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Chapter 1

First and second quantization

Quantum theory is the most complete microscopic theory we have today describing the
physics of energy and matter. It has successfully been applied to explain phenomena
ranging over many orders of magnitude, from the study of elementary particles on the
sub-nucleonic scale to the study of neutron stars and other astrophysical objects on the
cosmological scale. Only the inclusion of gravitation stands out as an unsolved problem
in fundamental quantum theory.

Historically, quantum physics first dealt only with the quantization of the motion of
particles leaving the electromagnetic field classical, hence the name quantum mechanics
(Heisenberg, Schrodinger, and Dirac 1925-26). Later also the electromagnetic field was
quantized (Dirac, 1927), and even the particles themselves got represented by quantized
fields (Jordan and Wigner, 1928), resulting in the development of quantum electrodynam-
ics (QED) and quantum field theory (QFT) in general. By convention, the original form of
quantum mechanics is denoted first quantization, while quantum field theory is formulated
in the language of second quantization.

Regardless of the representation, be it first or second quantization, certain basic con-
cepts are always present in the formulation of quantum theory. The starting point is
the notion of quantum states and the observables of the system under consideration.
Quantum theory postulates that all quantum states are represented by state vectors in
a Hilbert space, and that all observables are represented by Hermitian operators acting
on that space. Parallel state vectors represent the same physical state, and one therefore
mostly deals with normalized state vectors. Any given Hermitian operator A has a number
of eigenstates |1,) that up to a real scale factor « is left invariant by the action of the
operator, Al,) = al,). The scale factors are denoted the eigenvalues of the operator.
It is a fundamental theorem of Hilbert space theory that the set of all eigenvectors of any
given Hermitian operator forms a complete basis set of the Hilbert space. In general the
eigenstates |¢,) and |¢g) of two different Hermitian operators A and B are not the same.
By measurement of the type B the quantum state can be prepared to be in an eigenstate
|¢g) of the operator B. This state can also be expressed as a superposition of eigenstates
|Y,,) of the operator A as |¢g) = >, [1,)Cag. If one in this state measures the dynamical
variable associated with the operator A, one cannot in general predict the outcome with



2 CHAPTER 1. FIRST AND SECOND QUANTIZATION

certainty. It is only described in probabilistic terms. The probability of having any given
|4,) as the outcome is given as the absolute square |Cug|? of the associated expansion
coefficient. This non-causal element of quantum theory is also known as the collapse of
the wavefunction. However, between collapse events the time evolution of quantum states
is perfectly deterministic. The time evolution of a state vector |1(t)) is governed by the
central operator in quantum mechanics, the Hamiltonian H (the operator associated with
the total energy of the system), through Schrodinger’s equation

ihOy|i(t)) = H[p(t))- (1.1)

Each state vector |[¢) is associated with an adjoint state vector (|¢))f = (¥|. One can
form inner products, “bra(c)kets”, (1|¢) between adjoint “bra” states ()| and “ket” states
|¢), and use standard geometrical terminology, e.g. the norm squared of |¢) is given by
(Y1), and |[¢) and |¢) are said to be orthogonal if (¢/|¢) = 0. If {|¢),)} is an orthonormal
basis of the Hilbert space, then the above mentioned expansion coefficient C,g is found
by forming inner products: Cop = (¢,|¢g). A further connection between the direct and
the adjoint Hilbert space is given by the relation (1|¢) = (¢|¢)*, which also leads to the
definition of adjoint operators. For a given operator A the adjoint operator A' is defined
by demanding (4| A1|¢) = (| Ajy)* for any [1p) and |4).

In this chapter we will briefly review standard first quantization for one and many-
particle systems. For more complete reviews the reader is refereed to the textbooks by
Dirac, Landau and Lifshitz, Merzbacher, or Shankar. Based on this we will introduce
second quantization. This introduction is not complete in all details, and we refer the
interested reader to the textbooks by Mahan, Fetter and Walecka, and Abrikosov, Gorkov,
and Dzyaloshinskii.

1.1 First quantization, single-particle systems

For simplicity consider a non-relativistic particle, say an electron with charge —e, moving
in an external electromagnetic field described by the potentials ¢(r,t) and A(r,t¢). The
corresponding Hamiltonian is

h

2
H = % (Z_Vr + eA(r,t)> —ep(r,t). (1.2)

An eigenstate describing a free spin-up electron travelling inside a box of volume V
can be written as a product of a propagating plane wave and a spin-up spinor. Using the
Dirac notation the state ket can be written as |1, ;) = [k, T), where one simply lists the
relevant quantum numbers in the ket. The state function (also denoted the wave function)
and the ket are related by

Uy (r) = (r]k,0) = % e™®Ty, (free particle orbital), (1.3)

i.e. by the inner product of the position bra (r| with the state ket.
The plane wave representation |k, o) is not always a useful starting point for calcu-
lations. For example in atomic physics, where electrons orbiting a point-like positively
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(b) ()
.. .. ||||

Figure 1.1: The probability density |(r|¢,)|? in the zy plane for (a) any plane wave
v = (kg, ky,k-,0), (b) the hydrogen orbital v = (4,2,0,0), and (c) the Landau orbital
v=(3,ky,0,0).

(a)

charged nucleus are considered, the hydrogenic eigenstates |n, [, m, o) are much more use-
ful. Recall that

(rin,l,m,0) = Ryi(1)Y;m(0,0)xs (hydrogen orbital),, (1.4)

where R, (r) is a radial Coulomb function with n—I nodes, while Y; (6, ¢) is a spherical
harmonic representing angular momentum ! with a z component m.

A third example is an electron moving in a constant magnetic field B = B e, which
in the Landau gauge A = xB e, leads to the Landau eigenstates |n, ky, k., o), where n is
an integer, ky (k) is the y (2) component of k, and o the spin variable. Recall that

(rin, ky, k,,0) = Hn(m/ﬁ—kyﬁ)e*%(x/hkyaz\/%ei(k“ﬁkzz)xa (Landau orbital),, (1.5)
where ¢ = \/h/eB is the magnetic length and H,, is the normalized Hermite polynomial
of order n associated with the harmonic oscillator potential induced by the magnetic field.
Examples of each of these three types of electron orbitals are shown in Fig. 1.1.

In general a complete set of quantum numbers is denoted v . The three examples
given above corresponds to v = (ky, ky, k»,0), v = (n,l,m,0), and v = (n, ky, k., 0) each
yielding a state function of the form v,(r) = (r|v). The completeness of a basis state
as well as the normalization of the state vectors play a central role in quantum theory.
Loosely speaking the normalization condition means that with probability unity a particle
in a given quantum state ¢, (r) must be somewhere in space: [dr [, (r)|> =1, or in the
Dirac notation: 1 = [dr (v|r)(r|v) = (v| ([dr |r)(r|) |v). From this we conclude

/dr Ir)(r| = 1. (1.6)

Similarly, the completeness of a set of basis states 1, (r) means that if a particle is in
some state ¥ (r) it must be found with probability unity within the orbitals of the basis
set: > [(v[)|*> = 1. Again using the Dirac notation we find 1 = Y (¥|v)(v|¢) =

W (X, lv)(v]) [¥), and we conclude

> iyl =1. (1.7)
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We shall often use the completeness relation Eq. (1.7). A simple example is the expansion
of a state function in a given basis: ¥ (r) = (r[¢)) = (r[]l|y) = (x| O, [v)(V]) |[¥) =
>, (r|v)(v|¢), which can be expressed as

v = Lo, ([arwaiew) ol =T ol 0
v 14
It should be noted that the quantum label v can contain both discrete and continuous
quantum numbers. In that case the symbol ) is to be interpreted as a combination
of both summations and integrations. For example in the case in Eq. (1.5) with Landau
orbitals in a box with side lengths L,, L,, and L., we have

< [®L -
; ) Ugﬂlrg/wﬁdkl} /00271-de- (1.9)

In the mathematical formulation of quantum theory we shall often encounter the fol-
lowing special functions.
Kronecker’s delta-function ¢, , for discrete variables,

1, for k=n,
Okn = { 0, for k # n. (1.10)
Dirac’s delta-function §(r) for continuous variables,
d(r) =0, for r#0, while /dr i(r) =1, (1.11)
and Heaviside’s step-function #(x) for continuous variables,
0, for x <0,
0(z) = { 1, for =z > 0. (1.12)

1.2 First quantization, many-particle systems

When turning to N-particle systems, i.e. a system containing NV identical particles, say,
electrons, three more assumptions are added to the basic assumptions defining quantum
theory. The first assumption is the natural extension of the single-particle state function
¥ (r), which (neglecting the spin degree of freedom for the time being) is a complex wave
function in 3-dimensional space, to the N-particle state function 1 (ry,r,,...,r,), which
is a complex function in the 3/N-dimensional configuration space. As for one particle this
N-particle state function is interpreted as a probability amplitude such that its absolute
square is related to a probability:

The probability for finding the N particles
in the 3N —dimensional volume H;V: 1 dr; (1.13)
surrounding the point (ry,r,,...,ry) in ’

N
2
|¢(I‘1,I'2, tee 7rN)| H dr] =
1
! the 3N —dimensional configuration space.
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1.2.1 Permutation symmetry and indistinguishability

A fundamental difference between classical and quantum mechanics concerns the concept
of indistinguishability of identical particles. In classical mechanics each particle can be
equipped with an identifying marker (e.g. a colored spot on a billiard ball) without influ-
encing its behavior, and moreover it follows its own continuous path in phase space. Thus
in principle each particle in a group of identical particles can be identified. This is not
so in quantum mechanics. Not even in principle is it possible to mark a particle without
influencing its physical state, and worse, if a number of identical particles are brought to
the same region in space, their wavefunctions will rapidly spread out and overlap with one
another, thereby soon render it impossible to say which particle is where.

The second fundamental assumption for N-particle systems is therefore that identical
particles, i.e. particles characterized by the same quantum numbers such as mass, charge
and spin, are in principle indistinguishable.

From the indistinguishability of particles follows that if two coordinates in an N-
particle state function are interchanged the same physical state results, and the corre-
sponding state function can at most differ from the original one by a simple prefactor A.
If the same two coordinates then are interchanged a second time, we end with the exact
same state function,

P(ry, S IR o o Ty) = A(ry, 1y, > T WTy) = Nap(ry, o Ty, Ty),  (1.14)

and we conclude that A> = 1 or A = £1. Only two species of particles are thus possible in

quantum physics, the so-called bosons and fermions!:

P(ry, .. S IR TR Ty) = HP(ry, .. Ty, N FIp ,ry) (bosons), (1.15a)

w(rl,...,rj, B S ) it L ¢ ST S S AN ,ry)  (fermions). (1.15b)

The importance of the assumption of indistinguishability of particles in quantum
physics cannot be exaggerated, and it has been introduced due to overwhelming experi-
mental evidence. For fermions it immediately leads to the Pauli exclusion principle stating
that two fermions cannot occupy the same state, because if in Eq. (1.15b) we let r, =1,
then ¢ = 0 follows. It thus explains the periodic table of the elements, and consequently
the starting point in our understanding of atomic physics, condensed matter physics and
chemistry. It furthermore plays a fundamental role in the studies of the nature of stars
and of the scattering processes in high energy physics. For bosons the assumption is nec-
essary to understand Planck’s radiation law for the electromagnetic field, and spectacular
phenomena like Bose—Einstein condensation, superfluidity and laser light.

' This discrete permutation symmetry is always obeyed. However, some quasiparticles in 2D exhibit
any phase €', a so-called Berry phase, upon adiabatic interchange. Such exotic beasts are called anyons
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1.2.2 The single-particle states as basis states

We now show that the basis states for the N-particle system can be built from any complete
orthonormal single-particle basis {1, (r)},

S0 (), (x) = 6(x — ), / e ()16, (x) = 8y (1.16)

Starting from an arbitrary N-particle state ¢ (r,...,ry) we form the (/N —1)-particle
function A, (ry,...,ry) by projecting onto the basis state v, (r;):

Ay (ry,... ,rN) = /dr1 @/J;l(rl)w(rl, . ,rN). (1.17)

This can be inverted by multiplying with 1, (¥1) and summing over v,

G(F1 Ty Ty) = Yt (F1) Ay, (ry, Ty, (1.18)
"
Now define analogously A, ,,(r5,...,ry) from A, (ry,...,ry):
Ay vy (rg, . ry) = /dr2 Yy, (rg) Ay, (rg, ... Tp). (1.19)

Like before, we can invert this expression to give A,, in terms of A,, ,,, which upon
insertion into Eq. (1.18) leads to

G(F1, T,y ty) = D 1y, (F1),, (F2) Avy s (T, - Ty). (1.20)

vi,V2

Continuing all the way through ¥y (and then writing r instead of ¥) we end up with

P(ry, Ty Ty) = Z Avr gy (8100, (T5) <, (T, (1.21)

V1, VN

where A, 1, . vy is just a complex number. Thus any N-particle state function can be
written as a (rather complicated) linear superposition of product states containing N
factors of single-particle basis states.

Even though the product states vazl Yy, (r j) in a mathematical sense form a perfectly
valid basis for the N-particle Hilbert space, we know from the discussion on indistin-
guishability that physically it is not a useful basis since the coordinates have to appear in
a symmetric way. No physical perturbation can ever break the fundamental fermion or bo-
son symmetry, which therefore ought to be explicitly incorporated in the basis states. The
symmetry requirements from Egs. (1.15a) and (1.15b) are in Eq. (1.21) hidden in the coef-
ficients A,, . ,y. A physical meaningful basis bringing the N coordinates on equal footing
in the products v, (r1)v,,(ry) ... 9, (ry) of single-particle state functions is obtained by
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applying the bosonic symmetrization operator 3+ or the fermionic anti-symmetrization
operator S_ defined by the following determinants and permanent:?

%1 (1‘1) ¢u1 (1‘2) s wyl (rN)

N r r r
e [ ey = | B0 Saled) o dnlen) | o)

oo (1) o (ry) - () |,

where n, is the number of times the state |/) appears in the set {|v1), [v2),...|vN)}, ie.
0 or 1 for fermions and between 0 and N for bosons. The fermion case involves ordinary
determinants, which in physics are denoted Slater determinants,

wul (rl) wul (1‘2) ce 1/}1/1 (rN>
Q;Z)ug (rl) 7/)1/2 (r2) ce ¢I/2 (rN)

-y (ﬂ by ) )simnle). (123)

peSN Vj=1

B (1) o (Ba) - () |

while the boson case involves a sign-less determinant, a so-called permanent,
¢V1 (rl) ¢V1 (r2) tee wl/l (rN) N
Ui, (1) P, (ry) o Py, (ry)

S e e S (T ). (124)

PESN

G (1) () o () |4

Here Sy is the group of the N! permutations p on the set of N coordinates®, and sign(p),
used in the Slater determinant, is the sign of the permutation p. Note how in the fermion
case v; = vy, leads to 1 = 0, i.e. the Pauli principle. Using the symmetrized basis states the
expansion in Eq. (1.21) gets replaced by the following, where the new expansion coefficients
By, vs....vy are completely symmetric in their v-indices,

7!)(1"17 I‘2, R rN) = Z qu,ug,‘..,z/N giwul (1'1)7%2 (1‘2) . '¢VN (rN)' (125)

V1yeesVN

j=1

We need not worry about the precise relation between the two sets of coefficients A and
B since we are not going to use it.
1.2.3 Operators in first quantization

We now turn to the third assumption needed to complete the quantum theory of N-
particle systems. It states that single- and few-particle operators defined for single- and

2Note that to obtain a normalized state on the right hand side in Eq. (1.22) a prefactor ﬁﬁ
must be inserted. For fermions n,» = 0,1 (and thus n,/! = 1) so here the prefactor reduces to \/%

3For N = 3 we have, with the signs of the permutations as subscripts,

AT )
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few-particle states remain unchanged when acting on N-particle states. In this course we
will only work with one- and two-particle operators.

Let us begin with one-particle operators defined on single-particle states described by
the coordinate r;. A given local one-particle operator T; = T(rj7 Vrj), say e.g. the kinetic

energy operator —%V%_ or an external potential V(rj), takes the following form in the
J

|v)-representation for a single-particle system:

Ty = 3 T I, (2)) 000, (x))], (1.26)
where Tow, = /drj Tl);b(rj) T(I‘j, Vrj) U, (rj)_ (1.27)

In an N-particle system all N particle coordinates must appear in a symmetrical way,
hence the proper kinetic energy operator in this case must be the total (symmetric) kinetic
energy operator Tio associated with all the coordinates,

N
Tiot = Y Ty, (1.28)
j=1

and the action of T}t on a simple product state is

Tiot|ty,, (), (x2)) - [y, (TN) (1.29)
N
= Z Z TVbVa(Sl/a,an W}unl (r1)> e Wjub (rj)> e W}VHN (rN>>'
Jj=1vavp
Here the Kronecker delta comes from (v4|vpn;) = d,, ,, - It is straight forward to extend
k) 77.]

this result to the proper symmetrized basis states.
We move on to discuss symmetric two-particle operators Vj, such as the Coulomb
2 1
4;‘750 r;—r,|
tem described by the coordinates r; and r; in the |v)-representation with basis states
¥y, (r;))[4,, (ry)) we have the usual definition of Vjy:

interaction V(rj —r,) = between a pair of electrons. For a two-particle sys-

Vie = Zvuclfd,vuvb W)uc(rj))Wud(rk»<¢ua(rj)|<¢ub(rk)| (1.30)

VqgVp
Velg

where Vievgwavy = /drjdrk¢§C(I‘j)¢§d(rk)‘/(rj—rk)%a(rj)%b(rk)~ (1.31)

In the N-particle system we must again take the symmetric combination of the coordinates,
i.e. introduce the operator of the total interaction energy Viot,

N | X
Viet = Y _ Vi = 5 > Vik, (1.32)
j>k Jk#]
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e

+2e

Figure 1.2: The position vectors of the two electrons orbiting the helium nucleus and the
single-particle probability density P(r) = [dry 1[4, (v))¢,, (r5) +¢,, (r))1, (ry)[* for the
symmetric two-particle state based on the single-particle orbitals ;) = [(3,2,1,7)) and
lvy) =1(4,2,0,])). Compare with the single orbital |(4,2,0, |)) depicted in Fig. 1.1(b).

Viot acts as follows:

Vot ¥y, (x1 )by, (x3)) - [ty (rn)) (1.33)
1 N
= 5 Z Z VI/ch,l/aVbél/a,l/nj 5l/b,l/nk W]an (r1)> s |wuc (rj)> s W}ud(rk» cee W]zan (rN)>'
jFk valy

A typical Hamiltonian for an N-particle system thus takes the form

N N
1
H:Ttot+x/tot:ZTj+§Zij. (1.34)
j=1 j#k

A specific example is the Hamiltonian for the helium atom, which in a simple form
neglecting spin interactions can be thought of as two electrons with coordinates r = r;
and r = r, orbiting around a nucleus with charge Z = +2 at r = 0,

h? Ze? 1 h? Ze? 1 e? 1
Hyo=(-v2- 2 2 )4 (- w22 ) & © 1.35
He < om ' dreg r1> + < o2m 2 4reg 7“2) * Admeg |ry — 1y (1.35)

This Hamiltonian consists of four one-particle operators and one two-particle operator,
see also Fig. 1.2.

