{ is readily evaluated assuming £_; = & (time-reversal symmetry):

pr(iQn) = _ZVOCZ(lQn) {1 + VOC(lQn) + [Vog(lgn)]z +.. ‘} =

e 1 1 1
4¢1y’ ):f dENE(E) = - - -
n oo 0 B lzwn: iw,+iQ,—& —iw,—&
OO _ ann(pe/2)
26 i, = 280

how

’ L el o tanh(BE/2)

= dE NS (&) ————.

f hoy 28 —iQ,

1\751 is the density of states per spin direction, that is, half the total DOS Ng'l. Usually 1\751
can be considered constant over the energy range [—fwyp, +Hwp] because Awp <K 5.
Hence we have, using Eq. (20),

hw,
— el ’ tanh(/j €/2) el th
¢*0)=N¢'(0) LMD dé it N; (O)ln(1.134 T ) )

Q

The imaginary part of the integral vanishes because tanh(0) = 0 [see Eq. (9)]. Solving
1—V,¢R(0) = 0, we find the transition temperature

kT, = 1.134 Heop e V/VoN5 O],

which is just the BCS result Eq. (5.144).

This calculation illustrates an alternate method for determining the superconducting
transition temperature, by looking for a divergence in the pair correlation function as the
temperature is lowered. This is known as the Thouless criterion for superconductivity.
The Thouless criterion is more general than the method used by BCS, since the latter
relies on the gap equation which, in turn, results from a mean-field approximation.
On the contrary, the Thouless criterion applies irrespective of the approximation used
for the pair correlation function and is very useful, for instance, when the pairing
susceptibility is calculated numerically. One should nevertheless keep in mind that,
if the Thouless criterion can determine T,, it does not provide a description of the
properties below T, in the ordered phase, while the mean-field approach does, at least
approximately.

doc-79 Local density of states in the vortex core

The order parameter for an isolated vortex in a two-dimensional s-wave superconductor
takes the form A(r) = |A(r)|e™?, where r and 1 are the polar coordinates, r =
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r(cosd,sin) with the origin at the vortex center. The modulus |A(r)| vanishes at
r = 0 and approaches the bulk order parameter A, over a distance of the order of the
coherence length &. The functional form A, tanh(r /&) is the Ginzburg-Landau solution
and provides a good approximation to the exact self-consistent profile. The phase e™?
winds by 27 and describes the flow of supercurrent around the vortex. Fig. 11.19
shows a working code for calculating the LDOS in such a vortex core. The method is
similar to the one used in doc—66. The system is a two-dimensional tight-binding lattice
with dispersion &, = —2t(cosk, +cosk,)—u, t =1, u=t, and a bulk order parameter
Ay = 0.2t. For the modulus of the order parameter, we use |A(r)| = Aytanh(r/&)
with & = 2 in units of the lattice parameter.

This dispersion is built into the N x N array xi at line 2. For a good energy resolution,
we take N = 1024. The complex order parameter A(r) is constructed at line 3. The
actual real-space system considered is not of size N x N—this would mean N? sites
and much too large matrices of size N2 x N2 to invert for the Green’s function—but of
a smaller size M x M. With M = 51, the matrices of size M2 x M? are still manageable.
The array D contains the order parameter at all sites (i, j) with i,j =1,...M and the
vortex centered in the middle of the square. The MATLAB® function atan2(y,x)
returns the polar angle of the vector (x, y) and is thus just what we need for the phase
e Line 4 defines the energy axis extending from —2A, to +2A, and starts the loop
over energies, which is closed at line 13. We need two free Green’s functions G, in
order to evaluate the Green’s function G: G,(¢ +i0") to be used in Eq. (9.41), and
Go(—e —1i07) to be used in Eq. (9.43). The translation-invariant versions of these two
quantities (gOp and gOm) are built at line 5 by Fourier transforming the corresponding
momentum-space Green’s functions using 1/M for 0*. Since we do this on the N x N
mesh, the G,’s are not affected by the boundaries of the M x M system. Lines 6 to
10 form a double loop on the system sites (i1, j1) and (i2,j2), where the free
matrix Green’s function GO (line 7) and self-energy S (lines 8-9) are constructed using
Go(ry,ry) = go(ry —ry) and Eq. (9.43), respectively. The diagonal part of the Green’s
function G(r,r) is extracted at line 11 using Eq. (9.41). The LDOS on the (M + 1)/2
sites along the x axis to the right of the vortex center is stored in the array w at line 12.
Running this code requires ~ 500Mb of memory and will take a couple of hours.