1.3 Second quantization, basic concepts

Many-particle physics is formulated in terms of the so-called second quantization represen-
tation also known by the more descriptive name occupation number representation. The
starting point of this formalism is the notion of indistinguishability of particles discussed
in Sec. 1.2.1 combined with the observation in Sec. 1.2.2 that determinants or permanent
of single-particle states form a basis for the Hilbert space of N-particle states. As we
shall see, quantum theory can be formulated in terms of occupation numbers of these
single-particle states.
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1.3.1 The occupation number representation

The first step in defining the occupation number representation is to choose any ordered
and complete single-particle basis {|v1), |v2),|v3),...}, the ordering being of paramount
importance for fermions. It is clear from the form Si¢yn1 (1'1)¢l,n2 (ry)... iy (rp) of the
basis states in Eq. (1.25) that in each term only the occupied single-particle states |vy;)
play a role. It must somehow be simpler to formulate a representation where one just
counts how many particles there are in each orbital |v). This simplification is achieved
with the occupation number representation.

The basis states for an N-particle system in the occupation number representation are
obtained simply by listing the occupation numbers of each basis state,

N —particle basis states : |1y, Ny, Ny, - - -), Z ny; = N. (1.36)
J

It is therefore natural to define occupation number operators 7, which as eigenstates have
the basis states |n,,), and as eigenvalues have the number n,,; of particles occupying the
state v;,

T (1) = Mo, |n0))- (1.37)

We shall show later that for fermions n,, can be 0 or 1, while for bosons it can be any
non-negative number,

. :{ 0,1 (fermions) (1.38)

g 0,1,2,... (bosons).
Naturally, the question arises how to connect the occupation number basis Eq. (1.36) with
the first quantization basis Eq. (1.23). This will be answered in the next section.

The space spanned by the occupation number basis is denoted the Fock space F. It
can be defined as F = Fo @ F1 & F2 @ . . ., where Fy = span{|ny,, nu,,...) | 2-;m, = N}
In Table. 1.1 some of the fermionic and bosonic basis states in the occupation number
representation are shown. Note how by virtue of the direct sum, states containing a
different number of particles are defined to be orthogonal.

1.3.2 The boson creation and annihilation operators

To connect first and second quantization we first treat bosons. Given the occupation num-
ber operator it is natural to introduce the creation operator blj that raises the occupation
number in the state |v;) by 1,

b,Tjj | MM M) = By () | oemu e, + 1m0, (1.39)

where B (n,;) is a normalization constant to be determined. The only non-zero matrix
elements of blj are (n,,+1 |blj [n,;), where for brevity we only explicitly write the occupation
number for v;. The adjoint of blj is found by complex conjugation as (n,, + l\blj In,,)* =
(nu, (bij )T|ny, +1). Consequently, one defines the annihilation operator b, = (bj,j )T, which
lowers the occupation number of state |v;) by 1,

by, |-y ) = Bo () [ ey — L ) (1.40)
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Table 1.1: Some occupation number basis states for N-particle systems.

H N ‘ fermion basis states |n,,, Ny, Nyg, - - ) H

0 |10,0,0,0,..)
1 |11,0,0,0,.),10,1,0,0,.., |0,0,1,0,..),
2 |11,1,0,0,..), |0,1,1,0,..), 1,0,1,0,..),]0,0,1,1,..), [0,1,0,1,..), [1,0,0,1,..), ..

H N ‘ boson basis states |ny,, My, Nug, - - -)

0 110,0,0,0,..)

1 |]1,0,0,0,..,]0,1,0,0,..), |0,0,1,0,..),

2 112,0,0,0,..), 10,2,0,0,..), |1,1,0,0,.),]0,0,2,0,..), [0,1,1,0,..), [1,0,1,0,..),
The creation and annihilation operators b and b, are the fundamental operators in the

occupation number formalism. As we will demonstrate later any operator can be expressed
in terms of them.
Let us proceed by investigating the properties of blj

and b, further. Since bosons

are symmetric in the single-particle state index v; we of course demand that b,T,j and b,T,k
must commute, and hence by Hermitian conjugation that also b,/j and b
commutator [A, B] for two operators A and B is defined as

[A, B]

v, commute. The

= AB — BA, sothat [A,B]=0 = BA=AB. (1.41)

We demand further that if j # k then bl,j and b:ﬂk commute. However, if j = k we must
be careful. It is evident that since an unoccupied state can not be emptied further we

must demand b, [...,0,...) =0, i.e. B_(0) = 0. We also have the freedom to normalize
the operators by demanding b:',].|...,0, .y = |...,1,...), ie. B4(0) = 1. But since
(1[f;10)* = (0], [1), it also follows that b, |...,1,...) =]...,0,...), ie. B_(1) = L.

It is clear that b, and b,tj do not commute: b,,jb,T,jm) = |0) while bJ,f,jbl,j|O> =0, i.e.
we have [b,/j,bj,j] |0) = |0). We assume this commutation relation, valid for the state |0),
also to be valid as an operator identity in general, and we calculate the consequences of

this assumption. In summary, we define the operator algebra for the bosonic creation and
annihilation operators by the following three commutation relations:

) TV Vi,V *®

By definition bj, and b, are not Hermitian. However, the product blT,bV is, and by
using the operator algebra Eq. (1.42) we show below that this operator in fact is the
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Figure 1.3: The action of the bosonic creation operator bl and adjoint annihilation operator
b, in the occupation number space. Note that b}, can act indefinitely, while b, eventually
hits |0) and annihilates it yielding 0.

occupation number operator n,. Firstly, Eq. (1.42) leads immediately to the following
two very important commutation relations:

Secondly, for any state |¢) we note that <¢\b:r,by|¢> is the norm of the state b, |¢) and hence
a positive real number (unless |¢) = |0) for which b,]|0) = 0). Let |¢)) be any eigenstate
of bib,, i.e. bib,|dr) = Aldx) with A > 0. Now choose a particular Ag and study by |dxr,)-
We find that

(B5,)b, |dxe) = (b,b], — 1)b, [dx,) = b, (bb, — 1)|dre) = b, (Ao — 1)[dn), (1.44)

i.e. b,|py,) is also an eigenstate of biby, but with the eigenvalue reduced by 1 to (Ao — 1).
If Ay is not a non-negative integer this lowering process can continue until a negative
eigenvalue is encountered, but this violates the condition Ag > 0, and we conclude that
A=n=01,2.... Writing |¢x) = |n,) we have shown that b}b,|n,) = n,|n,) and
b,|n,) < |n, — 1). Analogously, we find that

(b1b, )b Inw) = (n + 1)b} ), (1.45)
ie. b,T,]n,,) x |n, + 1). The normalization factors for b}, and b, are found from
b, 1)1 = (b, 1)) (B n0)) = (R0 |BLb, 1) = 120, (1.462)
65| 1* = (bf ) (8] [nw)) = (no b, b)) = 1, + 1. (1.46b)
Hence we arrive at

bbb, =y,  bib,Iny) =ny |ny), n,=0,1,2, ... (1.47)

byny) = /iy [, — 1), bhln,) = iy + 1 ny, + 1), (6))™]0) = v/, !|n,), (1.48)
and we can therefore identify the first and second quantized basis states,
G 7 = = —pf T
S—l—‘wunl (rl)Hang (1‘2)> oo ‘anN (rN)> - bunl bun2 SRR bunN ’0>7 (149)

where both sides contain N-particle state-kets completely symmetric in the single-particle
state index Vn; -
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1.3.3 The fermion creation and annihilation operators

Also for fermions it is natural to introduce creation and annihilation operators, now de-
noted cij and Cupo being the Hermitian adjoint of each other:

clT,j\...,n,,j_l,nyj,nyj+l,...> = Ci(ny) |- smu_ymu+ 1Ly, ., (1.50)

Cop |y ) = C(ngy) [y, ey =1, ). (1.51)

But to maintain the fundamental fermionic antisymmetry upon exchange of orbitals ap-
parent in Eq. (1.23) it is in the fermionic case not sufficient just to list the occupation
numbers of the states, also the order of the occupied states has a meaning. We must
therefore demand

looony, =1 ny, =10 =—|...n,, =1,...,n,, =1,...). (1.52)
and consequently we must have that C,T/j and C,T,k anti-commute, and hence by Hermitian
conjugation that also ¢, and ¢, anti-commute. The anti-commutator {A, B} for two
operators A and B is defined as

{A,B} = AB + BA, sothat {A,B} =0 = BA=-AB. (1.53)

For j # k we also demand that Cy, and C,T,k anti-commute. However, if j = k we again must
be careful. It is evident that since an unoccupied state can not be emptied further we

must demand ¢, |...,0,...) =0, i.e. C_(0) = 0. We also have the freedom to normalize
the operators by demanding clj\...,O,...> =|...,1,...), ie. C4(0) = 1. But since
(1|cJ,Ej|O>* = (0lc,,[1) it follows that ¢, [...,1,...) =1]...,0,...), ie. C_(1) = 1.

It is clear that ¢, and cj,j do not anti-commute: c,,J_ciﬂO) = |0) while cj,jcyj|0> =0,

i.e. we have {cl,j,cj,j} |0) =]0). We assume this anti-commutation relation to be valid as
an operator identity and calculate the consequences. In summary, we define the operator
algebra for the fermionic creation and annihilation operators by the following three anti-
commutation relations:

{Cij7cl1;k} = 07 {Cllj7cljk} - 07 {CV]WC'L;C} = 5Vj,l/k’ (154)
An immediate consequence of the anti-commutation relations Eq. (1.54) is

(ch,)?=0,  (¢,)?=0. (1.55)

Now, as for bosons we introduce the Hermitian operator clcy, and by using the operator
algebra Eq. (1.54) we show below that this operator in fact is the occupation number
operator n,. In analogy with Eq. (1.43) we find

= (1.56)

[cTc ¢, =—c, [cTc !,

[ 7 2 e 74 | 2t 7

so that ¢}, and ¢, steps the eigenvalues of cj,cu up and down by one, respectively. From

Egs. (1.54) and (1.55) we have (cJ,f,cl,)2 = c:r,(cyc,t)cy = c,T,(l - c,T,cl,)cl, = cJ,f,cl,, so that
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Figure 1.4: The action of the fermionic creation operator ci and the adjoint annihilation
operator ¢, in the occupation number space. Note that both ¢l and ¢, can act at most
twice before annihilating a state completely.

c,tcy(cicl, —1) =0, and clT,cl, thus only has 0 and 1 as eigenvalues leading to a simple
normalization for ¢}, and ¢,. In summary, we have

che, =y, ey =n,|n), n,=0,1 (1.57)

¢l0)=0, o) =|1), 1)=10), c1)=0, (1.58)

and we can readily identify the first and second quantized basis states,

S|t F)y,, (B2)) W, (En)) =l el ... 10), (1.59)

where both sides contain normalized N-particle state-kets completely anti-symmetric in
the single-particle state index vy, in accordance with the Pauli exclusion principle.

1.3.4 The general form for second quantization operators

In second quantization all operators can be expressed in terms of the fundamental creation
and annihilation operators defined in the previous two sections. This rewriting of the first
quantized operators in Eqgs. (1.29) and (1.33) into their second quantized form is achieved
by using the basis state identities Eqs. (1.49) and (1.59) linking the two representations.

For simplicity, let us first consider the single-particle operator Tioy from Eq. (1.29)
acting on a bosonic N-particle system. In this equation we then act with the bosonic
symmetrization operator Sy on both sides. Utilizing that Ti,¢ and S+ commute and
invoking the basis state identity Eq. (1.49) we obtain

N site n;
~~
Tiobf,, - bl 10) = ZT%V&Z%%J_I)% c bl bl 0, (1.60)
Valp 7=1

where on the right hand side of the equation the operator b,T,b stands on the site n;. To
make the kets on the two sides of the equation look alike, we would like to reinsert the
operator b ; at site n; on the right. To do this we focus on the state v = v;,;. Originally,
i e on the left hand side, the state v may appear, say, p times leading to a contribution
(b})?|0). We have p > 0 since otherwise both sides would yield zero. On the right hand
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Figure 1.5: A graphical representation of the one- and two-particle operators in second
quantization. The incoming and outgoing arrows represent initial and final states, respec-
tively. The dashed and wiggled lines represent the transition amplitudes for the one- and
two-particle processes contained in the operators.

side the corresponding contribution has changed into bib(bl)p_l\m. This is then rewritten
by use of Egs. (1.42), (1.47) and (1.48) as

0,04 ~110) = 8, (S,81) 011 10) = (81,0, ) 01710, (1.61)

Now, the p operators b}, can be redistributed to their original places as they appear on
the left hand side of Eq. (1.60). The sum over j together with §, , yields p identical
b n]

contributions cancelling the factor 1/p in Eq. (1.61), and we arrive at the simple result
Thot [binl ...blT,nN|0>} = Tyu,bl,b,, [blnl ...blT,nN|O>} (1.62)
a,b

T

Since this result is valid for any basis state by,

identity stating Tiot = Zij Ty, b,T,Z.bl,],.

It is straightforward to generalize this result to two-particle (or any-number-of-particle)
operators acting on boson states, and a similar reasoning can be made for the fermion case
(see Exercise 1.1) when the necessary care is taken regarding the sign appearing from the
anti-commutators in this case. If we let af denote either a boson operator b! or a fermion
operator ¢/ we can state the general form for one- and two-particle operators in second

quantization:

...b:r,nN|0>, it is actually an operator

Tiot = Z TViVj (,“L;rjial/j, (163)
Vi, Vj
1
‘/tot = 5 Z Vlll'l/j,ukl/l aztiaj/j aylayk . (164)
v

In Fig. 1.5 a graphical representation of these fundamental operator expressions is shown.

Operators in second quantization are thus composed of linear combinations of products
of creation and annihilation operators weighted by the appropriate matrix elements of the
operator calculated in first quantization. Note the order of the indices, which is extremely
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important in the case of two-particle fermion operators. The first quantization matrix
element can be read as a transition induced from the initial state |vx1;) to the final state
|vivj). In second quantization the initial state is annihilated by first annihilating state
|vg) and then state |v;), while the final state is created by first creating state |v;) and then
state |v;):

’0> = Gy, I/k’I/le> ‘Viyj> :a’l/I Vj’0> (165)
Note how all the permutation symmetry properties are taken care of by the operator
algebra of aJL and a,. The matrix elements are all in the simple non-symmetrized form of
Eq. (1.31).

1.3.5 Change of basis in second quantization

Different quantum operators are most naturally expressed in different representations mak-
ing basis changes a central issue in quantum physics. In this section we give the general
transformation rules which are to be exploited throughout this course.

Let {|v,,),[¥,,),...} and {|@Em>, WW},...} be two different complete and ordered
single-particle basis sets. From the completeness condition Eq. (1.7) we have the basic
transformation law for single-particle states:

= > W) = D () ). (1.66)

In the case of single-particle systems we define quite naturally creation operators dL and

a}, corresponding to the two basis sets, and find directly from Eq. (1.66) that au|0)y =
|1ZJ#> = Zy<¢~)uwy>* a}]0), which guides us to the transformation rules for creation and

annihilation operators (see also Fig. 1.6):

=D (W) al, @ =) (W) ay (1.67)

v

The general validity of Eq. (1.67) follows from applying the first quantization single-particle
result Eq. (1.66) to the N-particle first quantized basis states Sﬂ@!)unl .. .@ZJV"N> leading to

G iy 100 = (0 el ) o (D b ) 10 (108)

Un,q Un

The transformation rules Eq. (1.67) lead to two very desirable results. Firstly, that the
basis transformation preserves the bosonic or fermionic particle statistics,

@l = D ([, N (Ol0,) [y, af, ] (1.69)
= Z<,¢NJM1|wyj><wuk|i};42>5l/j71/k = Z(JJMJ >< Vj|wp,2> ,ul,,u«2a

and secondly, that it leaves the total number of particles unchanged,

Za a“_zz V7|71Z) 7/} |17Z}l/k> v l/k = Z< V7|71Z)Vk v Vk Za’u] VJ (170)

M ViV ViV
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'y ‘Uz) “12>

a4, = Z(Wﬁ) a,j

w

Figure 1.6: The transformation rules for annihilation operators a,, and a 5 upon change of

basis between {[¢,)} = {|v)} and {|¢,)} = {|A)}.

1.3.6 Quantum field operators and their Fourier transforms

In particular one second quantization representation requires special attention, namely
the real space representation leading to the definition of quantum field operators. If we in
Sec. 1.3.5 let the transformed basis set {[t,)} be the continuous set of position kets {|r)}

and, suppressing the spin index, denote ELL by ¥'(r) we obtain from Eq. (1.67)

Vi) =) () af =) Wi)al, @)=Y (rl,)a, =) ¢,(r)a,. (171

v

Note that ¥f(r) and ¥ (r) are second quantization operators, while the coefficients v} (r)
and 1, (r) are ordinary first quantization wavefunctions. Loosely speaking, ¥'(r) is the
sum of all possible ways to add a particle to the system at position r through any of the
basis states v, (r). Since ¥f(r) and W(r) are second quantization operators defined in
every point in space they are called quantum field operators. From Eq. (1.69) it is straight
forward to calculate the following fundamental commutator and anti-commutator,

(W (r,), UT(ry)] = 6(r, — 1), boson fields (1.72a)
{WU(r)), ¥l (ry)} = d(r; —ry), fermion fields. (1.72b)

In some sense the quantum field operators express the essence of the wave/particle duality
in quantum physics. On the one hand they are defined as fields, i.e. as a kind of waves,
but on the other hand they exhibit the commutator properties associated with particles.

The introduction of quantum field operators makes it easy to write down operators
in the real space representation. By applying the definition Eq. (1.71) to the second
quantized single-particle operator Eq. (1.63) one obtains

T = Z( / drw;(r>Trw,,j(r>> af,a,,

— /dr (Z wji(r)ali>Tr (; b, (r)al,j) = / dr T (r)T, 0 (r).  (1.73)

So in the real space representation, i.e. using quantum field operators, second quantization
operators have a form analogous to first quantization matrix elements.
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Finally, when working with homogeneous systems it is often desirable to transform
between the real space and the momentum representations, i.e. to perform a Fourier trans-
formation. Substituting in Eq. (1.71) the |¢,) basis with the momentum basis |k) yields

Wi(r) = \% Zk:e—ik'r ., w)= \}V zk:eik'r 0. (1.74)

The inverse expressions are obtained by multiplying by e**4T and integrating over r,

1 , 1 .
T iqr T _ —iqr
al = — [ dr e Ul(r), ay=—= [dre U (r). 1.75

1.4 Second quantization, specific operators

In this section we will use the general second quantization formalism to derive some ex-
pressions for specific second quantization operators that we are going to use repeatedly in
this course.

1.4.1 The harmonic oscillator in second quantization

The one-dimensional harmonic oscillator in first quantization is characterized by two con-
jugate variables appearing in the Hamiltonian: the position z and the momentum p,

1 1 h
H = —p? + —mw?a? x| = —. 1.76
5P 15 o el =2 (1.76)
This can be rewritten in second quantization by identifying two operators af and a satis-
fying the basic boson commutation relations Eq. (1.42). By inspection it can be verified
that the following operators do the job,

1 <x . > .

a = —|-+4+i—

L h/¢

t —(E_; P
¢ = (7 -a) g
where z is given in units of the harmonic oscillator length ¢ = /h/mw and p in units of
the harmonic oscillator momentum #/¢. Mnemotechnically, one can think of a as being
the (1/v/2-normalized) complex number formed by the real part z/¢ and the imaginary

part p/(h/f), while a' is found as the adjoint operator to a. From Eq. (1.77) we obtain
the Hamiltonian, H, and the eigenstates |n):

Il
~

(1.77)

(ah)"
e
The excitation of the harmonic oscillator can thus be interpreted as filling the oscillator

with bosonic quanta created by the operator af. This picture is particularly useful in the
studies of the photon and phonon fields, as we shall see during the course. If we as a

H=ho (aTa + %) and |n) = 0), with Hin) = hw (n + %) ). (1.78)
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e

‘ 2

Figure 1.7: The probability density |(r|n)|* for n = 0, 1, 2, and 9 quanta in the oscillator
state. Note that the width of the wave function is \/(n|z2|n) = \/n +1/2 (.

measure of the amplitude of the oscillator in the state with n quanta, |n), use the square-
root of the expectation value of 22 = (?(a'a’ + a'a + aa’ + aa)/2, we find \/(n|z2|n) =
/n+1/2¢. Thus the width of the oscillator wavefunction scales roughly with the square-
root of the number of quanta in the oscillator, as sketched in Fig. 1.7.

The creation operator can also be used to generate the specific form of the eigenfunc-
tions v, (x) of the oscillator starting from the groundstate wavefunction v (z):

(af)"
NG

() = (2|n) = (x| 0) =

7= (i) 0= g (7)) vl
(1.79)

1.4.2 The electromagnetic field in second quantization

Historically, the electromagnetic field was the first example of second quantization (Dirac,
1927). The quantum nature of the radiation field, and the associated concept of photons
play a crucial role in the theory of interactions between matter and light. In most of the
applications in this course we shall, however, treat the electromagnetic field classically.
The quantization of the electromagnetic field is based on the observation that the
eigenmodes of the classical field can be thought of as a collection of harmonic oscillators.
These are then quantized. In the free field case the electromagnetic field is completely
determined by the vector potential A(r,t) in a specific gauge. Normally, the transversality
condition V-A = 0 is chosen, in which case A is denoted the radiation field, and we have

B = VxA V-A =0

1 1.80
E = -9A VA - S 0}A = 0. (1.80)
c
We assume periodic boundary conditions for A enclosed in a huge box taken to be a cube
of volume V and hence side length L = ¥/V. The dispersion law is wy, = kc and the
two-fold polarization of the field is described by polarization vectors €,, A = 1,2. The
normalized eigenmodes ug x(r,t) of the wave equation Eq. (1.80) are seen to be

ug \(r,t) = %e/\e"(k'r*“kt), A=1,2, wy, = ck

(1.81)

ky = Q%nx, ng =0,£1,42,... (same for y and z).
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The set {€,, €5, k/k} forms a right-handed orthonormal basis set. The field A takes only
real values and hence it has a Fourier expansion of the form

1 i(kr—w * —i(kr—w
A(r,t):TVZ > (A,Me (er=wd) 4 Ay ek kt))e)\, (1.82)

k A=12

where Aj, ) are the complex expansion coefficients. We now turn to the Hamiltonian H
of the system, which is simply the field energy known from electromagnetism. Using
Eq. (1.80) we can express H in terms of the radiation field A,

1

1 1
H = Q/dr <eoyE2 + B\2> = 2eo/dr (wp| A2+ ?K*|A)?) = eowi/dr |A]%. (1.83)
Ho

In Fourier space, using Parceval’s theorem and the notation Ay ) = Aff’ \ T iAﬂy y for the
real and imaginary part of the coeflicients, we have

1
H= eowi g 2| Ak |* = 460(,()12( B g <|Af,)\|2 + |A£’)\\2>. (1.84)
k,\ k,A

If in Eq. (1.82) we merge the time dependence with the coefficients, i.e. Ag\(t) =
Ay e ™! the time dependence for the real and imaginary parts are seen to be

A{z)\ = +(A)k AII{’)\ Aﬁ)\ = —wk A}IE’A (185)
From Egs. (1.84) and (1.85) it thus follows that, up to some normalization constants, Afz A
OH

8Aff’ N
normalized conjugate variables Qy » and P ) are therefore introduced:

1 2
H = Z 3 <P13,,\ + kai,,\>
.Y

and Ai ) are conjugate variables: = —4eoka£7 5 and 82% = +450kaE, \- Proper

Qur = 2648, . .
B P Qe = Py, Py = —wpQux (1.86)

= Q)

Yt p
0Qx ) oh 0P )

This ends the proof that the radiation field A can thought of as a collection of harmonic
oscillator eigenmodes, where each mode are characterized by the conjugate variable Qy x
and P ). Quantization is now obtained by imposing the usual condition on the commu-
tator of the variables, and introducing the second quantized Bose operators aL ) for each
quantized oscillator:

1
H = Z hwk(aL,\ak,,\ + 5)7 [ay aLA] =1,
h kA
P 5 = - = '
[Px.x» Qi ] - . o,

Qx )\ = ﬂ (CLLA + ak,)\), Py = 9 Z(alJr(,/\ Oy A)'
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To obtain the final expression for A in second quantization we simply express Ay ) in
terms of P ) and Qy x, which in turn is expressed in terms of alT{ ) and ag

R T Quy . Pk h x oy
Ay = A\ Hidgy — NG +1 2wkxf Zegn Qe xs and A, — Degs a
(1.88)

Substituting this into the expansion Eq. (1.82) our final result is:

A(I’,t)_ 26 - ak)\e i(kr— wk)_}_alt/\e i(kr—wy, )) €,. (189)
k A= 12V 07k

1.4.3 Operators for kinetic energy, spin, density, and current

In the following we establish the second quantization representation of the four important
single-particle operators associated with kinetic energy, spin, particle density, and particle
current density.

First, we study the kinetic energy operator T', which is independent of spin and hence
diagonal in the spin indices. In first quantization it has the representations

h2
Troo = ——VE do’ o real space representation, (1.90a)

ﬁ2k2
(Ko'|T|ko) = %51(/ k 00’5, ~ momentum representation. (1.90b)

Its second quantized forms with spin indices follow directly from Egs. (1.63) and (1.73)
—h2k2 f e ] 2
= kZ; 5y Mkoko = "5 za:/dr vl (r) (Vr\Pa(r)>. (1.91)

The second equality can also be proven directly by inserting ¥'(r) and ¥ (r) from Eq. (1.74).
For particles with charge ¢ a magnetic field can be included in the expression for the ki-
netic energy by substituting the canonical momentum p with the kinetic ~momentum?*

P —qA, ,
T, = zmz/drqﬁ < —qA) (). (1.92)

Next, we treat the spin operator s for electrons. In first quantization it is given by
the Pauli matrices

s:gT, with r—{(? é)(? BZ><(1) _01>}. (1.93)

4In analytical mechanics A enters through the Lagrangian: L = %va — V +¢gv-A, since this by the
Euler-Lagrange equations yields the Lorentz force But then p = dL/0v = mv + ¢A, and via a Legendre
transform we get H(r,p) = p-v — L(r,v) = 3mv”> + V = ;L (p — ¢A)* + V. Considering infinitesimal

variations 6A we get 0H = H(A +0A) — H(A) = —qv-0A = —q[dr J-5A, an expression used to find J.




22 CHAPTER 1. FIRST AND SECOND QUANTIZATION

To obtain the second quantized operator we pull out the spin index explicitly in the basis
kets, |v) = |u)|o), and obtain with fermion operators the following vector expression,

h T z
s= 3 WO I) ) gty = 5 D0 ST N0} e (1:942)

pop'o! uw oolo
with components

s = SZ@LLCM * CLTCul) s = Zg Z(CLLCM B CLTCui) "= Z(CLTCM - C;Tucm)'
p p

' (1.94D)

We then turn to the particle density operator p(r). In first quantization the fundamen-

tal interpretation of the wave function 1, ,(r) gives us p,.q(r) = |1, ,(r)|* which can also

be written as p,o(r) = [dr’ ¥}, (r')d(r" — )i, (r'), and thus the density operator for

spin o is given by p,(r) = §(r' —r). In second quantization this combined with Eq. (1.63)
yields

h
2

po(r) = / dr' W ()S(x — 1)U, (r') = U (r) T, (r). (1.95)

From Eq. (1.75) the momentum representation of this is found to be

1 e 1Y, 1 . 1 .
) = LSy = LS = LS (Sl )
kq q k

KK/
(1.96)
where the momentum transfer q = k’ — k has been introduced.

The fourth and last operator to be treated is the particle current density operator
J(r). Tt is related to the particle density operator p(r) through the continuity equation
Op+ V-J = 0. This relationship can be used to actually define J. However, we shall take
a more general approach based on analytical mechanics, see Eq. (1.92) and the associated
footnote. This allows us in a simple way to take the magnetic field, given by the vector
potential A, into account. By analytical mechanics it is found that variations 6 H in the
Hamiltonian function due to variations J A in the vector potential is given by

SH = —q/er.aA (1.97)

We use this expression with H given by the kinetic energy Eq. (1.92). Variations due to
a varying parameter are calculated as derivatives if the parameter appears as a simple
factor. But expanding the square in Eq. (1.92) and writing only the A dependent terms of

the integrand, —‘PI;(I‘)%[V-A +A-V]U_(r)+ %AQ\I’(L(I')\IJU(I‘), reveals one term where
V is acting on A. By partial integration this V is shifted to W'(r), and we obtain
_ ah 5. i oyl 4 p2gt
H=T+ ZU: /dr {2miA ng(r)> U_(r) -Vl (r) (wg(r)ﬂ 5~ ATUL ()W, (r) o
(1.98)
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The variations of Eq. (1.97) can in Eq. (1.98) be performed as derivatives and J is imme-
diately read off as the prefactor to dA. The two terms in the current density operator are
denoted the paramagnetic and the diamagnetic term, JV and J4, respectively:

Jo(r) = JIV(r)+ J4(r), (1.99a)
paramagnetic : JY(r) = 2—2“ [\Ilzf,(r) (V\I/U(r)> — (V\I/:f,(r)> \I/U(r)] , (1.99Db)
diamagnetic : J2(r) = —%A(r)\ﬂz(r)\lla(r). (1.99c¢)

The momentum representation of J is found in complete analogy with that of p

A —4q
0 V Z k + Zq I'akaakJrq o’ JO’ ( ) = mVA Z elq r.aJlr<0ak+q o’
kq
(1.100)

The expression for J in an arbitrary basis is treated in Exercise 1.2.

1.4.4 The Coulomb interaction in second quantization

The Coulomb interaction operator V is a two-particle operator not involving spin and
thus diagonal in the spin indices of the particles. Using the same reasoning that led from
Eq. (1.63) to Eq. (1.73) we can go directly from Eq. (1.64) to the following quantum field
operator form of V:

V(r Z/dr dr2’ | L ()WL (1) T, (ry) T, (). (1.101)

0102

Here we have introduced the abbreviation eg = ¢?/4me,.We can also write the Coulomb

interaction directly in the momentum basis by using Eq. (1.31) and Eq. (1.64) with
v) = [k,0) and ¢y (r) = \} e®Tx,. We can interpret the Coulomb matrix element
as describing a transition from an initial state |kjoq,keos) to a final state |kgoq, kyoo)
without flipping any spin, and we obtain

L T i
vV = 52 Z (k3o1, kaoa|VIkio1, keoa) ay, ;. 50 Oy Ui, o, (1.102)

o102 kiko
ksky

1 2 i(kl~r1+k2~r2—k3~r1—k4~r2) ; ;
= 92 Z Z V2 /dr dr2 -r, R T N S

Ty
o102 kikso
ksky

Since r, — ry is the relevant variable for the interaction, the exponential is rewritten as
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ky +q,09) ky — q,79)
Va
ky,0q) kg, 03)

Figure 1.8: A graphical representation of the Coulomb interaction in second quantization.
Under momentum and spin conservation the incoming states |k, o) and |k, 0,) are with
probability amplitude Vq scattered into the outgoing states |k; +q,0;) and |k, — q,05).

eilki—ks)ryt+(ka—ka)1y] — pilka—kstko—ka) 1) gilka—ka)(r3—11) Jeaving us with two integrals,

which with the definitions q = ko — k4 and r = r, — r; become

2 2
, . 4
/d]ﬁ'1 ekt —yg Vq = /dr 0 giar FQGO. (1.103)
r q

These integrals express the Fourier transform of the Coulomb interaction® and the explicit
momentum conservation obeyed by the interaction. The momenta k3 and ky of the final
states can now be written as ks = k; + q and k4 = ko — q. The final second quantized
form of the Coulomb interaction in momentum space is

1 i i
V= W Z Z Vq 1 +qor Yk —qos Ykoos Yy o (1.104)

g102 k1k2q

We shall study this operator thoroughly in Sec. 2.2 in connection with the interacting
electron gas. Here, in Fig. 1.8, we just show a graphical representation of the operator.

1.4.5 Basis states for systems with different kinds of particles

In the previous sections we have derived different fermion and boson operators. But so far
we have not treated systems where different kinds of particles are coupled. In this course
one important example of such a system is the fermionic electrons in a metal interacting
with the bosonic lattice vibrations (phonons). We study this system in Chap. 3. Another
example is electrons interacting with the photon field. Here we will briefly clarify how to
construct the basis set for such composed systems in general.

Let us for simplicity just study two different kinds of particles. The arguments are
easily generalized to include more complicated systems. The starting point is the case
where the two kinds of particles do not interact with each other. Let the first kind of
particles be described by the Hamiltonian H; and a complete set of basis states {|v)}.
Likewise we have Hy and {|u)} for the second kind of particles. For the two decoupled

>We show in Exercise 1.5 how to calculate the Fourier transform chs of the Yukawa potential V= (r) =

from which Eq. (1.103) follows by setting ks = 0.

2 2
ey _kor . ks __ 47re0
Le . The result is Vi = peEn
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systems an example of separate occupation number basis sets is

WY = gy, (1.105a)
W) = np ) (1.105b)

When a coupling Hi2 between the two system is introduced, we need to enlarge the Hilbert
space. The natural definition of basis states is the outer product states written as

W) = [wM)w®)
101y Mgy -+ e s My e )My My vy Ty o)

= Ny My oo s My e Mgy Mg o5 Mgy - ) (1.106)

In the last line all the occupation numbers are simply listed within the same ket but
the two groups are separated by a semicolon. A general state |®) can of course be any
superposition of the basis states:

|®) = Z C{,,].MM} M0y Mgy - STy e Ty s Mgy« v o s Mgy - - . (1.107)
{viHm}

As a concrete example we can write down the basis states for interacting electrons and
photons in the momentum representation. The electronic basis states are the plane wave
orbitals |ko) of Eq. (1.3), and the photon states are |g\) given in Eq. (1.81). We let n,__
and N a denote the occupation numbers for electrons and photons, respectively. A basis
state [¢) in this representation has the form:

‘w> = \nklal,nsz,.. . ,nkjgj,...; NQ1)\17NC12)\27"'7NCU)\1?' . > (1108)

1.5 Second quantization and statistical mechanics

The basic assumption of statistical mechanics is the ergodicity assumption. It states that
as time evolves a system assume all possible states complying with the given external
constraints, e.g. with a given total energy E. In other words, because of the randomness
of the system all of the available phase space is covered. The time it takes for the system
to visit all of the phase is the ergodicity time, which is assumed to be smaller than typical
time scales of the observation.

Suppose we are interested in some small system connected to the outside world, the
so-called reservoir, and assume that, taken as a whole, they constitute a closed system with
total energy Ep. Let us call the energy of the small system F,; and that of the reservoir
E,. ie. Er = E; + F,. Based on the ergodicity assumption it is natural to conjecture
that the probability for a subsystem to have a definite energy F is proportional to the
number of ways that the subsystem can have that energy. The density of states is defined
as d(E) = dN(FE)/dE, where N(FE) is the number of states with an energy less than
E. We denote the density of states of the total system at a given total energy d(Er),
while the small system and the reservoir have the densities of states ds(Fs) and d,(E;),
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respectively. Since for a given small energy interval AE the number of states in the
reservoir is much larger than the number states in smaller subsystem, the total density
of states is dominated by that of the reservoir and hence d(Er) ~ d,.(Er). From the
assumption about the probability being proportional to the number of states, we have for
the probability for the subsystem to have energy F, that

P(E,) x d.(Er — E,) AE. (1.109)

Now, we do not expect this probability to be dependent on the size of the reservoir,
i.e. if we make it smaller by cutting it in half by some wall, nothing should happen to the
state of the small system, provided of course that it is still much smaller than the new
reservoir. This means that if we consider the ratio of two probabilities

P(Es) d.(Ep— Es)

PEY) ~ d(Er —EL)’ (1.110)

it must only depend on the energies Fy and FE. and neither on the total energy Ep nor
on d,. But because the energy is only defined up to an additive constant, it can thus only
depend on the difference Fs — E.. The only function P(E) that satisfies the condition

P(E;)  d.(BEr — E)

PE) ~ d(By i~ P B (1.111)

is

P(E) x e PE. (1.112)
We have thus arrived at the famous Boltzmann or Gibbs distribution which of course
should be normalized. In conclusion: from statistical mechanics we know that both for
classical and a quantum mechanical systems which are connected to a heat bath the
probability for a given state s with energy Fs to be occupied is given by the Boltzmann
distribution

P(E;) = %eXp(—ﬁEs), (1.113)

where 3 is the inverse temperature, 3 = 1/kzT, and where the normalization factor, Z,
is the partition function

Z = exp(—fE,). (1.114)

When we sum over states, we must sum over a set of states which cover the entire
space of possible states, i.e. the basis set that we use to compute the energy must be a
complete set. For a quantum system with many particles, the states s are, as we have
seen, in general quite complicated to write down, and it is therefore an advantage to have
a form which is independent of the choice of basis states. Also for a quantum system it is
not clear what is meant by the energy of a given state, unless of course it is an eigenstate
of the Hamiltonian. Therefore the only meaningful interpretation of Eq. (1.114) is that
the sum of states runs over eigenstates of the Hamiltonian. Using the basis states |v)
defined by

H|v) = E,|v), (1.115)
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it is now quite natural to introduce the so-called density matrix operator p corresponding
to the classical Boltzmann factor e #F,

Z [W)ye PEv (1 (1.116)
We can thus write the expression Eq. (1.114) for the partition function as
Z =Y (vlplv) = Tr[p]. (1.117)
14

Likewise, the thermal average of any quantum operator A is easily expressed using the
density matrix p. Following the elementary definition we have

Tr[pA]
Tr[p]

= Z v|Alv)e PEr = Tr[pA] (1.118)

Egs. (1.117) and (1.118) are basis-independent expressions, since the sum over states is
identified with the trace operation.® This is of course true whatever formalism we use to
evaluate the trace. In first quantization the trace runs over for example the determinant
basis, which in second quantization translates to the Fock space of the corresponding
quantum numbers. For the canonical ensemble the trace is however restricted to run over
states with a given number of particles.

For the grand canonical ensemble the number of particles is not conserved. The small
system is allowed to exchange particles with the reservoir while keeping its average particle
number constant, and we introduce a chemical potential i of the reservoir to accommodate
this constraint. Basically, the result obtained from the canonical ensemble is carried over to
the grand canonical ensemble by the substitution H — H — uN, where N is the particle
number operator. The corresponding density matrix p, and partition function Z are
defined as:

po = e PUT=rN) Za = Trlpg)- (1.119)

where the trace now includes states with any number of particles. Likewise, it is useful to
introduce the Hamiltonian H, corresponding to the grand canonical ensemble,

H,=H — uN. (1.120)

Unfortunately, the symbol H is often used instead of H, for the grand canonical Hamil-
tonian, so the reader must always carefully check whether H refers to the canonical or to
the grand canonical ensemble. In this book we shall for brevity write H in both cases.
This ought not cause any problems, since most of the times we are working in the grand
canonical ensemble, i.e. we include the term p/V in the Hamiltonian.