1 t=1; mu=t; D0=0.2%t; N=1024; M=51;

2 [x yl=meshgrid (2xpi*(0:N-1)/N); xi=-2*%tx(cos(x)+cos(y))-mu;

3 [x yl=meshgrid ((1:M)-(M+1)/2); D=DO*tanh(sqrt(x."2+y.~2)/2).*exp(-i*atan2(y,x));
4 w(:,1)=(-2%D0:D0/50:2%D0); for l=1:size(w)

5 gOp=£f£ft2(1./(w(1)+i/M-xi))/N"2; gOm=£fft2(1./(-w(1)-i/M-xi))/N"2;

6 for il=1:M; for j1=1:M; for i2=1:M; for j2=1:M

7 GO (i1+(j1-1)*M,i2+(j2-1)*M)=gOp (abs(i1-i2)+1,abs(j1-j2)+1);

8 S(i1+(j1-1)*M,i2+(j2-1)*M)=-D(il, j1)*conj (D(i2,]j2))*

9 g0m (abs (j1-j2)+1,abs (i1-12)+1);
10 end; end; end; end

11 G=diag (GO*inv (eye (M"2) -8%G0));
12 w(l,2:(M+3)/2)=-2ximag(G((M~2+1)/2:(M"2+M)/2))/pi;
13 end

14 save vortex.dat w -ascii;

Figure 11.19: Calculation of the local density of states (LDOS) inside a vortex core for a
tight-binding model of two-dimensional s-wave superconductor, using MATLAB®
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(a) ®

N(r,€) (arb. units)

Figure 11.20: (a) Representation of a vortex. The shaded surface shows the modulus of
the order parameter, while its phase — at each lattice site is represented by an arrow rotated
clockwise by an angle /2 — 4. The green dots indicate some of the points where the LDOS
is calculated. (b) LDOS N(r, ¢) along the x axis, calculated with the code of Fig. 11.19. The
curves are shifted vertically for clarity. Compare with Fig. 9.9(a).

The result is displayed in Fig. 11.20(b). At the core center, the LDOS shows a sharp
zero-energy peak. When moving out of the core, this peak splits in two branches and its
intensity decreases. These features show the existence of localized states in the vortex
core. One can infer from the behavior of the LDOS—and the fact, not shown in the
figure, that the LDOS has approximate cylindrical symmetry—that the wave functions
of these localized states have their maximum on a circle whose radius increases with
the energy of the state.



List of symbols

(---) Thermal average, Eq. (2.2)

(-0 Thermal average with respect to a quadratic Hamiltonian

(= Vimp Impurity average

(- )y Thermal average in the presence of an external perturbation V
[, s Commutator or anti-commutator, Eq. (4)

X(t) Operator X in the interaction picture, Eq. (2.19a)

o* Positive infinitesimal

@) Vacuum state

1 Identity operator

(1) Abbreviated set of coordinates: (1) = (r,0;)

[d1 Short notation for [ dry Y,

* General scalar product: AxB = Zu f drA,(r)B,(r)

A Generic operator

A(r,t) Vector potential

Ak, ¢€) One-electron spectral function in momentum space

la) Many-particle state, eigenstate of H

a, Generic annihilation operator for single-particle state o

al Generic creation operator for single-particle state o

a, Bohr radius, a, = 4meyh®/(me?).

a General single-particle state index

B Generic operator

B;; A Phonon operator, Eq. (5.49)

|b) Many-particle state, eigenstate of H

bz Creation operator for single-particle bosonic state a

b; 2 Creation operator for phonon of momentum q and polarization A
b(&) Bose-Einstein distribution function, b(&) = (ef* — 1)

[§ General single-particle state index

B Inverse temperature, 3 = (kgT)™*

Cyp(t) Time-ordered correlation function of the operators A and B, Eq. (3.1)
CfB(t) Retarded correlation function of the operators A and B, Eq. (3.4)
CﬁB(t) Advanced correlation function of the operators A and B, Eq. (3.5)
C(0) Greater correlation function of the operators A and B, Eq. (3.6)
C;B(t) Lesser correlation function of the operators A and B, Eq. (3.7)
Gup(T) Imaginary-time correlation function of the operators A and B, Eq. (4.5)

Gapys(T)  Particle-hole propagator, Eq. (5.59)