The partition functions are fundamental quantities in statistical mechanics. They
are more than merely normalization factors. For example the free energy F = U —

SRemember that if t, = Tr[A] is the trace of A in the basis |v), then in the transformed basis U|v) we
have ty, = Tr [UAU™'] = Tr [AU~'U] = Tr [A] = t,. Here we have used that the trace is invariant under
cyclic permutation, i.e. Tr [ABC] = Tr [BCA].
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TS, important in the grand canonical ensemble, and the thermodynamic potential 2 =
U —TS — puN, important in the canonical ensemble, are directly related to Z and Z,
respectively:

Z =ePF (1.121a)
Zgy=e P (1.121b)

Let us now study the free energy, which is minimal when the entropy is maximal.
Recall that
F=U-TS=(H)-TS. (1.122)

In various approximation schemes, for example the mean field approximation in Chap. 4,
we shall use the principle of minimizing the free energy. This is based on the following
inequality

F < (H),— TSy, (1.123)

where both (H), and Sy are calculated in the approximation p ~ py = exp(—BHy), for

example
_ Tr[poH]

H), = .
< >0 Tr [ po]
This inequality ensures that by minimizing the free energy calculated from the approximate

Hamiltonian, we are guaranteed to make the best possible approximation based on the
trial Hamiltonian, Hy.

(1.124)

1.5.1 The distribution function for non-interacting fermions

As the temperature is raised from zero in a system of non-interacting fermions the occu-
pation number for the individual energy eigenstates begins to fluctuate rather than being
constantly 0 or constantly 1. Using the grand canonical ensemble we can derive the famous
Fermi-Dirac distribution ng(e).

Consider the electron state |ko) with energy €,. The state can contain either 0 or 1
electron. The average occupation ny(e, ) is therefore

Z nke_ﬂ(nksk_#nk)

Trlpgny]  n=01 0+ e Pl 1
= = = = . (1125
T ] TS cmacm  1xeteen | geemry 1)
n,=0,1

We shall study the properties of the Fermi-Dirac distribution in Sec. 2.1.3. Note that
the Fermi—Dirac distribution is defined in the grand canonical ensemble. The proper
Hamiltonian is therefore H, = H — puN. This is reflected in the single-particle energy
variable. From Eq. (1.125) we see that the natural single-particle energy variable is not
€, but rather §_given by

Sk =€ — 1 (1.126)

For small excitation energies €, varies around p whereas §,_ varies around 0.
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1.5.2 Distribution functions for non-interacting bosons

Next we find the distribution function for non-interacting bosons. Again using the grand
canonical ensemble we derive the equally famous Bose-Einstein distribution ng(e). It is
derived like its fermionic counterpart, the Fermi-Dirac distribution ny(e).

Consider a bosonic state characterized by its fundamental energy ¢, . The occupation
number of the state can be any non-negative integer n,. = 0,1,2,.... In the grand canonical
ensemble the average occupation number np(ey) is found by writing A, = e A= and
using the formulas >20°  nA™ = A& 3% (A7 and 3000 A" = L

o0

Z ny e PmcEr—rmd kd/\ Z ALk N
k
n, =0 n, =0 —, )2 1
np(e) = — = = - = UM — . (1.127)
n - 66( k B _ 1
Z e—ﬁ(nkak—unk) Z )‘kk -2,
n, =0 n, =0

The Bose-Einstein distribution differs from the Fermi-Dirac distribution by having —1 in
the denominator instead of +1. Both distributions converge towards the classical Maxwell-
Boltzmann distribution, nyx = e ?Ex=#) | for very small occupation numbers, where the
particular particle statistics is not felt very strongly.

1.6 Summary and outlook

In this chapter we have introduced second quantization, the representation of quantum
mechanics we are going to use throughout this course. The basic concepts are the oc-
cupation number basis states and the fundamental creation and annihilation operators,
b}, and b, in the bosonic case (see Eq. (1.42)), and ¢ and ¢, in the fermionic case (see
Eq. (1.54)). The intricate permutation symmetries are manifestly ensured by the basic
(anti-)commutator relations of these fundamental operators. The main result of the chap-
ter is the derivation of the general form of one- and two-particle operators, Eqgs. (1.63)
and (1.64) and Fig. 1.5. In fact, perhaps after some measure of acquaintance, this main
result appears so simple and intuitively clear that one could choose to define quantum the-
ory directly in second quantization rather than going the cumbersome way from first to
second quantization. However, students usually learn basic quantum theory in first quanti-
zation, so for pedagogical reasons we have chosen to start from the usual first quantization
representation.

In Sec. 1.4 we presented a number of specific examples of second quantization operators,
and we got a first glimpse of how second quantization leads to a formulation of quantum
physics in terms of creation and annihilation of particles and field quanta. In the following
three chapters we shall get more acquainted with second quantization through studies
of simplified stationary problems for non-interacting systems or systems where a given
particle only interacts with the mean field of the other particles. First in Chap. 5 will the
question be raised of how to treat time evolution in second quantization. With an answer
to that question we can proceed with the very interesting but also rather difficult studies
of the full time dependent dynamics of many-particle quantum systems.
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Chapter 2

The electron gas

The study of the interacting electron gas moving in a charge compensating background of
positively charged ions is central in this course. Not only is this system a model of the solids
that surrounds us, such as metals, semiconductors, and insulators, but historically this
system played a major role as testing ground for the development of quantum field theory.
In this chapter we shall study the basic properties of this system using the formalism of
time-independent second quantization as developed in Chap. 1. The main emphasis will
be on the non-interacting electron gas, since it will be clear that we need to develop our
theoretical tools further to deal with the electron-electron interactions in full.

Any atom in a metal consists of three parts: the positively charged heavy nucleus at
the center, the light cloud of the many negatively charged core electrons tightly bound to
the nucleus, and finally, the outermost few valence electrons. The nucleus with its core
electrons is denoted an ion. The ion mass is denoted M, and if the atom has Z valence
electrons the charge of the ion is +Ze. To a large extend the inner degrees of freedom of
the ions do not play a significant role leaving the center of mass coordinates R; and total
spin S; of the ions as the only dynamical variables. In contrast to the core electrons the
Z valence electrons, with mass m and charge —e, are often free to move away from their
respective host atoms forming a gas of electrons swirling around among the ions. This is

. e nuclei
core
electrons

PY ions
(mass M, charge +Ze)

valence
electrons

free atoms a solid (mass m, charge -e)

Figure 2.1: A sketch showing N free atoms merging into a metal. The ions are unchanged
during the process where they end up by forming a periodic lattice. The valence electrons
are freed from their host atoms and form an electron gas holding the ionic lattice together.

31
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true for the alkali metals. The formation of a metal from N independent atoms is sketched
in Fig. 2.1.

The Hamiltonian H of the system is written as the sum of kinetic and potential energy
of the ionic system and the electronic system treated independently, and the Coulomb
interaction between the two systems,

H = (Tion + Vion—ion) + (Te1 + Ver—e1) + Vel—ion- (2.1)
The individual terms are easily written down in second quantization:
Tion + Vion—ion = / dR V] (R) (—hvz ) v, (R) (2.2)
/ dR1dRy U (Ry)¥] (Rz)Leg (R2) ¥, (R1)

ion ion IR, — Ry| o ion

T+ Vea = Z /dr ul(r ( V2> #(T) (2.3)
2
+5 ;@ / dridry Ul (rl)\IlLQ(rQ)ﬁ\IJ@ (r2) ¥, (r1),
_ f(p (—Z€(Z)>

Vo = % [arar vyl ) R o Yo (R, (). (2.4)

Note that no double counting is involved in V_jo, since two different types of fields, ‘113 (r)
and \IJLH(R) are involved, hence no factor 1.

At zero temperature the ground state of the system is a periodic ion lattice hold
together by the cohesive forces of the surrounding electron gas. In principle it is possible
in ab initio calculations to minimize the energy of the system and find the crystal structure
and lattice parameters, i.e. the equilibrium positions R; of the ions in the lattice. From the
obtained ground state one can then study the various excitations of the system: phonons
(ion vibrations), electron-hole excitations (single-particle excitations), plasmons (collective
electronic charge density waves), magnons (spin waves), etc. In this course we will not
plunge into such full fledged ab initio calculations. T'wo approximation schemes will be
used instead. One is the phenomenological lattice approach. We take the experimental
determination of the crystal structure, lattice parameters and elasticity constants as input
to the theory, and from there calculate the electronic and phononic properties. The other
approximation scheme, the so-called jellium model, is in fact an ab initio calculation, where
however the discrete nature of the ionic system is approximated by a positively charged,
continuous and homogeneous fluid, the ion ’jellium’. Fortunately, most electronic and
phononic properties of the system can be derived with good accuracy from the Hamiltonian
describing the ion jellium combined with the electron gas.

2.1 The non-interacting electron gas

We first study the lattice model and the jellium model in the case of no electron-electron
interaction. Later in Sec. 2.2 we attempt to include this interaction.
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2.1.1 Bloch theory of electrons in a static ion lattice

Let us first consider the phenomenological lattice model. X-ray experiments show that the
equilibrium positions of the ions form a periodic lattice. This lattice has an energy Fias
and an electrical potential Vg _1.4¢ associated with it, both originating from a combination
of Tion, Vion—ion, and Vg_jon in the original Hamiltonian Eq. (2.1). At finite temperature
the ions can vibrate around their equilibrium positions with the total electric field acting as
the restoring force. As will be demonstrated in Chap. 3, these vibrations can be described
in terms of quantized harmonic oscillators (much like the photon field of Sec. 1.4.2) giving
rise to the concept of phonons. The non-interacting part of the phonon field is described
by a Hamiltonian Hpy. Finally, the electrons are described by their kinetic energy Ty,
their mutual interaction Vg_e, and their interaction with both the static part of the
lattice, Vi_latt, and the vibrating part, i.e. the phonons, Vi _pn. The latter term must
be there since a vibrating ion is giving rise to a vibrating electrical potential influencing
the electrons. Thus the Hamiltonian for the phenomenological lattice model changes H of
Eq. (2.1) into

H = (Elatt + Hpn) + (Ter + Ver—el) + (Vel—tatt + Vel—ph)- (2.5)

At zero temperature the ions are not vibrating except for their quantum mechanical zero
point motion. Thus we can drop all the phonon related terms of the Hamiltonian. If one
furthermore neglects the electron-electron interaction (in Sec. 2.2 we study when this is
reasonable) one arrives at the Hamiltonian Hpjocn used in Bloch’s theory of non-interacting
electrons moving in a static, periodic ion lattice:

V;sl—latt(r + R) = Vgl—latt (I‘)

for any lattice vector R. (2:6)

Hgioch = Tel + Vel—1ats (1), {

To solve the corresponding Schrodinger equation, and later the phonon problem, we have
to understand the Fourier transform of periodic functions.

Let the static ion lattice be described by the ionic equilibrium positions R in terms of
the lattice basis vectors {a;,a,,a3}:

R =nya; + nya, + ngas, nq,ng,ng € Z. (2.7)
Working with periodic lattices it is often convenient to Fourier transform from the direct

space to k-space, also known as the reciprocal space, RS. It is useful to introduce the
reciprocal lattice, RL, in RS defined by

RL:{G € RS

G R — 1} = G =myb; +myby+msbs, my,my,ms € Z, (2.8)

where the basis vectors {by, by, by} in RL are defined as
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An important concept is the first Brillouin zone, FBZ, defined as all k in RS lying closer
to G = 0 than to any other reciprocal lattice vector G # 0. Using vectors k € FBZ, any
wavevector q € RS can be decomposed (the figure shows the FBZ for a 2D square lattice):

. ky‘} . ll .
q=k+G FBZ:{keRS‘|k|<\k—G], forallG;éO}
. @( - (2.10)
k: | 4G  Vq, Ik € FBZ, 3G €RL: q=k+ G.

The Fourier transform of any function periodic in the lattice is as follows:

Vie+R)=V(r), forallR & V()= > Vge@™ (2.11)
G eRL

The solution of the Schrodinger equation Hpioch?? = E can be found in the plane wave
basis |ko), which separates in spatial part e’®* and a spin part Xo» €8 X1 = ( h ):

1 ’L /'I‘
Vo) = 35D e X, = (Kol Hpioan ) = Z(ek5k7k, +3 Vb +G)ck,, (2.12)
Kk’ k’/ G

so the Schrodinger equation for a given k is
ey T Z Voak_ag = E . (2.13)
G

We see that any given coefficient ¢, only couples to other coefficients of the form ¢ g,
i.e. each Schrédinger equation of the form Eq. (2.13) for ¢, couples to an infinite, but
countable, number of similar equations for ¢, . Each such infinite family of equations
has exactly one representative k € FBZ, while any k outside FBZ does not give rise to
a new set of equations. The infinite family of equations generated by a given k € FBZ
gives rise to a discrete spectrum of eigenenergies ¢ ,, where n € N. The corresponding
eigenfunctions v, , —are given by:

v

1 n ( T 1 n ikr ikr
V1o (T) = v ZCI(H)G eHGFR Ty — (7 C(Gk)> e*Ty, =u,, (r) X7 x,.  (2.14)
G G

According to Eq. (2.11) the function w,, (r) is periodic in the lattice, and thus we end
with Bloch’s theorem!:

k € FBZ,

HyonCiko = Enk¥iko Vnko (L) = unk(r)eik'rxa, n is the band index, (2.15)
u g (r+R) =mu,(r).

! An alternative derivation of Bloch’s theorem with emphasis on the group theoretic aspects builds on
the translation operator Tr, with Tr f(r) = f(r+R). We get [H,Tr] = 0 = Tr1) = Ar?) for an eigenstate
1. Applying Tp after Tr leads to Ap AR = Ap4r = Ir = e ¥R = Ynk(r) = unk(r)e’k‘r.
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(a) €k (b) €1 (c) €nk

4
T T T T T \\\\—///’\ T T T \\
_T T 23w ok _T T 23w ok _z Tk
G.Daﬂ.f] G.Oﬂ.ﬂ.ﬂ. GUCL

Figure 2.2: Bloch’s theorem illustrated for a 1D lattice with lattice constant a. (a) The
parabolic energy band for free electrons. (b) The Bloch bands viewed as a break-up of the
parabolic free electron band in Brillouin zones (the extended zone scheme, k € RS). (c)
All wavevectors are equivalent to those in the FBZ, so it is most natural to displace all
the energy branches into the FBZ (the reduced zone scheme, k € FBZ).

The eigenfunctions are seen to be plane waves modulated by a periodic function wu,(r)
having the same periodicity as the lattice. For many applications it turns out that the
Bloch electrons described by ¥k, (r) can be approximated by plane waves if at the same
time the electronic mass m is changed into a material dependent effective mass m*. We
shall use this so-called effective mass approximation throughout this course:?

1 ik-
zpnka’ - Wel rXo‘

m — m* (2.16)
k unrestricted.

The effective mass
approximation

In the following, when no confusion is possible, m* is often simply written as m.

2.1.2 Non-interacting electrons in the jellium model

In the effective mass approximation of the lattice model the electron eigenstates are plane
waves. Also the jellium model results in plane wave solutions, which are therefore of major
interest to study.

In the jellium model the ion charges are imagined to be smeared out to form a homo-
geneous and, to begin with, static positive charge density, +2 Piel> the ion jellium. The
periodic potential, Vei_jatt, present in a real lattice becomes the constant potential Vii_jel
as sketched in Fig. 2.3. If we concentrate on the homogeneous part of the electron gas, i.e.
discard the part of V,_o that leads to inhomogeneities, we notice that this part together
with the ion jellium forms a completely charge neutral system. In other words, in H of
Eq. (2.1) we have Vion—ion + Vel—el + Vel—ion = 0, and we simply end up with

Hiq = Ty, (2.17)

For a box with side lengths L, L, and L. and volume V = L,L,L. the single-particle
basis states are the simple plane wave solutions to the free particle Schrodinger equation

2For a derivation of the effective mass approximation see e.g. Kittel or Ashcroft and Mermin.
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with periodic boundary conditions (L, y, z) = ¥(0,y, z) and ' (L, y, z) = ¢'(0,y, z) (like-
wise for the y and z directions). We prefer the periodic boundary conditions rather than
the Dirichlet boundary conditions ¥(0,y,2) = 0 and ¢(L,y,z) = 0 (likewise for the y
and z directions), since the former gives current carrying eigenstates well suited for the
description of transport phenomena, while the latter yield standing waves carrying no
current. The single-particle basis states are thus

h2k2 1 k’m = %’Tn (same for y and z)

High, = 5 Vor Vi) = 7 ey =0,41,+2, ... (2.18)
v = L,L,L.,

and with this basis we obtain Hje in second quantization:

Hy = Z/dr vl (r ( vz) ) = Zijf i e (2.19)

ko

3
Note how the quantization of k means that one state fills a volume %—”%—”%—’T = (217;) in

k-space, from which we obtain the following important rule of great practlcal value:

d> - (21;)3/dk. (2.20)

k

For the further analysis in second quantization it is natural to order the single-particle

states 1o (r) = |ko) according to their energies €, = % in ascending order,

ki, 1), k1, [) ko, 1), |ka, ), ..., where €y, S, S, S (2.21)

The ground state for IV electrons at zero temperature is denoted the Fermi sea or the Fermi
sphere |FS). It is obtained by filling up the N states with the lowest possible energy,

J dod
IFS) = €l 1%t Chat ot a1 h; 1 [0)- (2.22)

The energy of the topmost occupied state is denoted the Fermi energy, . Associated
with ep is the Fermi wavenumber kr, the Fermi wave length Ay, and the Fermi velocity

’UFi
1 2 hk
kp = ﬁ\/2m6F, Ap = g, vp = WF (2.23)
Vel-latt Vel-jel
ﬂ m ﬂ ﬂ m ﬂ 0 | L
® @ © @ @ & |

Figure 2.3: A sketch showing the periodic potential, V_1.tt, present in a real lattice, and
the imagined smeared out potential Vi _je of the jellium model.
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Figure 2.4: Two aspects of |[F'S) in k-space. To the left the dispersion relation €, is plotted
along the line k = (k,,0,0), and e and kp are indicated. To the right the occupation of
the states is shown in the plane k = (k;, ky, 0). The Fermi sphere is shown as a circle with
radius kp. Filled and empty circles represent occupied and unoccupied states, respectively.

Thus in |FS) all states with e, < ey or |k| < kr are occupied and the rest are unoccupied.
A sketch of |FS) in energy- and k-space is shown in Fig. 2.4.

As a first exercise we calculate the relation between the macroscopic quantity n = N/V,
the density, and the microscopic quantity kg, the Fermi wavenumber.

y
_ (FS|N|FS) = FS\%;nkU]FS 203(277)3 /dk(FS]nka\FS>. (2.24)

The matrix element is easily evaluated, since n,|FS) = |F'S) for [k| < kj and 0 otherwise.
This is written in terms of the theta function®

2V k:F ) 1 27 V 3
N — Z dk 0(k _|k|)<FS|FS>:(27r)3 i dk k d(cos ) ; dqbl:ﬁk}m

1
(2.25)
and we arrive at the extremely important formula:

k3, = 3n?n. (2.26)

This formula allows us to obtain the values of the microscopic parameters ky, ep, and vg.
Hall measurements yield the electron density of copper?, n = 8.47x10?® m~3, and from
Egs. (2.23) and (2.26) it thus follows that for copper

kp=13.6 nm™' e, =7.03 eV = 81600 K

) (2.27)
Ap = 0.46 nm vp = 1.57x105 m/s = 0.005 c.

39(x) =1 for z >0and §(z) =0 for 2 < 0
4The density can also be estimated as follows. The inter-atomic distances are typically ~ 2 A. In
monovalent Cu one electron thus occupies a volume ~ (2x107*° m)* and n ~ 10** m™? follows.
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Note that the Fermi energy corresponds to an extremely high temperature, which we shall
return to shortly, and even though the Fermi velocity is large it is still less than a percent
of the velocity of light, and we need not invoke relativistic considerations.

We move on to calculate the ground state energy E(©):

© h2k? VR )
E® = (FS|Hjq|FS) = 22 (FS|n, |FS) = (2 @R am dk k*0(ky — |k|)

92 2 21 2
_ 2:32hm/ dkk“/ dleost) | d¢1—5122i gNsF. (2.28)

In the last equation we again used Eq. (2.26). The result is reasonable, since the system

consists of N electrons each with an energy 0 < ¢, < ep. The kinetic energy per particle

becomes an important quantity when we in the next section begin to study the Coulomb
interaction. By Eqs. (2.26) and (2.28) it can be expressed in terms of n:

E© 3 R 3 n? > 2

=2 k22" (37123 n3. 2.29

N T 5am' T 5amT)m (2.29)

The next concept to be introduced for the non-interacting electron gas is the density

of states D(g) = ‘%, counting the number AN of states in the energy interval Ae around

the energy ¢, AN = D(e)Ae, and the density of states per volume d(¢) = D(e)/V = <&

Again using Eq. (2.26) we find
h? h?

2 N2 2 1 2m\2 3
EF %kﬁ %(37[' )3 ns3 = n(E) = 3? <h2) g2, for e > 0, (230)

and from this

3 3
dn 1 (2m\?2 1 dN YV [(2m\2 1
de)=—=— | — 20 Die)=—=—|— 2 0(e). 2.31
O=G =5 () o pe=T =25 (%) e ea
The density of states is a very useful function. In the following we shall for example

demonstrate how in terms of D(e) to calculate the particle number, N = [de D(¢), and
the total energy, E() = [de e D(e).

2.1.3 Non-interacting electrons at finite temperature

Finally, before turning to the problem of the Coulomb interaction, we study some basic
temperature dependencies. As temperature is raised from zero the occupation number is
given by the Fermi-Dirac distribution ny(e, ), see Eq. (1.125). The main characteristics of
this function is shown in Fig. 2.5. Note that to be able to see any effects of the temperature
in Fig. 2.5, kKT is set to 0.03 e, corresponding to 7' ~ 2400 K. Room temperature yields
kT /ep ~ 0.003, thus the low temperature limit of np(e, ) is of importance:

1 8nF _é 1

L b(u-=), s S(u—zy).
P 41 T—0 e Oz 4cosh’[§ (e, — p)] 70 (e
(2.32)

np(ey) =



2.2. ELECTRON INTERACTIONS IN PERTURBATION THEORY 39

A _Onpy
np| kKT =0.03ep 9, | kT =0.03 g f npd(e,
1 1 I
1]
? AKT
" &y

Figure 2.5: The Fermi-Dirac distribution ng (e, ), its derivative —aa%, and its product with

the density of states, np(e, )d(e) ), shown at the temperature k7" = 0.03 €, corresponding
to T' = 2400 K in metals. This rather high value is chosen to have a clearly observable
deviation from the 7' = 0 case, which is indicated by the dashed lines.

Note that, as mentioned in Sec. 1.5.1, the natural single-particle energy variable in these
fundamental expressions actually is §, = ¢, — p and not ¢, itself.

At T' = 0 the chemical potential y is identical to ep. But in fact p varies slightly with
temperature. A careful analysis based on the so-called Sommerfeld expansion combined
with the fact that the number of electrons does not change with temperature yields

00 7T2 2
n(I'=0)=n(T) = /0 ded(e)f(e) = wT)=¢cp [1 - — (kT> +... (2.33)

12 \ ep

Because e, according to Eq. (2.27) is around 80000 K for metals, we find that even at the
melting temperature of metals only a very limited number AN of electrons are affected
by thermal fluctuations. Indeed, only the states within 2kT" of e are actually affected,
and more precisely we have AN/N = 6kT /e, (~ 1073 at room temperature). The Fermi
sphere is not destroyed by heating, it is only slightly smeared. Now we have at hand an
explanation of the old paradox in thermodynamics, as to why only the ionic vibrational
degrees of freedom contribute significantly to the specific heat of solids. The electronic
degrees of freedom are simply 'frozen’ in. Only at temperatures comparable to e they
begin to play a major role. As we shall see in Sec. 2.3.1 this picture is not true for
semiconductors, where the electron density is much smaller than in metals.

2.2 Electron interactions in perturbation theory

We now apply standard perturbation theory to take the inhomogeneous part of the
electron-electron interaction V) _e of Eq. (2.3) into account. The homogeneous part, which
in k-space (see Egs. (1.103) and (1.104)) corresponds to a vanishing wavevector q = 0, has
already been taken into account in the jellium model to cancel the homogeneous positive
background. We thus exclude the q = 0 term in the following sums, which is indicated by
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a prime:

1 / Amel
o 2 : } : 0.1 T
Vela = 2y q2 k1 +q01 ko —qo2 kooy ki o (2'34)
k1k2q 0102

However, as we shall see, the direct use of this interaction with the tools developed so
far becomes the story of the rise and fall of simple minded perturbation theory. The first
order calculation works well and good physical conclusions can be drawn, but already in
second order the calculation collapses due to divergent integrals. It turns out that to get
rid of these divergences the more powerful tools of quantum field theory must be invoked.
But let us see how we arrive at these conclusions.

A natural question arises: under which circumstances can the non-interacting electron
gas actually serve as a starting point for a perturbation expansion in the interaction
potential. The key to the answer lies in the density dependence of the kinetic energy
Fyin = EO/N ns displayed in Eq. (2.29). This is to be compared to the typical
potential energy of particles with a mean distance d, Epor ~ eg /d o n3. So we find that

=n"3  — 0, (2.35)

revealing the following perhaps somewhat counter intuitive fact: the importance of the
electron-electron interacting diminishes as the density of the electron gas increases. Due to
the Pauli exclusion principle the kinetic energy simply becomes the dominant energy scale
in the interacting electron gas at high densities. Consequently, we approach the problem
from this limit in the following analysis.

We begin the perturbation treatment by establishing the relevant length scale and
energy scale for the problem of interacting charges. The prototypical example is of course
the hydrogen atom, where a single electron orbits a proton. The ground state is a
spherical symmetric s-wave with a radius denoted the Bohr radius a, and an energy FEjy.
The following considerations may be helpful mnemotechnically. The typical length scale
ag yields a typical momentum p = h/a,. Writing Ey as the sum of kinetic energy p?/2m

2
and potential energy —eg /ay, we arrive at Ey = % — Z—z The values of a, and Ej are
0
found either by minimization, %—fg = 0, or by using the virial theorem Ey;, = —%Epot:
h? 6(2) 6(2)
ay = — = 0.053 nm, Ey=——=-13.6 eV, 1Ry =—=13.6¢eV. (2.36)
meg 2ay 2a,,

Here we have also introduced the energy unit 1 Ry often encountered in atomic physics

as defining a natural energy scale. Lengths are naturally measured in units a,, and the
dimensionless measure r; of the average inter-electronic distance in the electron gas is
introduced as the radius in a sphere containing exactly one electron:

A 1 3x? 97\ 5 9r\5 1
—(rsay)’=—="% = agkp= <—) il = = <—> ) (2.37)
3 B n kF3 0™F 4 4 agky
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Figure 2.6: The two possible processes in first order perturbation theory for two states
lkio1) and |kgog) in the Fermi sea. The direct process having q = 0 is already taken into
account in the homogeneous part, hence only the exchange process contributes to VJ,_;.
Also the geometry for the k-integration is shown for an arbitrary but fixed value of q.

Rewriting the energy E(?) of the non-interacting electron gas to these units we obtain:

E® 31Rr2 , 31 (aokp)® 3 /9m\3 ef _, 221
N 5wt = 5300%) a2 _5(4> 2a0T 2 R (2.38)

This constitutes the zero’th order energy in our perturbation calculation.

2.2.1 Electron interactions in 15¢ order perturbation theory

The first order energy E() is found by the standard perturbation theory procedure:

B (FSIV_IFS ine, T
N Ne QVNZ Z Z FS‘ckl-i-quckz Q(rzckzaz k1a1’FS>

q ki,kp 01,02
(2.39)
The matrix element is evaluated as follows. First, the two annihilation operators can only
give a non-zero result if both |k;| < ky and |ks| < kp. Second, the factor (FS| demands
that the two creation operators bring us back to |FS), thus either ¢ = 0 (but that is
excluded from V/,_ ) or ko = k; + q and o2 = o1. These possibilities are sketched in

el—el

Fig. 2.6. For q # 0 we therefore end with

T T _ i i
<FS|ck1 +a01 “ko—qo2 Ckaor ki o |FS> - 6k27k1 +q501702 <FS’Ck1+q01 %%k 01 %k14+q01 k101 |FS>
= _5k2,k1+q501 ,02 <FS|nk1+qgl 1oy [F'S)
= _5k2,k1+q5017020(kF - |k1 ‘I'QDQ(kF - |k1 |)7 (2'40)

where q # 0 leads to k; + q # ki, which results in a simple anticommutator yielding the
occupation number operators with a minus in front. Since only one k-vector appears we
now drop the index 1.

The k- and g-sum are converted into integrals, and polar coordinates (g,0,, ¢,) and
(k, 0k, ¢1.) are employed. First note, that the integral is independent of the direction of q
so that f_ll d(cosby) OQW d¢pq = 4m. Second, only for 0 < ¢ < 2k does the theta function
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product give a non-zero result. For a given fixed value of ¢ the rest of the integral is just
the overlap volume between two spheres of radius A displaced by ¢. The geometry of
this volume is sketched in Fig. 2.6, and is calculated by noting that ¢/2k, < cosf < 1,
and that for a given cosf), we have ¢/(2cosf;) < k < kp. The last variable is free:
0 < ¢ < 2m. We thus get

E(l) 47T63 V 2kg qz 1 v kg ,
N - —2VN2(47T) (2ﬂ)3/0 dq? 2(2#)/q d(cosby) (27r)3/ , dk k*,  (2.41)

Qk:F 2cos 0

where the prefactors are a factor 2 for spin, 2 for symmetry, 47 for g-angles, 27 for ¢, and
twice V/(2)? for the conversions of k- and g-sums to integrals. The integral is elementary
and results in

E(l)__izlﬁ__i( k)sz__i (%)§1 3096 L
N — 2N2m 24, " Fomdn T 20,\\ 4/ 7y )2 g Y '

The final result for the first order perturbation theory is thus the simple expression

E EO© 4+ p) 2.211  0.916

72 Ts

This result shows that the electron gas is stable when the repulsive Coulomb interaction is
turned on. No external confinement potential is needed to hold the electron gas in the ion
jellium together. There exists an optimal density n*, or inter-particle distance r}, which
minimizes the energy and furthermore yields an energy E* < 0. The negative exchange
energy overcomes the positive kinetic energy. The equilibrium situation is obtained from

airs(E(O) + E(l)) = 0, and we can compare the result with experiment:

rt = 4.83,

s

rs = 3.96,

—0.095 Ry = —1.29 eV (1st order perturbation theory)
—0.083 Ry = —1.13 eV (experiment on Na)

2l =
|

(2.44)
We note that the negative binding energy is due to the exchange energy of the Coulomb
interaction. Physically this can be interpreted as an effect of the Pauli exclusion principle:
the electrons are forced to avoid each other, since only one electron at a time can be at a
given point in space. The direct “classical” Coulomb interaction does not take this into
account and is therefore over-estimating the energy, and the exchange part corrects for
this by being negative.

One may wonder what happens to the Fermi sphere as the interaction is turned on.
We found before that thermal smearing occurs but is rather insignificant compared to the
huge Fermi energy, e, ~ 7 eV. However, now we have learned that the interaction energy
per particle is ~ 1.3 eV, i.e. smaller than but certainly comparable to e;. One of the great
results of quantum field theory, which we are going to study later in the course, is the
explanation of why the Fermi surface is not destroyed by the strong Coulomb interaction
between the electrons.
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Figure 2.7: (a) The energy per particle E/N of the 3D electron gas in first order pertur-
bation theory Eq. (2.43) as a function of the dimensionless inter-particle distance rs. Due
to the exchange interaction the electron gas is stable at rs = r} = 4.83 with an ionization
energy /N = E*/N = —1.29 eV.

2.2.2 Electron interactions in 2"¢ order perturbation theory

One may try to improve on the first order result by going to second order perturbation
theory. However, the result is disastrous. The matrix elements diverge without giving
hope for a simple cure.

Here we can only reveal what goes wrong, and then later learn how to deal correctly
with the infinities occurring in the calculations. According to second order perturbation
theory E(®) is given by

E® 1 Z (FS|Vy_alm) vV _qlFS)

- o B , (2.45)

N
) #[FS)

where all the intermediate states |v) must be different from |FS). As sketched in Fig. 2.8
this combined with the momentum conserving Coulomb interaction yields intermediate
states where two particles are injected out of the Fermi sphere. From such an intermediate
state, |F'S) is restored by putting the excited electrons back into the holes they left behind.
Only two types of processes are possible: the direct and the exchange process.

We now proceed to show that the direct interaction process gives a divergent con-
tribution Eéi) to E®? due to the singular behavior of the Coulomb interaction at small
momentum transfers q. For the direct process the constraint |v) # |FS) leads to

) = 0(kr-tal—kp )0 lko—al~p) 0 (epfk )0 (k2 )l g, Ol qoa Cheaors Cieyr JFS)- (246)

To restore |F'S) the same momentum transfer q must be involved in both (v|V_,|FS) and

2
(FS|V4_alv), and writing Vg = 47;# we find

1 (2Vq)?
B = 5500 Y i 0K+l — ke )OIke—a — )0k — ki )0k = [kal). (247)
qa kio; v
kooo
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Figure 2.8: The two possible processes in second order perturbation theory for two states
lkio1) and |kgog) in the Fermi sea. The direct process gives a divergent contribution to
E/N while the exchange process gives a finite contribution.

The contribution from small values of q to E((i? is found by noting that

Vi o q—14 (2.48a)
Eo— By ki +1G — (ki +a)” = (ke —a)® o ¢ (2.48b)
> 0k +af — k)0 (kp — [k ) o @ (2.48¢)
ky
from which we obtain
E((ﬁg o</0dqq2%$qq:/0dq$:ln(q) 5 & 00 (2.49)

The exchange process does not lead to a divergence since in this case the momentum
transfer in the excitation part is q, but in the relaxation part it is ko — k; — q. Thus Vq2
is replaced by Vg Vi, -k, —q g2 for ¢ — 0, which is less singular than Vq2 o g4

This divergent behavior of second order perturbation theory is a nasty surprise. We
know that physically the energy of the electron gas must be finite. The only hope for
rescue lies in regularization of the divergent behavior by taking higher order perturbation
terms into account. In fact, as we shall see in Chap. 13, it turns out that one has to
consider perturbation theory to infinite order, which is possible using the full machinery
of quantum field theory to be developed in the coming chapters.

2.3 Electron gases in 3, 2, 1, and 0 dimensions

We end this chapter on the electron gas by mentioning a few experimental realizations of
electron gases in 3D, 2D, and 1D. To work in various dimensions is a good opportunity
to test ones understanding of the basic principles of the physics of electron gases. But
as will become clear, this is not just an academic exercise. Electron gases at reduced
dimensionality is of increasing experimental importance.
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Figure 2.9: (a) A generic bandstructure for a metal. The Fermi level e lies in the
middle of a band resulting in arbitrarily small possible excitations energies. (b) A generic
bandstructure for an insulator or a semiconductor. The Fermi level ey, lies at the top of
the valence band resulting in possible excitations energies of at least Eg,p,, the distance
up to the unoccupied conduction band.

2.3.1 3D electron gases: metals and semiconductors

Bloch’s theory of non-interacting electrons moving in a periodic lattice provides an expla-
nation for the existence of metals, semiconductors, and band insulators. The important
parameter is the position of the Fermi energy e relative to the bands as sketched in
Fig. 2.9. In the metallic case ¢ lies in the middle of a band. Consequently there is no
energy gap between the last occupied level and the first unoccupied level, and any however
small external field can excite the system and give rise to a significant response. In an
insulator e, is at the top of a band, the so-called filled valence band, and filled bands does
not carry any electrical or thermal current®. The system can only be excited by providing
sufficient energy for the electrons to overcome the energy band gap Eg,, between the top
of the valence band and the bottom of the next empty band, the so-called conduction
band. This is not possible for small external fields, and hence the inability of insulators
to conduct electronic thermal and electrical currents. Semiconductors are insulators at
T = 0, but their band gap Fgap, is relatively small, typically less than 2 eV, such that
at room temperature a sufficient number of electrons are excited thermally up into the
conduction band to yield a significant conductivity.

We emphasize that at room temperature the electron gas in a metal is a degenerate
Fermi gas since k3T < ep. A semiconductor, on the other hand, is normally described as
a classical gas since for energies ¢, in the conduction band we have e, —p > Egap /2 > kT,
and consequently np (g, ) — e~k W/FsT i e, the Maxwell-Boltzmann distribution.

Finally, we note that in a typical metal most of the electron states at the Fermi surface
are far away from the regions in k-space where the free electron dispersion relation is
strongly distorted by the periodic lattice. Therefore one finds effective masses m”*, see

STransport properties are tightly connected to the electron velocity v = %% The current density

; _ 1 _ dk 19¢ g ; _ 1 _
isJ =23 crpz v Yk = szBZWﬁaT' Likewise, for the thermal current Jon = 23, cppy 3 €V =

2
f dk 1 9(sy)
FBZ (2r)3 h Ok °
Z€ro.

Both currents are integrals over FBZ of gradients of periodic functions and therefore
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Figure 2.10: (a) A picture of a GaAs-device fabricated at the @rsted Laboratory, Niels
Bohr Institute. The metal contacts and wires are seen attached to the GaAs structure,
which by wet etching has gotten a device geometry imprinted in its surface. (b) A sketch
showing the different layers in the semiconductor structure as well as some surface gates
defining the geometry of the device.

Eq. (2.16), close to the vacuum mass m. In contrast, all the electron states contributing
to the transport properties in a semiconductor are close to these regions in k-space, and
one finds strongly modified effective masses, typically m* ~ 0.1 m.

2.3.2 2D electron gases: GaAs/Ga;_,Al,As heterostructures

For the past three decades it has been possible to fabricate 2D electron gases at semi-
conductor interfaces, the first realization being inversion layers in the celebrated silicon
MOSFETS, the key component in integrated electronic circuits, and the more resent re-
alization being in the gallium-arsenide/gallium-aluminum-arsenide (GaAs/Gaj_zAl;As)
heterostructures. In the latter system one can obtain extremely long mean free paths
(more than 10 pm), which is technologically important for high-speed electronics, and
which is essential for the basic research of many quantum effects in condensed matter
physics.

The interface between the GaAs and the Ga;_,Al,As semiconductor crystals in the
GaAs/Gaj_;Al;As heterostructure can be grown with mono-atomic-layer precision in
molecular beam epitaxy (MBE) machines. This is because the two semiconductor crys-
tals have nearly the same crystal structure leading to a stress-free interface. In Fig. 2.10
a picture of an actual device is shown as well as a sketch of the various layers in a GaAs
heterostructure. The main difference between the two semiconductor crystals is the values
of the bottom of the conduction band. For x = 0.3 the conduction band in Ga;_,Al,As is
300 meV higher than the one in GaAs. Hence the electrons in the former conduction band
can gain energy by moving to the latter. At T = 0 there are of course no free carriers in any
of the conduction bands for pure semiconductor systems, but by doping the Gaj_,Al,As
with Si, conduction electrons are provided, which then accumulate on the GaAs side of
the interface due to the energy gain. However, not all donor electrons will be transferred.
The ionized Si donors left in the Gaj_,Al,As provide an electrostatic energy that grows
with an increasing number of transferred electrons. At some point the energy gained by
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Figure 2.11: The conduction band in a GaAs/GaAlAs heterostructure. Note the triangular
well forming at the interface. The wavefunctions (,(z) and eigenvalues of the lowest three
electron eigenstates in the triangular well.

transferring electrons to the GaAs layer is balanced by the growth in electrostatic energy.
This is sketched in Fig. 2.11 where the resulting conduction band in equilibrium is shown
as function of the position z perpendicular to the interface. The conduction band is not
flat due to the curvature induced by the charge densities, as calculated from Poisson’s
equation: V2V = —e2n3P /e*.