289



290

Cy
%
chh

I |

2a(t)
12t
155 (q,€)
nn(q;€)
25s(q,€)
D(r,t)
D(k)
27(q,19,)
d.(&)

Ekn
€apy
Eq%
Z1,()
f(&)

¢
¢(r,t)
Pa(1)
G
(ga/j(f)
G(k,¢)
gq?L
I'(K,Q)
I.(K,Q)

List of symbols

Specific heat at constant volume, Eq. (2.9)

Electronic specific heat

Phononic specific heat

Creation operator for single-particle fermionic state a
Linear susceptibility, Eq. (6.8)

Second-order susceptibility, Eq. (6.10)

Current-current correlation function

Density-density correlation function, or charge susceptibility
Spin-spin correlation function, or spin susceptibility

Electric displacement field

Dynamical matrix

Free phonon propagator, Eq. (5.51)

Bose-Einstein and Fermi-Dirac distribution functions, Eq. (6)
Derivative with respect to t

Superconducting order parameter

Kronecker symbol: 6,5 =1 if a =8, 6,5 = 0 otherwise
Dirac delta function

Electric field

Energy of the many-body state |a)

Energy of the Bogoliubov excitations, E;, = ,/Ei +|Ag|2; quasi-particle
energy

Electron charge, e = —|e|.

Vacuum permittivity

Longitudinal dielectric function, Eq. (5.91)

Energy variable

Short notation for € +i0"

Single-particle energy level

Fermi energy

Electronic energy level (band structure)

Levi-Civita symbol, Eq. (23)

Vector giving the displacement of atoms for the phonon (g, 1)
Imaginary-time anomalous Green’s function, Eq. (5.116)
Fermi-Dirac distribution function, f (&) = (ef% + 1)
Work function

Electric potential

Generic one-particle basis function

Reciprocal-lattice vector, Eq. (2.51)

Imaginary-time one-particle Green’s function, Eq. (5.6)
One-particle Green’s function in momentum space
Electron-phonon coupling vertex, Eq. (2.74)
Renormalized current vertex

Renormalized density vertex
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List of symbols 291

Transition rate between states |a) and |b)

Creation operator for the single-electron state ¢,
Hamiltonian

Electron-phonon Hamiltonian, Eq. (2.73)
Anderson Hamiltonian, Eq. (8.23)

Kondo Hamiltonian, Eq. (8.24)

Applied magnetic field

Band Hamiltonian, Eq. (2.52)

Specifies the particle statistics: n = +1 for bosons, n = —1 for fermions
Single-particle tunneling current

Josephson tunneling current

Imaginary part

V-1

Generic Matsubara frequency i2,, or iw,

Short notation for ivg) ; see remark at the end of doc—30
Bosonic Matsubara frequency, Q,, = 2nnkyT
Fermionic Matsubara frequency, w, = (2n + 1)ks T
Exchange coupling (Sec. 8.5.1)

Bessel function of the first kind

Current operator, Eq. (2.49)

Paramagnetic current operator, Eq. (2.49)
Diamagnetic current operator, Eq. (2.49)

Grand Hamiltonian, K = H — uN

Short four-vector’ notation for (k, o,iw,)
One-body part of K, Eq. (2.45)

Eigenvalue of K for eigenstate |a): K, = E, — uN,
Norm of the vector k

Vector in reciprocal space

Boltzmann constant

Fermi wave vector

Thomas-Fermi wave vector, k2, = (e*/€,)NE(0)/¥
Isothermal compressibility, Eq. (2.11)

Vertex function, Eq. (8.37)

Dispersion renormalization, coupling strength, Eq. (7.22)
Mass of atom v in a crystal

Electron mass

Dynamical effective mass

Band mass

Generic index

Chemical potential

Number of particles, particle-number operator
Number of atoms in the unit cell of a crystal
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N, Number of particles in the many-body state |a)

N; Number of impurities

N Number of lattice sites

N(e) Density of states (DOS)

N(r,e) Local density of states (LDOS)

N¢(0) Fermi-level density of states; depending upon the context, it should be
understood as the total DOS or the DOS per unit volume.

Nel(0) Fermi-level density of states per spin, N¢/(0) = 1N°(0)

NPh(g) Phonon density of states

n Particle number density

n Unit vector

n(r) Local particle number density

n(q) Fourier transform of n(r)

Ny Particle number operator for single-particle state a

n; Impurity density, n; = N; /¥

v, v Generic index

@ Cauchy principal value, Eq. (9)

P Permulation

p Pressure, Eq. (2.8)

M,p,5(7)  Polarization, Eq. (5.68)

I(q,¢) Polarization in momentum space, Eq. (5.68)

Q Special g vector; nesting vector

Q Short ‘four-vector’ notation for (q,i$2,)

q Norm of the vector q

q Vector in reciprocal space

Re Real part

R, Node of a real-space lattice

r Norm of the vector r

r Vector in real space

T Dimensionless density parameter, (4/3)nt(r,a0)® =1/n

Ie) Statistical density matrix, Eq. (2.3)

p(T) Temperature-dependent resistivity

Pa(e) Greater spectral function for operators A and B, Eq. (3.12)

Ps(€) Lesser spectral function for operators A and B, Eq. (3.14)

Pas(€) Total spectral function for operators Aand B, ps = p; + 03

S Entropy, Eq. (2.7)

S Spin operator

S* Spin component along quantization axis, Eq. (2.48)

S* Spin raising and lowering operators, Eq. (2.48)

Y(k,€) Self-energy in momentum space

0,0 Spin index

o(2) Signature of the permutation &
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o Conductivity tensor and spatial average (for broken translational symmetry)

uv> ¥ uy
Odc dc conductivity
o(V) Differential tunneling conductance, o(V) =dI,/dV.
T Temperature
T, Time-ordering operator, Eq. (5)
T. Imaginary-time ordering operator, Eq. (4.6)
Tp Debye temperature, kg T, = fwp
T(¢e) t-matrix, Eq. (2.26)
Top Matrix element of generic one-body operator, Eq. (2.43)
Typ Tunneling matrix element, Eq. (9.11)
T(l,r) Tunneling matrix element in real space
Tr Matrix trace, sum of the diagonal matrix elements
t Time
T Imaginary-time variable
T Transport life-time, Eq. (8.11)
T Vector of Pauli matrices with components (7%, 77, 7%), Eq. (22)
T, Position of the atom v in the elementary cell of a crystal
1(k, &) Quasi-particle life-time, Eq. (7.16c)
0(x) Heaviside theta function (step function): 6(x <0)=0, 6(x >0)=1
v Angle variable
U Elastic energy (Sec. 2.5.1)
U(t) Evolution operator
U(r) Imaginary-time evolution operator
u,(R,) Displacement of atom v in the cell located at R,
Uy BCS electron coherence factor
Vv General interaction or perturbation operator
v(r) Local potential
Va Hartree potential
Vi Exchange potential
v,(r) Potential generated by the atom v in the elementary cell of a crystal
Vap Matrix element of generic one-body potential, Eq. (5.9)
Vapys Matrix element of generic two-body potential, Eq. (2.44)
Vb Coulomb interaction, Eq. (5.55)
Velf_};l Phonon-mediated electron-electron interaction, Eq. (5.54)
vV Volume of the system, subject to periodic boundary conditions
Vel Lattice unit-cell volume, ¥, = ¥/ AN
Vg Fermi velocity vg = hkp/m
Vi BCS hole coherence factor
Vien Group velocity, vy, = %Vskn
W(q,iQ,) Screened Coulomb interaction, Eq. (5.90)
w Band width

Q Grand potential, Eq. (2.5)
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w Frequency

Wqx Frequency of phonon with wave vector q and polarization A
wp Debye frequency, largest phonon frequency

w, Plasma frequency, Eq. (5.84)

(o) Free energy density, @ = Q/V

x Variable, usually meant as real

&y Single-particle excitation energy, £, = £, — U

Eap Matrix element of a general one-particle Hamiltonian K|, Eq. (2.45)
[Wo) Ground state

VA Partition function, Eq. (2.4)

Z Atomic valence

Z(kg) Quasi-particle residue, Eq. (7.16a)

Z Arbitrary complex number



Index

Acoustic phonon, 21, 178

Adiabatic switching, 11, 12, 89, 132,
170

Analytic continuation, 39, 94

Atomic displacement, 20, 179

Band structure, 18, 153, 242, 272, 280
Bloch electrons, 18, 267, 280

Bloch equation, 36

Bogoliubov excitations, 86, 251, 255
Bogoliubov—de Gennes, 83
Bogoliubov-de Gennes, 211
Boltzmann statistics, 2, 7

Born approximation, 57, 121
Bose-Einstein condensation, 237
Bose-Einstein distribution, 9