The key point to notice is the formation of the almost triangular quantum well at
the GaAs side of the interface. The well is so narrow that a significant size-quantization
is obtained. Without performing the full calculation we can get a grasp of the order of
magnitude by the following estimate. We consider the positively charged layer of the
ionized Si donors as one plate of a plate capacitor, while the conduction electrons at the
GaAs/GaAlAs interface forms the other plate. The charge density outside this capacitor
is zero. The electrical field E at the interface is then found simply by forming a cylindrical
Gauss box with its axis along the z direction and one circular 'bottom lid’ at the interface
and the other 'top lid’ deep into the GaAs. All the contributions stems from the 'bottom
lid’, since for symmetry reasons E must be perpendicular to the z axis, yielding zero from
the side of the cylindrical box, and since for the reason of charge neutrality, E = 0 at the
"top lid’. Thus at the interface E = en/e*, n being the 2D electron density at the interface.

The typical length scale [ for the width of the triangular well is found by balancing the
h? 3 1 €/¢ a
= [° = 0 -0

i = where

potential energy and the kinetic quantum energy: eFEl = I T T
we have used the Bohr radius a, of Eq. (2.36) to bring in atomic units. The experimental
input for GaAs is € = 13¢;, m* = 0.067m, and typically n = 3 x 10" m~2, which yields
[ =~ 5 nm. From this we get the typical quantization energy AFE due to the triangular well:

AE =136 eV %" ~ 20 meV.,

m*
The significance of this quantization energy is the following. Due to the triangular well
the 3D free electron wavefunction is modified,

L ke ikyy i I ;
I,Z)ka(l‘) = —75€ k‘mze k‘yye bz Xo - ’l’Z)kzkynU(r) = 7€ka$€zkyy Cn (Z) Xos (2'50)

vV VA

where (, (2) is the nth eigenfunction of the triangular well having the eigenenergy ¢,,, see
Fig. 2.11. Only the z direction is quantized leaving the x and y direction unaltered, and
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the total energy for all three spatial directions is

h2
k= %(ki FHD) Fe  kg?=2mn = g~ 10 meV, (2.51)

where we have given the 2D version of the fundamental relation between kp and n (see
Exercise 2.4 and compare to Eq. (2.26) for the 3D case). The highest occupied state has
the energy Ey + e while the lowest unoccupied state has the energy E;. The difference
is By — (Eo + ep) = AE —ep = 10 meV ~ 100 K, and we arrive at our conclusion:
At temperatures T < 100 K all occupied electron states have the same orbital in the
z direction, (p(z). Any changes of this orbital requires an excitation energy of at least
10 meV. If this is not provided the system has effectively lost one spatial degree of freedom
and is dynamically a 2D system. This means that theoretical studies of 2D electron gases
is far from an academic exercise; 2D systems do indeed exist in reality.

2.3.3 1D electron gases: carbon nanotubes

Since the mid-nineties a new research field has developed involving studies of the cylindri-
cally shaped carbon based molecule, the so-called carbon nanotube. The carbon nanotube
can be viewed as a normal graphite sheet rolled up into a cylinder with a radius Ry =~ 2 nm
and a length more than a thousand times Ry, see Fig. 2.12. These long and thin carbon
molecules have some extraordinary material characteristics. They are believed to be the
strongest material in the world, and depending on the specific way the cylinder is rolled up
the nanotubes are either metallic, semiconducting or insulating. In the same dynamical
sense as the GaAs heterostructure is a 2D metal sheet, a metallic nanotube is a nearly
ideal 1D wire, i.e. two of the three spatial degrees of freedom are frozen in. We briefly
sketch how this comes about.

The cylindrical symmetry of the nanotube makes it natural to change the basis func-
tions from the 3D (z,y, z) plane waves to cylindrical (z,r, ¢) wavefunctions:

1 . . . 1 .
Uro(r) = —=eketeibvethzz y (1) = =R T R (1) Y)(8) Xor (2.52)

ez VL

This is of course more than just a mathematical transformation. The electrons are strongly
bound to the surface of the cylinder in quantum states arising from the original 7-bonds
of the graphite system. This means that the extension AR of the radial wave function
R, (r) around the mean value Ry is of atomic scale, i.e. AR ~ 0.1 nm, resulting in a radial
confinement energy Eé% ~ % ~ 10 eV. Likewise, in the azimuthal angle coordinate
¢, there is a strong confinement, since the perimeter must contain an integer number
of electron wavelengths \,, i.e. A, = 27Ry/n < 2 nm. The corresponding confinement

energy is Ef ~ ~ 1 eV n. There are no severe constraints along the cylinder axis,

hQ
2mA2
i.e. in the x direction. We therefore end up with a total energy

h2
Cpunt = B0+ BY + o k2, (2.53)
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Figure 2.12: (a) Carbon atoms forming a sheet of graphite with a characteristic hexagonal
lattice. (b) A carbon nanotube molecule is formed by rolling up a graphite sheet into a
cylindrical geometry. (c) An atomic force micrograph taken at the @rsted Laboratory,
Niels Bohr Institute, showing a bundle of carbon nanotubes placed across a gap between
two metal electrodes, thereby connecting them and allowing for electrical measurements
on single molecules.

with a considerable gap AFE from the center of the (n,l) = (0,0) band (the position of e
for the metallic case) to the bottom of the (n,l) = (0,1) band:

1
AE = §(Ef’ — EJ)~1eV ~ 12000 K. (2.54)

Thus at room temperature the only available degree of freedom is the axial one described
by the continuous quantum number k, and the associated plan waves e®=?.

Not only are the nanotube very interesting from an experimental point of view, also
from a pure theoretical point of view do they play an important role. The nanotubes is
one of only a couple of systems exhibiting a nearly ideal 1D behavior. In particular that
makes the nanotubes a key testing ground for the diagonizable so-called Luttinger liquid
model, a central quantum model for describing interacting electrons in 1D.

2.3.4 0D electron gases: quantum dots

Naturally one can think of confining the electrons in all three spatial dimensions. This
has been realized experimentally in the so-called quantum dot systems, for example by
using the device shown in Fig. 2.10(b). A simplified model of a quantum dot is studied in
Exercise 8.4.

This section will be expanded in the next edition of these notes.
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Chapter 3

Phonons; coupling to electrons

In this chapter we study the basic properties of ionic vibrations. These vibrations are well
described by harmonic oscillators and therefore we can employ the results from Sec. 1.4.1
to achieve the second quantized form of the corresponding Hamiltonian. The quantized
vibrations are denoted phonons, a name pointing to the connection between sound waves
and lattice vibrations. Phonons play are fundamental role in our understanding of sound,
specific heat, elasticity, and electrical resistivity of solids. And more surprising may be
the fact that the electron-phonon coupling is the cause of conventional superconductivity.
In the following sections we shall study the three types of matter oscillation sketched in
Fig. 3.1. The ions will be treated using two models: the jellium model, where the ions
are represented by a smeared-out continuous positive background, and the lattice model,
where the ions oscillate around their equilibrium positions forming a regular crystal lattice.

Since phonons basically are harmonic oscillators, they are bosons according to the
results of Sec. 1.4.1. Moreover, they naturally occur at finite temperature, so we will
therefore often need the thermal distribution function for bosons, the Bose-Einstein dis-
tribution ng(e) given in Eq. (1.127).

Figure 3.1: Three types of oscillations in metals. The grayscale represent the electron
density and the dots the ions. (a) Slow ionic density oscillations in a static electron gas
(ion plasma oscillations). The restoring force is the long range Coulomb interaction. (b)
slow ion oscillations followed by the electron gas (sound waves, acoustic phonons). The
restoring force is the compressibility of the disturbed electron gas. (c) Fast electronic
plasma oscillations in a static ionic lattice (electronic plasma oscillations). The restoring
force is the long range Coulomb interaction.

ol
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3.1 Jellium oscillations and Einstein phonons

Our first encounter with phonons will be those arising from a semiclassical treatment of
the charge neutral jellium system. Let p?on be the particle density of the ion jellium, and
P =2 pioon that of the homogeneous electron gas. We begin as depicted in Fig. 3.1(a) by
studying oscillations in the smeared out ion density while neglecting the electron dynamics,
i.e. we keep p,, fixed. If we study the limit of small harmonic deviations from equilibrium
6P, (r,1) = Sp,,. (r) e ¥ we obtain linear equations of motion with solutions of the form

pion(r7 t) = pioon + 6pion(r) e_iQt' (31)

A non-zero dp, , corresponds to a charge density Zedp, , and hence is associated with an
electric field E obeying

Ze Z2%e2p?

V-E="S6p, = V.f=Zlmg, (3.2)

o €o
In the second equation we have introduced the force density f, which to first order in dp,
becomes f = Zep, E ~ Z epioonE. This force equation is supplemented by the continuity
equation, 9yp,, +V-(p,,,v) = 0, which to first order in §p;_ becomes d;dp,, +p Vv =0,
since the velocity v is already a small quantity. Differentiating this with respect to time
and using Newton’s second law f = Mp,  0;v we obtain

1 Z2€2 0 7262 0 Ze?
afépion—FMV‘f:O = QZ(Spion:eO]\pjon(spion = = on\[/jfm - 60]\361'

(3.3)

Q) is the ionic plasma frequency. The ionic oscillations in the continuous jellium model

are thus described by harmonic oscillators, which all have the same frequency €). Hence,
the second quantization formalism leads to the following phonon Hamiltonian:

Hyp =3 12 (bl + %) (3.4)
q

These quantized ion oscillations are denoted phonons, and a model like this was proposed
by Einstein in 1906 as the first attempt to explain the decrease of heat capacity C"i}m of
solids as a function of decreasing temperature (see Sec. 3.5). Note that the origin of the
ionic plasma frequency is the long-range Coulomb interaction, which entered the analysis
through the Maxwell equation V - E = Zedp,  /¢,-

However, the Einstein phonons (also denoted optical phonons, see Sec. 3.3) are not a
very good description of solids. Although it is correct that C{‘}n decreases at low temper-
ature, the exact behavior is described by the Debye-model incorporating phonons with a
photon-like dispersion wy = v, g, where v, is the sound velocity, instead of the Einstein
dispersion wy = €. These Debye phonons are also denoted acoustical phonons due to
their relation to sound propagation. This is explained in details in Secs. 3.3 and 3.5. To
fully understand how the optical Einstein phonons get renormalized to become the acous-
tic Debye phonons requires the full machinery of quantum field theory, but we hint at the
solution of the problem in Fig. 3.1b and in Sec. 3.2.
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3.2 Electron-phonon interaction and the sound velocity

Compared to the light and very mobile valence electrons, the ions are much heavier, more
than a factor of 10%, and much slower. Consequently one would expect the electrons to
follow the motion of the ions adiabatically and thereby always maintaining local charge
neutrality and thus lowering the high ionic plasma frequency €2, which is due to long-range
charge Coulomb forces from the charge imbalance. This situation is depicted in Fig. 3.1b,
and to illustrate its correctness we now use it to estimate the sound velocity in metals.
The kinetic energy density associated with a sound wave is of the order %M v2 Pion> While
the potential energy density associated with the restoring force must be related to the
density dependent energy content of the compressed electron gas, i.e. of the order % PoiEp-
In a stationary state these two energy densities must be of the same order of magnitude.
This gives an estimate for v,, which in a more detailed treatment (see Exercise 3.4) is
expressed by the Bohm-Staver formula,

(3.5)

which for typical numbers yields v, ~ 3000 m/s as found experimentally. Note how this es-
timate builds on classical considerations of the ionic motion while using the quantum result
for the energy content of a degenerate electron gas. Surprisingly, an ordinary macroscopic
phenomenon as sound propagation is deeply rooted in quantum physics.

3.3 Lattice vibrations and phonons in 1D

Even though we are not yet able to demonstrate how to turn the optical ion plasma
oscillations into acoustical phonons, we can nevertheless learn a lot from simply postulating
the existence of a periodic ion lattice (as observed in nature), in which the ions can execute
small oscillatory motion around their equilibrium positions. The surroundings somehow
provide the restoring force.

We begin by a simple one dimensional quantum mechanical model consisting of a 1D
box of length L containing N ions of mass M each interacting with its two neighbors
through a linear force field (a spring) with the force constant K. The equilibrium position
of the j’th ion is denoted Rg, while its displacement away from this position is denoted u i
The lattice spacing is denoted a = R? — R?_l, so we have L = Na. This setup is shown
in Fig. 3.2. The Hamiltonian is simply the sum of the kinetic energy of the ions and the
potential energy of the springs, while the ion momentum P; and the displacement u; are
canonical variables:

N
1 5, 1 9 h
Hy, = Z [ij + iK(UJ - Ujfl) ) [pjl,uj2] = B 0j1ja- (3.6)

j=1
As for the photon model and the jellium model we impose periodic boundary conditions,
up 1 = uq. Since the equilibrium system is periodic with the lattice spacing a it is natural
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Figure 3.2: A 1D lattice of ions with mass M, lattice constant a, and a nearest neighbor
linear force coupling of strength K. The equilibrium positions shown in the top row are
denoted R?, while the displacements shown in the bottom row are denoted u i

to solve the problem in k-space by performing a discrete Fourier transform. In analogy
with electrons moving in a periodic lattice, also the present system of N ions forming
a periodic lattice leads to a first Brillouin zone, FBZ, in reciprocal space. By Fourier
transformation the IV ion coordinates becomes N wave vectors in FBZ:

FBZ — {—g + Ak, —g n 2Ak,...,—g +NAk}, Ak=T =L (3

The Fourier transforms of the conjugate variables are:

0 0
Z u,, esz ROO _ 2 : esz

o 5

_\/T Z peszO u

keFBZ k)GFBZ kEFBZ
N
1 10 0 1 10
= ije—ZkRj’ U = Z —’Lk‘R 5k 0 = N Z e—szj )
VN j=1 VN =1 j=1

By straight forward insertion of Eq. (3.8) into Eq. (3.6) we find

1 1 K | . ka
H = Z [kap_k—l-ZMw,%uku_k] , wrp =1/ M2‘sm >
k

This looks almost like the Hamiltonian for a set of harmonic oscillators except for some
annoying details concerning k and —k. Note that while p; in real space is a nice Hermitian
operator, p, in k-space is not self-adjoint. In fact, the hermiticity of p; and the definition

h
) [pk17uk2] 51617 ko (39)

of the Fourier transform lead to p,t = p_,. Although the commutator in Eq. (3.9) tells us
that u, and p_, form a pair of conjugate variables, we will not use this pair in analogy
with z and p in Eq. (1.77) to form creation and annihilation operators. The reason is
that the Hamiltonian in the present case contains products like p,p_, and not pi as in
the original case. Instead we combine u, and p, in the definition of the annihilation and
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Figure 3.3: The phonon dispersion relation for three different 1D lattices. (a) A system
with lattice constant a and one ion of mass M; (black disks) per unit cell. (b) As in (a)
but now substituting every second ion of mass M; with one of mass Ms (white disks)
resulting in two ions per unit cell and a doubling of the lattice constant. To the left is
shown the extended zone scheme, and to the right the reduced zone scheme. (c) As in (a)
but now with the addition of mass M> ions in between the mass M ions resulting in two
ions per unit cell, but the same lattice constant as in (a).

creation operators b, and bi &
1
V2

1 [u, Py
g \/5(& +lh/4k>’ o
1 [ ,pk> hoi o+
(Y P ) = 2t —p).
ﬁ(ek ) P T e

Note how both the oscillator frequency wyp = w_j and the oscillator length ¢, = (_p
depends on the wavenumber k. Again by direct insertion it is readily verified that

(b, +b,), 0, =

Uy,

.|.
b—k

1
Hyp = _ e (bLbk + §>a (b Ok, ] = Oty s (3.11)
k

This is finally the canonical form of a Hamiltonian describing a set of independent har-
monic oscillators in second quantization. The quantized oscillations are denoted phonons.

Their dispersion relation is shown in Fig. 3.3(a). It is seen from Eq. (3.9) that Wi [ & ak,
so our solution Eq. (3.11) does in fact bring about the acoustical phonons. The sound

velocity is found to be v, = \/% a, so upon measuring the value of it, one can determine
the value of the free parameter K, the force constant in the model.

If, as shown in Fig. 3.3(b), the unit cell is doubled to hold two ions, the concept of
phonon branches must be introduced. It is analogous to the Bloch bands for electrons.
These came about as a consequence of breaking the translational invariance of the system
by introducing a periodic lattice. Now we break the discrete translational invariance given
by the lattice constant a. Instead the new lattice constant is 2a. Hence the original BZ
is halved in size and the original dispersion curve Fig. 3.3(a) is broken into sections. In
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Figure 3.4: (a) An acoustical and (b) an optical phonon having the same wave length for
a 1D system with two ions, e and o, per unit cell. In the acoustical case the two types of
ions oscillate in phase, while in the optical case they oscillate 7w radians out of phase.

the reduced zone scheme in Fig. 3.3(b) we of course find two branches, since no states can
be lost. The lower branch resembles the original dispersion so it corresponds to acoustic
phonons. The upper band never approaches zero energy, so to excite these phonons high
energies are required. In fact they can be excited by light, so they are known as optical
phonons. The origin of the energy difference between an acoustical and an optical phonon
at the same wave length is sketched in Fig. 3.4 for the case of a two-ion unit cell. For
acoustical phonons the size of the displacement of neighboring ions differs only slightly
and the sign of it is the same, whereas for optical phonons the sign of the displacement
alternates between the two types of ions.

The generalization to p ions per unit cell is straight forward, and one finds the ap-
pearance of 1 acoustic branch and (p-1) optical branches. The N appearing above, e.g.
in Eq. (3.8), should be interpreted as the number of unit cells rather than the number
of ions, so we have N, = pN. A branch index A, analogous to the band index n for
Bloch electrons is introduced to label the different branches, and in the general case the
Hamiltonian Eq. (3.11) is changed into

1
Hpn = Z hwpe (bL)\bk)\ + 5): [Bjy . bLQAQ] = 0y ko Oy 2y (3.12)
3

3.4 Acoustical and optical phonons in 3D

The fundamental principles for constructing the second quantized phonon fields established
for the 1D case carries over to the 3D case almost unchanged. The most notable difference
is the appearance in 3D of polarization in analogy to what we have already seen for the
photon field. We treat the general case of any monatomic Bravais lattice. The ionic
equilibrium positions are denoted R? and the displacements by u(R(])-) with components
Uy, (R?), a = x,y, z. The starting point of the analysis is a second order Taylor expansion

in ua(R?) of the potential energy Ulu(RY),..., u(R%)],

1 0*U
U=U+ = u, (RY) u,y(RY). (3.13)
QR%Q%: ua(RY) dug(RY)|, "

Note that nothing has been assumed about the range of the potential. It may very well
go much beyond the nearest neighbor case studied in the 1D case. The central object in



3.4. ACOUSTICAL AND OPTICAL PHONONS IN 3D o7

the theory is the force strength matrix I 0° g (generalizing K from the 1D case) and its

Fourier transform, the so-called dynamical matrix D(k) with components D,z (k):

2 .
Das(R-RY) = — (Rf) | Dag(k) = 3 Dap(R) e R, (3.14)
a u=0

The discrete Fourier transform in 3D is a straight forward generalization of the one in 1D,
and for an arbitrary function f(RO-) we have

_ FRR. 1 ik R°
f(R; ZTZf Sroo “N 2 €0

keFBZ keFBZ
N
1 _ik-R° 1 —ik-RY
f (k) =—Zf(R?>e’ 2 So =o€ KT
\/szl N j=1

Due to the lattice periodicity Dag(R? - Rg) depends only on the difference between any
two ion positions. The D-matrix has the following three symmetry properties®

(3.15)

0
[D(RO)] -DR’, Y D®R%=0, D(-R’=DR. (3.16)

Using these symmetries in connection with D(k) we obtain

_ 0y —ikRO _ 1 0y ,—ik-R° 0y ,ik-R°
Dk) = Y DR"e" _2<ZD(R)eZ +Y D(-R") ¢ >
RO RO RO
1 , , 1
= 3> D(®") (e“"RO +e kRO _ 2) - 23 DR sin2<§k-R0)(3.17)
RO RO
Thus D(k) is real and symmetric, hence diagonalizable in an orthonormal basis.
The classical equation of motions for the ions are simply

ou

Mii,(R)) = ———
ua( 1) 8UQ(I{?)