Change of basis, 173
Charge susceptibility
free electrons, 30
Charge-density wave, 69, 72
Collective mode, 64, 69
Commutation rules, 15
Compressibility, 9, 235
Conductivity tensor, 118, 279
Conserving approximation, 136
Continuity equation, 176
Cooperon, 137, 285
Correlation function
advanced, 25
causal, 25, 34
current-current, 94, 118, 280
density-density, 2, 68, 93, 246
greater, 25, 180, 246
imaginary time, 37
Keldysh, 25, 143
lesser, 25, 180, 185, 186, 265
pair, 285
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retarded, 3, 25, 91, 226
spin-spin, 76, 93, 221, 246
three-current, 101
time ordered, 42
two-particle, 63

Coulomb interaction, 57, 61, 71, 124,

194, 220

Current
diamagnetic, 17, 118
paramagnetic, 17, 118, 279
relaxation, 126
vertex, 135

Debye model, 22, 178

Density matrix, 8, 36, 89

Density of states, 19, 44, 151
s-wave superconductor, 85
BCS superconductor, 251
free particles, 234
hypercubic lattice, 231
phonons, 22
square lattice, 154, 231
tight-binding chain, 152

Density-density correlation function, 68
free electrons, 30, 68, 200
independent electrons, 184

Detailed balance, 31

Diagrammatic rules, 194

Dielectric function, 75, 203

Diffuson, 136

Double occupancy, 32, 246

Drude formula, 120, 279

Dynamical matrix, 20

Dyson equation, 54-56, 67, 82, 256

Effective mass, 120, 218, 279, 281
Electron-phonon coupling, 23, 61, 198,
256
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Eliashberg equations, 257
Empirical pseudopotentials, 240
Entropy, 8, 235
Equation of state, 8, 233, 235
Evolution operator

definition, 10

expansion, 11

imaginary time, 41, 188
Exchange

and wave-function symmetry, 13

diagrams, 50

electron-phonon coupling, 62

potential, 82, 270

screening, 74

self-energy, 58, 195, 256

Fermi golden rule, 2, 11, 264
Fermi liquid, 109, 124, 125
Fermi-Dirac distribution, 9
Fermion loop, 52, 64, 194, 199, 213,
285
Feynman diagrams
for Coulomb interaction, 59
for electron-phonon interaction, 62
for impurity scattering, 56
for photoemission, 102
Feynman-Dyson expansion
imaginary time, 41
real time, 11
Fluctuation-dissipation theorem, 34, 264
Fourier transform
definition, vii
of Heaviside function, ix
of Yukawa potential, x
Friedel oscillations, 75, 157
Fugacity, 233

Gor’kov equations, 81
Grand potential, 4, 8, 33, 206
Green’s function, 29, 43, 79
and grand potential, 4, 206
anomalous, 81, 228, 255
BCS, 85
free particle, 212
in real space, 30, 145, 227, 229
independent electrons, 29
phonons, 60

physical interpretation, 44
quasi-particles, 110

Group velocity, 108, 281

GW approximation, 74

Hamiltonian
and vector potential, 175
Anderson, 128
Bloch electrons, 18
electron-phonon, 23
grand Hamiltonian, vii, 16
independent electrons, 279
Kondo, 129
Nambu, 83
phonons, 21
tight-binding, 271
tunneling, 144
Hartree
potential, 82, 208, 270
self-energy, 49, 58
Hartree-Fock, 82
Heaviside function, ix
Heisenberg picture, 10, 89
High-frequency expansion, 33
Hopping amplitude, 272
Hubbard model, 77

Imaginary time, 36

Impurity average, 55, 130, 192

Independent electrons, 18, 152, 183,
279

Indistinguishable particles, 13, 168

Inelastic scattering, 1, 60

Inter-band transitions, 281

Interaction picture, 10, 35, 41, 89

Intra-band scattering, 281

Irreducible diagrams, 52, 54, 56, 67

Jellium model, 58

Kadowaki-Woods ratio, 126

Kondo problem, 132

Kramers-Kronig relations, 34
for the self-energy, 270

Ladder approximation, 136, 285
Landau damping, 70
Life-time, 44, 125



quasi-particles, 110
transport, 120, 137
Lindhard function, 201
Linear response, 2, 90, 94, 117, 144
Local density of states, 45, 145, 156
and impurity scattering, 157
and tunneling conductance, 146
in a local potential, 249
in a vortex, 159, 288
quasi-particle interference, 158