=  —Mi(R])=> D®RI-R))u(R)). (3.18)
RO

We seek simple harmonic solutions to the problem and find
u(R",t) o € ek RO—wt) = Muw?e = D(k) €. (3.19)

Since D(k) is a real symmetric matrix there exists for any value of k an orthonormal basis
set of vectors {€, |, €, ,, € 5}, the so-called polarization vectors, that diagonalizes D(k),
i.e. they are eigenvectors:

D(k) €, = K, €. €0 v = Oy A, N =123 (3.20)

!The first follows from the interchangeability of the order of the differentiation in Eq. (3.14). The
second follows from the fact that U = 0 if all the displacements are the same, but arbitrary, say d, because
then 0 =3 . d-D(R{-RJ)-d=Nd- [y} D(R’)]-d. The third follows from inversion symmetry
always present in monatomic Bravais lattices.
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Figure 3.5: (a) Three examples of polarization in phonon modes: transverse, longitudinal
and general. (b) A generic phonon spectrum for a system with 3 ions in the unit cell. The
9 modes divides into 3 acoustical and 6 optical modes.

P =

k

We have now found the classical eigenmodes u, , of the 3D lattice vibrations characterized
by the wavevector k and the polarization vector €,:

4 K
Mw?e, = K 6, = u,(R%t) =¢, kRO~ 1) Wiy = ﬁ (3.21)

Using as in Eq. (3.10) the now familiar second quantization procedure of harmonic oscil-

lators we obtain
1 h
Ek/\ﬁ (bik,)\ + bk,A) v o = M, (3.22)

1
th - Z hwk)\ <b;r()\bk/\ + 5)’ [bk,\7 bL/)\/] = 5k,k’ 6)\7)\/- (323)
kX

Uy

Now, what about acoustical and optical phonons in 3D? It is clear from Eq. (3.17)
that D (k) oc k? for k — 0, so the same holds true for its eigenvalues K, ,. The dispersion
relation in Eq. (3.19) therefore becomes w, , = v, (0, ¢x) k, which describes an acoustical
phonon with a sound velocity v, (0, ¢x) in general depending on both the direction of k
and the polarization A. Asin 1D the number of ions in the unit cell can be augmented from
1 to p. In that case it can be shown that of the resulting 3p modes 3 are acoustical and
3(p—1) optical modes. The acoustical modes are appearing because it is always possible to
construct modes where all the ions have been given nearly the same displacement resulting
in an arbitrarily low energy cost associated with such a deformation of the lattice. In
Fig. 3.5 is shown the phonon modes for a unit cell with three ions.

A 3D lattice with N unit cells each containing p ions, each of which can oscillate in
3 directions, is described by 3pN modes. In terms of phonon modes we end up with 3p
so-called phonon branches w, ,, which for each branch index A are defined in N discrete
points in k-space. Thus in 3D the index A contains information on both which polarization
and which of the acoustical or optical modes we are dealing with.
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3.5 The specific heat of solids in the Debye model

Debye’s phonon model is a simple model, which describes the temperature dependence of
the heat capacitance Cy = g—g of solids exceedingly well, although it contains just one
material dependent free parameter. The phonon spectrum Fig. 3.5(b) in the reduced zone
scheme has 3p branches. In Fig. 3.6(a) is shown the acoustic and optical phonon branch in
the extended zone scheme for a 1D chain with two ions per unit cell. Note how the optical
branch appears as an extension of the acoustical branch. In d dimensions a reasonable
average of the spectrum can be obtained by representing all the phonon branches in the
reduced zone scheme with d acoustical branches in the extended zone scheme, each with a
linear dispersion relation wy , = v, k. Furthermore, since we will use the model to calculate
the specific heat by averaging over all modes, we can even employ a suitable average v,
out the polarization dependent velocities v, and use the same linear dispersion relation
for all acoustical branches,

Wi\ = vpk = e = hvp k. (3.24)

Even though we have deformed the phonon spectrum we may not change the number of
phonon modes. In the 3D Debye model we have 3N, modes, in the form of 3 acoustic
branches each with N, —allowed wavevectors, where N,
lattice. Since we are using periodic boundary conditions the counting of the allowed
phonon wavevectors is equivalent to that of Sec. 2.1.2 for plane wave electron states, i.e.
N, = [V/(27)? x[volume in k-space]. Since the Debye spectrum Eq. (3.24) is isotropic
in k-space, the Debye phonon modes must occupy a sphere in this space, i.e. all modes
with |k| < k), where kp, is denoted the Debye wave number determined by

is the number of ions in the

Vo4 o,
N, = —m k. 2
ion (27.‘.)3 37T D (3 5)

Inserting kp, into Eq. (3.24) yields the characteristic Debye energy, hwp, and hence the
characteristic Debye temperature T}:

hwp = kT = hup ky = 67" N,

ion

(hvp)? =V (kgTp)?. (3.26)

Continuing the analogy with the electron case the density of phonon states Dy (¢) is found
by combining Eq. (3.24) and Eq. (3.25) and multiplying by 3 for the number of acoustic
branches,

Vo1 dNn(e) V1
N, =— 3 D =3—don = 2 kT,
on(€) 67 (o )P e’ = ph(€) =3 e 27 (o )P e, 0<e<kgTy

(3.27)
The energy Fion(T') of the vibrating lattice is now easily computed using the Bose-Einstein
distribution function ng(e) Eq. (1.127) for the bosonic phonons:

E (T BT e eD L R 3.98
jon( )_/0 €e ph(E)”B(S)—W(wa)g/O Eeﬁfi—l' (3.28)
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Figure 3.6: (a) The linear Debye approximation to the phonon spectrum with the Debye
wave vector kp shown. (b) Comparison between experiment and the Debye model of heat
capacitance applied for lead, silver, aluminum, and diamond.

It is now straight forward to obtain Ci" from Eq. (3.28) by differentiation:

ion 8‘Eion TN\3 TD/T 1‘4 e’
CPn(T) = 58 = 9N, by (TD) /0 & (3.29)
where the integrand is rendered dimensionless by introducing 7}, from Eq. (3.26). Note
that T}, is the only free parameter in the Debye model of heat capacitance; vy dropped
out of the calculation. Note also how the model reproduces the classical Dulong-Petit
value in the high temperature limit, where all oscillators are thermally excited. In the low
temperature limits the oscillators “freeze out” and the heat capacitance drops as T2,

1274

T3 .
IOH ; 10n
CE(T) i~ Nk (7) O g Nk (3.30)

T mon
D

In Fig. 3.6(b) the Debye model is compared to experiment. A remarkable agreement
is obtained over the wide temperature range from 10 K to 1000 K after fitting 77, for each
of the widely different materials lead, aluminum, silver and diamond.

We end this section by a historical remark. The very first published application of
quantum theory to a condensed matter problem was in fact Einstein’s work from 1906,
reproduced in Fig. 3.7(a), explaining the main features of Weber’s 1875 measurements on
diamond. In analogy with Planck’s quantization of the oscillators related to the black
body radiation, Einstein quantized the oscillators corresponding to the lattice vibrations,
assuming that all oscillators had the same frequency w. So instead of Eq. (3.27), Einstein
employed the much simpler DE (e) = §(e — hwy,), which immediately leads to

ion,E T 2 € w/T _
CV (T) == 3N10nk ( T ) m, TE = h’wE/kB (331)

While this theory also gives the classical result 3V, kg in the high temperature limit,
it exaggerates the decrease of Clon at low temperatures by predicting an exponential
suppression. In Fig. 3.7(b) is shown a comparison of Debye’s and Einstein’s models.
Nowadays, Einstein’s formula is still in use, since it provides a fairly accurate description

of the optical phonons which in many cases have a reasonably flat dispersion relation.
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Figure 3.7: (a) The first application of quantum theory to condensed matter physics.
Einstein’s 1906 theory of heat capacitance of solids. The theory is compared to Weber’s
1875 measurements on diamond. (b) A comparison between Debye’s and Einstein’s model.

3.6 Electron-phonon interaction in the lattice model

In Chap. 2 we mentioned that in the lattice model the electron-ion interaction splits in
two terms, one arising from the static lattice and the other from the ionic vibrations,
Vel—ion = Vel-latt + Vel—ph. The former has already been dealt with in the Hpjoch, so in this
section the task is to derive the explicit second quantized form of the latter. Regarding
the basis states for the combined electron and phonon system we are now in the situation
discussed in Sec. 1.4.5. We will simply use the product states given in Eq. (1.108).

Our point of departure is the simple expression for the Coulomb energy of an electron

density in the electric potential Vio,(r — Rj) of an ion placed at the position Rj,

N
Vel—ion = / pel Z Vlon . (332)

J=1

As before the actual ion coordinates are given by R, = R? + u;, where R? are the ionic
equilibrium positions, i.e. the static periodic lattice, and where u; denotes the lattice
vibrations. The respective contributions from these two sets of coordinates are separated
by a Taylor expansion, Vio,(r — Rj) ~ Vien(r — R?) — V. Vien(r — R?) -u;, note the sign
of the second term, and we obtain

N N
V:alfion = / pel Z ‘/1011 I' RO / pel Z 1on I‘ RO) (333)
7=1 j=1

The first term is the one entering Hpjoen in Eq. (2.6), while the second is the electron-
phonon interaction, also sketched in Fig. 3.8,

Vel—ph = /dr pel(r){ Z ew; - VyVion(r — R?)}‘ (3.34)

Vel—ph is readily defined in real space, but a lot easier to use in k-space, so we will proceed
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Figure 3.8: (a) Being in an eigenstate a Bloch electron moves through a perfect lattice
without being scattered. (b) A displaced ion results in an electric dipole relative to the
perfect background, and this can scatter Bloch electrons from |k, o) to |k’, o).

by Fourier transforming it. Let us begin with the ionic part, the u-VV-term. The Fourier
transform of u; is given in Eq. (3.22), where we note that the phonon wavevector k is
restricted to the Brillouin zone k € FBZ. Defining Vi, (r) = %Zp Vpeip‘r, we see that
V, simply brings down a factor ¢p. To facilitate comparison to the phonon wavevector k
we decompose p as in Eq. (2.10): p=q+ G, where q € FBZ and G € RL. All in all we
have

(r—R°
VrVion(r — R?) = Z Z q + G q+Ge i(q+G)-(r RJ)’ (3_35)
quBZ G €RL
u; = Z ng’\(k/\—i—b k/\>ek)\e R; (3.36)
\/> keFBZ A V2
These expressions, together with Z kR — N Oy 0 and multiplying by e, lead to
1 ; .
Doeu ViValr—Rj) = > gqan <bq,>\ * bT—q,A> et @, (3.37)
j qEFBZ
G ERL,

where we have introduced the phonon coupling strength gq G given by

Nh

I I

(a+G) gy Varc- (3.38)

The final result, Vi_pn, is now obtained by inserting the Fourier representation of the
electron density, pe(r) = %Ekw —ip rCL+pUCkJ, derived in Eq. (1.96), together with
Eq. (3.37) into Eq. (3.34), and utilizing [dr e’*™ = V§,_,:

Velph = Z 2D Gqcat k+q+G ok <bq, + bT_q, ) (3.39)

ko g\ G

The interpretation of this formula is quite simple. Under momentum conservation (but
only up to an undetermined reciprocal lattice vector due to the periodicity of the lattice)
and spin conservation the electrons can be scattered from any initial state |k, o) to the
final state |k + q + G, o), either by absorbing a phonon from the state \q)\)ph or by
emitting a phonon into the state | —g\) ph- A graphical representation of this fundamental
process is shown in Fig. 3.9.
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Figure 3.9: A graphical representation of the fundamental electron-phonon coupling. The
electron states are represented by the straight lines, the phonon states by curly spring-like
lines, and the coupling strength by a dot. To the left the electron is scattered by absorbing
a phonon, to the right by emitting a phonon.

The normal processes, i.e. processes where per definition G = 0, often tend to dominate
over the so-called umklapp processes, where G # 0, so in the following we shall completely
neglect the latter.? Moreover, we shall treat only isotropic media, where €qn is either
parallel to or perpendicular to q, i.e. q-€ o M 9qg—on I8 only non-zero for longitudinally
polarized phonons. So in the Isotropic case for Normal phonon processes we have

1
V;l ph — V Z Z gq,)\l C;f(-i-q,ocka <bq,>\l + bT—q,)\l) : (340)
ko q),

Finally, the most significant physics of the electron-phonon coupling can often be extracted
from considering just the acoustical modes. Due to their low energies they are excited
significantly more than the high energy optical phonons at temperatures lower than the
Debye temperature. Thus in the Isotropic case for Normal Acoustical phonon processes
only the longitudinal acoustical branch enters and we have

yINA
Valon = 35 Z > o hrqotio (ba+la)- (3.41)
q
If we for ions with charge +Ze approximate V, by a Yukawa potential, V, = . q2 +k;2 (see
Exercise 1.5), the explicit form of the couphng constant g is partlcularly snnple
Ze? Nh
Gq =1 ‘ a (3.42)

€ ¢®+k2\ 2Mwq

3.7 Electron-phonon interaction in the jellium model

Finally, we return to the case of Einstein phonons in the jellium model treated in Sec. 3.1.
The electron-phonon interaction in this case is derived in analogy with the that of normal

2There are mainly two reasons why the umklapp processes often can be neglected: (1) Vytc 1s small

due to the 1/(q + G)? dependence, and (2) At low temperatures the phase space available for umklapp
processes is small.
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lattice phonons in the isotropic case, Eq. (3.41). If we as in Sec. 3.1 neglect the weak
dispersion of the Einstein phonons and simply assume that they all vibrate with the ion
plasma frequency €2 of Eq. (3.3), the result for NV vibrating ions in the volume V is

jel jel
Vo ph = Z Z 94 Ck+q ke (bq + bT—q)7 (3.43)

with
: Ze?2 1 | Nh
jel _ ;27 4] 7 3.44
Ja =1 €& qV2MQ ( )

3.8 Summary and outlook

In this chapter we have derived the second quantized form of the Hamiltonian of the
isolated phonon system and the electron-phonon coupling. The solution of the phonon
problem actually constitutes our first solution of a real interacting many-particle system,
each ion is coupled to its neighbors. Also the treatment of the electron-phonon coupling
marks an important step forward: here we dealt for the first time with the coupling
between to different kinds of particles, electrons and phonons.

The electron-phonon coupling is a very important mechanism in condensed matter
systems. It is the cause of a large part of electrical resistivity in metals and semiconductors,
and it also plays a major role in studies of heat transport. In Exercise 3.1 and Exercise 3.2
give a first hint at how the electron-phonon coupling leads to a scattering or relaxation
time for electrons.

We shall return to the electron-phonon coupling in Chap. 16, and there see the first
hint of the remarkable interplay between electrons and phonons that lies at the heart of the
understanding of conventional superconductivity. The very successful microscopic theory
of superconductivity, the so-called BCS theory, is based on the electron-phonon scattering,
even the simple form given in Eqgs. (3.41) and (3.42) suffices to cause superconductivity.



Chapter 4

Mean field theory

The physics of interacting particles is often very complicated because the motions of
the individual particles depend on the position of all the others, or in other words the
particles motions become correlated. This is clearly the case for a system of charged
particles interacting by Coulomb forces, such as e.g. the electron gas. There we expect the
probability to find two electrons in close proximity to be small due to the strong repulsive
interaction. Consequently, due to these correlation effects there is a suppressed density in
the neighborhood of every electron, and one talks about a “correlation hole”.

Nevertheless, in spite of this complicated problem there are a number of cases where a
more crude treatment, not fully including the correlations, gives a good physical model. In
these cases it suffices to include correlations “on the average”, which means that the effect
of the other particles is included as a mean density (or mean field), leaving an effective
single particle problem, which is soluble. This idea is illustrated in Fig. 4.1. The mean
fields are chosen as those which minimize the free energy, which in turn ensure that the
method is consistent, as we shall see shortly. This approximation scheme is called “mean
field theory”. Upon performing the mean field approximation we can neglect the detailed
dynamics and the time-independent second quantization method described in Chap. 1
suffices.

There exist numerous examples of the success of the mean field method and its ability

® Y [

o=
L]

s
it

Figure 4.1: Illustration of the mean field idea. Left box shows the real physical system
where the interaction leads to correlation between the particle motions. To the right are
the interactions felt by the black particle replaced by an average interaction due to the
average density of the white particles.

65
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to explain various physical phenomena. In this chapter, we shall discuss a few examples
from condensed matter physics , but before going to specific examples let us discuss the
mathematical structure of the mean field theory.

First we consider a system with two kinds of particles, described by operators a, and
b,, respectively. Let us assume that only interactions between different kind of particles
are important. The Hamiltonian is

H = Hy + Vi, (4.1a)
HO:Z§,, a, +Z§“ Tb,, (4.1b)
Ve = Y Vi M,a,,bub“,a (4.1c)

v/ !

Now suppose that we expect, based on physical arguments, that the density operators
a,T,aV, and bLb#, deviate only little from their average values, <alay,> and (bLb#,>. It is then
natural to use this deviation as a small parameter and perform an expansion. In order to
do so we define the deviation operators

dyy = ala,, — (ala,), (4.2a)

e = bl — (Bb,), (4.2b)
and insert them into (4.1a), which gives

neglected in mean field

H= HO + Vmr + Z Vuu,u’u’duy’euu’a (43)
v pup!
where
W= Y Vi ( y (Bhb) + Bl ) 3" Vipwrelaba, ) (Bhb), (4.4)
v ! v up!

Because d,,s and e, are assumed to be small the second term in Eq. (4.3) is neglected,
and the interaction Vi, is approximated by the mean field interaction Vi resulting in
the so-called mean field Hamiltonian Hyr given by

Hyr = Ho + Vr. (4.5)

The mean field Hamiltonian Hyr contains only single-particle operators, and thus the
original many-body problem has been reduced to a single-particle problem, which in prin-
ciple is always soluble.!

1o see that a single-particle problem or a quadratic Hamiltonian can always be diagonalized, write H
as H = Z” ihi;a;. Now since h is a hermitian matrix there exists a transformation, o; = Zj U;ja;, with
U being a unitary matrix, such that h is diagonal, > Uifkhkk,Uk/j = d;;¢;. In terms of the new basis
the Hamiltonian then becomes H =3, a €;a;, and {¢; } are thus the eigenvalues of h.
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Looking at Eq. (4.4) we can formulate the mean field procedure in a different way: If
we have an interaction term involving two operators A and B given by a product of the
two

Huyp = AB, (4.6)

then the mean field approximation is given by A coupled to the mean field of B plus B
coupled to the mean field of A and finally to avoid double counting subtracted by the
product of the mean fields (such that (HYE) = (A)(B)):

H)\% = A(B) + (4)B — (A)(B). (4.7)

The question is however how to find the averages <aia1j,> and (bLbﬂ,>. There are two
possible routes which in fact are equivalent. Method 1: The average is to be determined
self-consistently, i.e. when calculating the averages

7%, = (ala,), (4.8a)
b = (b, (4.8b)

using the new mean field Hamiltonian, the same answer should come out. This means for
n% (and similarly for 7°) that

1
7%, = (ala,)\r = Z—MFTr (e_ﬁHMFaial/) , (4.9)

where Zyr is the mean field partition function given by
Znp = Tr (e—BHMF) . (4.10)

Eq. (4.9) and the similar one for 7’ are called the self-consistency equations (because n®
and 7? are given in terms of Hyr and Zyr, which themselves depend on n® and ﬁb).