Matsubara
correlation function, 37
frequencies, 38, 52
sums, x, 164

Matsubara sums, 196

Mean-field decoupling, 80

Mixed state, 8, 89

Moment expansion, 33

Momentum distribution function, 17

Nambu
formalism, 83, 211
spinors, 255

Nesting, 72

Normal coordinates, 21, 178

Occupation number, 13, 168
operator, 173
representation, 13

Ohm’s law, 117

Operator
annihilation, 14, 172
creation, 13, 172
current, 17, 118, 174
one-body, 15, 46, 65
particle density, 16, 174
particle number, xi, 16
spin 1/2, 17
spin density, 17, 76
spin lowering, 17
spin raising, 17

Optical phonons, 21, 257, 275

Particle-hole bubble, 64, 67
renormalized, 65, 199
Particle-hole excitation, 70

Index
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Particle-hole excitations, 49, 64
Partition function, 8, 133, 168, 206
Pauli matrices, xi, 17, 129, 221
Pauli paramagnetism, 94
Pauli pressure, 237
Pauli principle, 13
Periodic potential, 18
Permutation, 13, 189
Photoemission
and spectral function, 105
current, 101
diagrams, 102
energy-distribution curve, 106
losses, 115
matrix element, 266
model for Bi-2212, 271
momentum-distribution curve, 106
response theory, 100
sudden approximation, 103, 213,
265, 271
surface barrier, 113
Plane wave, 12, 57, 172
Plasmon, 64, 69, 71, 115, 202
Pressure, 8, 235
Principal value, ix
Propagator
anomalous, 81, 208, 255
Cooper pairs, 285
particle-hole, 64
phonons, 60, 197
single-particle, 46
spin fluctuations, 204

Quadratic response, 90, 101
Quasi-particle, 109, 125, 158

Random-phase approximation, 67, 69,
75, 202, 282

Renormalization factor, 112, 262, 274,
278

Residual resistivity, 121, 219

Residue theorem, ix, 163, 212

Retarded interaction, 61, 256

Scattering rate, 44
electron-electron interaction, 125
electron-phonon interaction, 275
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impurity scattering, 123
magnetic impurities, 131
phenomenological, 251, 273
Schrieffer-Wolff transformation, 129
Schrodinger picture, 9, 89, 91
Screened interaction, 74, 282
Screening, 74, 111, 115, 121
Second quantization, 13
Self-energy, 44
analytic properties, 270
atomic limit, 155
BCS superconductor, 82, 210
definition, 54
electron-electron interaction, 59,
125
electron-phonon interaction, 62,
275
impurity scattering, 56, 121, 218
in a vortex, 159
random-phase approximation, 283
strong-coupling superconductor, 256
Semiconductor, 240
Slater determinant, 13
Spatial average, 279
Specific heat, 8, 235
independent electrons, 19
phonons, 22
Spectral function, 26, 28, 44
for density-density correlation func-
tion of free electrons, 30
for Green’s function of indepen-
dent electrons, 29
of spin-singlet superconductor, 86
one-particle, 104, 109, 119
Spectral representation, 26
Spectral weight, 32, 45, 109
Spin density wave, 77
Stimulated emission, 62, 275
Sum rule
f-sum rule, 32
for occupation numbers, 32
for the energy, 32
Superconductivity, 61, 87, 159, 285
Susceptibility, 3, 91, 92, 285

t-matrix, 12, 171
Thermionic emission, 100

Thermodynamic average, 7
Thomas-Fermi

approximation, 250

screening, 75
Thouless criterion, 286
Tight-binding model, 272
Time dependence

internal and external, 10
Time ordering, 185, 189, 221

in the evolution operator, 11
Trace

cyclic property, 187
Tunneling

Bardeen formula, 147

differential conductance, 145

Hamiltonian, 144

Josephson current, 144, 228

matrix element, 144

matrix element for planar junction,

148
matrix element for STM junction,
150

ohmic junction, 149

single-particle current, 145
Two-body operator, 15, 48, 66

Umklapp processes, 61, 126

Vacuum state, 13

Van Hove singularity, 152

Vector potential, 100, 118, 174

Vertex
corrections, 51, 66, 119, 134
Coulomb interaction, 57
current, 118, 119
electron-phonon interaction, 23,

61

renormalized, 67

Wannier function, 267, 271
Ward identity, 118, 136
Weak localization, 138
Wick’s theorem, 43, 66

Yukawa potential, x, 75, 121

Zero sound, 69, 71
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