Next we turn to the alternative route. Method 2: Use the n,,, that minimizes the free
energy Fyr of the mean field Hamiltonian. Using the expression for the free energy given
in Sec. 1.5, we get

1
0= %FMF = L <— In ZMF)

d_gy’ dﬁzu’ ﬁ
1 —BH
= ZMF Tr (6 BH\r 731/ HMF>
1
IR T i
= 5T e %: Vot (Vb = )
=S Vi ((bLbu,>MF - ﬁzu,> . (4.11)
pp!

This should hold for any pair (v,2/) and hence the last parenthesis has to vanish and we
arrive at the self-consistency equation for 7°. Similarly by minimizing with respect to n®
we get Eq. (4.9). Thus the two methods are equivalent.
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We can gain some more understanding of the physical content of the mean field approx-
imation if we look at average interaction energy (Vipt). A natural approximation would
be to evaluate the expectation value of a and b operator separately,

(Vint) ~ Z VVN,HIV/<alT/aV/><bLbM/>7 (4.12)
v !

which is equivalent to assuming that the a and b particles are uncorrelated?. This is in
essence the approximation done in the mean field approach. To see this let us evaluate
(Vint) using the mean field Hamiltonian

1

MF

(Vint)MF = Tr (6_5HMFVint) . (4.13)

Because the mean field Hamiltonian can be separated into a part containing only a-
operators and a part containing only b-operators, Hyr = Hyp + H{{/[F, the average fac-
torizes exactly as in Eq. (4.12), and we get

(Vi)mr = > Vigww(aba, e (blb, . (4.14)
v up!

The mean field approach hence provides a consistent and physically sensible method
to study interacting systems where correlations are less important. Here “less important”
should be quantified by checking the validity of the mean field approximation. That is,
one should check that d indeed is small by calculating (d), using the neglected term in
(4.3) as a perturbation, and then compare the result to <a;[,ayf>. If it is not small, one has
either chosen the wrong mean field parameter, or the method simply fails and other tools
more adequate to deal with the problem at hand must be applied.

4.1 The art of mean field theory

In practice one has to assume something about the averages <aj,ay,> and <bwa> because
even though (4.9) gives a recipe on how to find which averages are important, there are
simply too many possible combinations. Suppose we have N different quantum numbers,
then there are in principle N2 different combinations, which gives N2 coupled non-linear
equations, which of course is only tractable for small systems. With modern computers
one can treat hundreds of particles in this way, but for a condensed matter system, it
is out of the question. Therefore, one must provide some physical insight to reduce the
number of mean field parameters.

Often symmetry arguments can help reducing the number of parameters. Suppose for
example that the Hamiltonian that we are interested in has translational symmetry, such
that momentum space is a natural choice. For a system of particles described by operators
¢ and ¢!, we then have

(chk/) = 11}/dr/dr'e_ik,'r/eik'r<\IIT(r)\II(r’)). (4.15)

2Remember from usual statistics that the correlation function between two stochastic quantities X and
Y is defined by (XY) — (X)(Y).
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It is natural to assume that the system is homogeneous, which means
(WIE)EE) = f(r—r') = {ceaw) = (mddie. (4.16)

This assumption about homogeneity is however not always true, because in some cases the
symmetry of the system is lower than that of the Hamiltonian. For example if the system
spontaneously orders into a state with a spatial density variation, like a wave formation
then the average (¥ (r)¥(r')) is not function of the r —r’ only. Instead it has a lower and
more restricted symmetry, namely that

(W (r)¥(r)) = h(r,x'), h(r,r')=h(r+R,r' +R) (4.17)

with R being a lattice vector. The kind of crystal structure of course exists in Nature
and when it happens we talk about phenomena with broken symmetry. It is important to
realize that this solution cannot be found if we assumed Eq. (4.16) from line one. Instead
we should have started by assuming Eq. (4.17) leading to the possibility of <chk +Q> being
finite, where R - Q = 27. Thus the choice of the proper mean field parameters requires
physical motivation about which possible states one expects.

4.2 Hartree—Fock approximation

Above we discussed the mean field theory for interactions between different particles. Here
we go on to formulate the method for like particles. For the interaction term in Eq. (4.1a)
we use the approximation to replace alay, and bLb“, by their average values plus small
corrections. For interactions between identical particles this, however, does not exhaust
the possibilities and only includes the so-called Hartree term and now we discuss the more
general approximation scheme, called the Hartree-Fock approximation. Suppose we have

a system of interacting particles described by the Hamiltonian

H = Hp + Vin, (4.18a)
Hy = qu chey, (4.18b)
Vint = Z vy u’cvcucu > (4.18c¢)

v !

The basic idea behind the mean field theory was that the operator

P = e, (4.19)

is large only when the average (p,,) is non-zero. For most of the combinations v/ the
average (p,,) is zero. We therefore use the same strategy as in the introduction and write
the four operators in the interaction term in terms of a deviation from the average value

T (f i T i
) (cucul - <Cucu/>) ¢y + el (e (4.20)
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If the quantum number ¢/ is different from p we can commute c,, with the parenthesis.

This is true except in a set of measure zero. With this assumption we again write cJ,Ec,/ as
its average value plus a deviation, which gives

(c:ﬂcy, — (c:ﬂcy,>) (CLC#/ — <CLCu/>> + cicy,<chu/> + CLCH/<C,]:CV/> - (ch#,)(c,T,cy,). (4.21)

If we neglect the first term, which is proportional to the deviation squared, we have arrived
at the Hartree approximation for interactions

Hartree _ t _ _
Vint = E V,,W,M/nw,c ¢+ = E Vs 1w Ty €€ — g Vip Ty My (4.22)

This is the same result we would get if we considered the operators with (v,2/) and
(1, ") to be different kinds of particles and used the formula from the previous section.
However, this is not the full result because here the operators labelled by © and v represent
identical, indistinguishable particles and there is therefore one combination we is missed
be the Hartree approximation, namely the so-called exchange or Fock term. This new term
appears because the product of four operators in Eq. (4.18c) also gives a large contribution
when <clc#/> is finite. To derive the mean field contribution from this possibility we thus
have to first replace cJLcM/ by its average value and following the principle in Eq. (4.7)
do the same with the combination chl,/. The mean field result for the Fock term thus
becomes

Fock _
Vint E Vl,u,,u/nw/cucl, - = E Vl,ﬂ,,u/n!w,c cpyt 5 E Vit Ty Ty (4.23)

The final mean field Hamiltonian within the Hartree-Fock approximation is

HHF — HO + VFock VHartree (424)

int int

Consider now the example of a homogeneous electron gas which is translation invariant,
which means that the expectation value <chk,> is diagonal. We can now read off the
corresponding Hartree-Fock Hamiltonian, see Exercise 4.1 from Eq. (1.104). The result is

F = ZfEFcLUCkU, (4.25a)
= fk + Z [V(O) — 500”V(k — k/)] nk/o./7

=& + V(0 Vik —X)n,. 4.25h
k k/o’"
k'c’

The second term is the interaction with the average electron charge. As explained in
Chap. 2 in condensed matter systems it is normally cancelled out by an equally large term
due to the positively charged ionic background. The third term is the exchange correction.

Again we emphasize that the Hartree-Fock approximation depends crucially on what
averages we assume to be finite, and these assumptions must be based on physical knowl-
edge or clever guess-work. In deriving Eq. (4.25b) we assumed for example that the spin
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Figure 4.2: The energetics of a phase transition. Above the critical point the effective
potential has a well-defined minimum at the symmetry point, and the system is in a state
of large symmetry. Below the critical point a two well potential develops and the system
has to choose one of the two possibilities. Even though the total potential is still symmetric
the system will reside only in one well due to the macroscopically large energy barrier and
thus the state of the system has “lower symmetry” than the potential.

symmetry is also maintained, which implies that <cLlck 0= <CIT<TCkT>‘ If we allow them
to be different we have the possibility of obtaining a ferromagnetic solution, which indeed
happens in some cases. This is discussed in Sec. 4.4.2.

4.3 Broken symmetry

Mean field theory is often used to study phase transitions and thus changes of symmetry.
For a given Hamiltonian with some symmetry (e.g. translational symmetry, rotational sym-
metry in real space or in spin space) there exists an operator which reflects this symmetry
and therefore commutes with the Hamiltonian (e.g. translation operator, rotation operator
in real space or spin space). Since the operator and the Hamiltonian commute according
to the theory of Hermitian operators a common set of eigenstates exists. Consider for
example the case of a liquid of particles where the Hamiltonian of course has translational
symmetry, which means that the translational operator T'(R) commutes with Hamilto-
nian, [H,T(R)] = 0. Here T(R) is an operator which displaces all particle coordinates
by the amount R. It can be written as 7' = exp(iR - P), where P is the total momentum
operator. The total momentum operator is thus a conserved quantity and it is given by

P=h) ke, e, (4.26)
ko

We can now choose an orthogonal basis of states with definite total momentum, |P). This
fact we can use to “prove” the unphysical result that a density wave can never exist.
A density wave, with wave vector Q, means that the Fourier transform of the density
operator

p(Q =3 deran (4.2
ko
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Phenomena Order parameter Order parameter
physical mathematical
crystal density wave Zk<CLCk+Q>
ferromagnet magnetization Zk<CLTCkT - cL 1Ck)
Bose-Einstein condensate population of k = 0 state <alT{:0>
superconductor pair condensate (exre—x|)

Table 4.1: Typical examples of spontaneous symmetry breakings and their corresponding
order parameters.

has a finite expectation value, but

1 _
<CLO'CI(+QO'> = E Z € pEp <P ‘CLJCk+QU P> = 07 (428)
P

because chk +q/P) has momentum P — Q and is thus orthogonal to [P). We have there-
fore reached the senseless result that crystals do not exist. In the same way, we could
“prove” that magnetism, superconductivity, and other well-known physical phenomena
cannot happen. What is wrong?

The proof above breaks down if the sum of states in the thermodynamical average is
restricted. Even though crystals with different spatial reference points (or ferromagnets
with magnetization in different directions) have formally the same energy, they are effec-
tively decoupled due to the large energy barrier it takes to melt and then recrystallize
into a new state with a shifted reference (or direction of magnetization). In those cases
where many states of the system are degenerate but separated by large energy barriers,
it does not make sense to include them on equal footing in the statistical average as in
Eq. (4.28) because they correspond to macroscopically totally different configurations. We
are therefore forced to refrain from the fundamental ergodicity postulate of statistical me-
chanics, also discussed in Sec. 1.5, and built into the description that the phase space of
the system falls into physically separated sections. This is often illustrated by the double
barrier model of phase transitions shown in Fig. 4.2.

When at some critical temperature the thermodynamical state of the system develops
a non-zero expectation value of some macroscopic quantity which has a symmetry lower
than the original Hamiltonian it is called spontaneous breaking of symmetry. The quantity
which signals that a phase transition has occurred is called the order parameter. Typical
examples are listed in Table 4.1.

In order to arrive at the new phase in a calculation and to avoid the paradox in
Eq. (4.28), one has to built in the possibility of the new phase into the theory. In the
mean field approach the trick is to include the order parameter in the choice of finite
mean fields and, of course, show that the resulting mean field Hamiltonian leads to a
self-consistent finite result. Next we study in some detail examples of symmetry breaking
phenomena and their corresponding order parameters.
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Figure 4.3: The left figure shows the Heisenberg model in the disordered state where there
is no preferred direction for spins, while in the ferromagnetic state, shown in the middle,
the spins form a collective state with a finite macroscopic moment along one direction.
The model discussed here includes interactions between adjacent spins only, as shown in
the right panel.

4.4 Ferromagnetism

4.4.1 The Heisenberg model of ionic ferromagnets

In ionic magnetic crystals the interaction between the magnetic ions is due to the exchange
interactions originating from the Coulomb interactions. Here we will not go into the details
of this interaction but simply give the effective Hamiltonian®, known as the Heisenberg
model for interaction between spins in a crystal. It reads

H=-2> J;Si-8;, (4.29)

]
where S; is the spin operator for the ion on site ¢ and J;; is the strength of the interaction,
between the magnetic moment of the ions on sites ¢ and j. It depends only on the distance

between the ions. The interaction is generally short ranged and we truncate it so that it,
as in Fig. 4.3, is only non-zero for nearest neighbors

Ty = { Jo if i and j are neighbors, (4.30)

0 otherwise.

We immediately see that if J < 0, the spins tend to become antiparallel whereas for
J > 0, it is energetically favorable to for the spins to be parallel. The first case corresponds
to the antiferromagnetic case, while the latter to the ferromagnetic case. Here we consider
only the ferromagnetic case, J > 0.

As the model Hamiltonian stands, although simple looking, it is immensely complicated
and cannot be solved in general, the spins of the individual ions being strongly correlated.
However, it is a good example where a mean field solution gives an easy and also physical
correct answer. The mean field decomposition then gives

Hr~ Har = =2 Jij (Si)-8;—2) JiiSi- (S;) +2)_ Jij (Si) - (Sy).  (4.31)

ij

3The term “effective Hamiltonian” has a well-defined meaning. It means the Hamiltonian describing
the important degrees of freedom on the relevant low energy scale.
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Here (S;) is the average spin at site i. From symmetry arguments we would then expect
that the expectation value of this is zero, because all directions are equivalent. But since
this is not the right answer we have to assume that the symmetry is broken, i.e. allow for
(Si) to be non-zero. Furthermore, because of the translational symmetry we expect it to
be independent of position coordinate i.* So we assume a finite but spatial independent
average spin polarization.
If we choose the z axis along the direction of the magnetization our mean field assump-
tion is
(Si) = (S:) e, (4.32)
and the magnetic moment m (which by assumption is equal for all sites) felt by each spin
thus becomes
m =2 J;(S:) e, =2nJy(S.)e,, (4.33)
J

where n is the number of neighbors. For a square lattice it is n = 2d, where d is the
dimension. The mean field Hamiltonian

Hyp =-2» m-S; +mN(S.), (4.34)
is now diagonal in the site index and hence easily solved. Here N is the number of sites and

m = |m|. Suppose for simplicity that the ions have spin S = % With this simplification
the mean field partition function is

ZMF = (eﬁm + e_ﬁm>N ePNmSz) — [(eﬁm + e_ﬁm) 65”"”2/2”“70} " ) (4.35)

with one term for each possible spin projection, S, = i%.
The self-consistency equation is found by minimizing the free energy

OFyur 10 efm — g=Bm m
= Zyp=-N|[—o>" = =
om Bom M (eﬁm + e=fm nJo 0
which has a solution given by the transcendental equation
m
a =tanh (ba), a=——, b=nJyf. (4.36)
nJo
It is evident from an expansion for small «,
1 3
a =~ ba — g(ba) , (4.37)

that there is no solution for b < 1, and thus we can determine the critical temperature
T. where the magnetism disappears, by the condition b, = 1 and hence kT, = nJy.

4But had we reasons to believe that an antiferromagnetic solution (where the spins point in opposite
direction on even and odd sites) was relevant (if J;; < 0), we would have to assume that also this symmetry
was broken.
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b<1

T!n]()

No solution

b>1

T
Solution

Figure 4.4: Left two panels show the graphical solution of the mean field equation for
the Heisenberg model, Eq. (4.36) . At temperatures larger than the critical temperature,
T. = nJy, corresponding to b = nJy/T < 1 there is no solution and hence no ferromagnetic
moment. For b > 1 a solution exists. The resulting temperature dependence of the
magnetization is shown to the right.

Furthermore, for small o we find the solution for the magnetization, a ~ §1/3(b — 1) /b =

m =~ nJyi/ 3TC:};T, valid close to T,.. At T' = 0 where t = oo the solution is &« = 1 and hence

m = nJy. For the functional form of the magnetization in the entire range of temperature
one must solve Eq. (4.36) numerically, which of course is a simple task. The solution is
shown in Fig. 4.4.

4.4.2 The Stoner model of metallic ferromagnets

In magnets where the electrons both generate the magnetic moments and also form con-
duction bands the Heisenberg model cannot explain the magnetism. This is simply because
the spins are not localized. Metallic magnetism happens e.g. in transition metals where the
conduction bands are formed by the narrower d or f orbitals. The interaction between two
particles in those orbitals is stronger than between electrons occupying the more spread
out s or p orbitals and hence give a larger correlation between electrons. Typical metals
where correlations between conduction band electrons are important are Fe and Ni.

Since the short range of the interaction is important it is relevant to study a model,
the so-called Hubbard model, where this physical fact is reflected in a simple but extreme
manner: the Coulomb interaction between electrons is taken to be point-like in real space
and hence constant in momentum space.

U
Hhub = Z gkCLgcko— + ﬁ Z C;r(—‘,—qo'cf(’fqo-’ckla’cko" (438)
ko k’kq,o0’

We now use the Hartree-Fock approximation scheme on this model but search for a fer-
romagnetic solution by allowing for the expectation values to depend on the direction of



76 CHAPTER 4. MEAN FIELD THEORY

the spin. The mean field parameters are

<CLTCk’T> = Og/ ey s <CLlck’l> = Opae Mg » (4.39)

and the mean field interaction Hamiltonian becomes

U U
MF __
‘/mt Y] Z ClJr(+qa<cL—qg-’Ck’a’>cka - v Z <CL+qack’J’>ch’—qa/Cka
k’kqoo’ k’kqoo’
U
~ 5y Z [(CL+qJCkG><CL,7qU,Ck/0/> — <CL+ngk/a'><CLqu/Cka> . (4.40)

k’kqoo’

The factor § disappeared because there are two terms as in Egs. (4.22) and (4.23). Using
our mean field assumptions Eq. (4.39) we obtain

Vel =U Y el iy [y — 1150441 UVZn o+ UV 02, (4.41)

koo’

where the spin densities have been defined as
1 i
- L e (442
Kk

The full mean field Hamiltonian is now given by

uy UV — _
Hyip = Z‘Eka CkoCko — BN n(,ng, + o zg: nf,, (4.43a)
by’ = ék +U(ny +n) —1g) = fk + Ut (4.43D)

The mean field solution is found by minimization, which gives the self-consistency equa-
tions ) .
Mo = 35 D (ko) aar = 35 D nr(Gr). (4.44)
Kk Kk
We obtain at zero temperature
dk h2k? 1
= O(pn— """ _Un | = —k 4.45
" / (2m)3 <,u 2m ni) 6m2 F (4.45)

where 2 oy y 71 +Un| = pu, and of course a similar equation for spin down. The two equations
are

h? 2 3 2/3 h? 2 3 2/3
Define the variables,
ny —n omUnl/3 - _
(= 7 v = n=mn;+n. (4.47)
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Normal state Partial polarization Full polarization
v>4/3 4/3 <y < 2¥? < 22/3

Tl

Encrgy

DOS DOS DOS

Figure 4.5: The three possible solutions of the Stoner model. The polarization is thus a
function of the interaction strength; the stronger the interaction the larger the polarization.
The Stoner model provides a clear physical picture for how the exchange interactions
induce a ferromagnetic phase transition in a metal with strong on-site interactions.

Then by subtracting the self-consistency conditions (4.46), we get

_2/3  _2/3  2mU —2/3

)
=1+ -1 -5 (4.48)

This expression has three types of solutions:

v < % : Isotropic solution: ( =0 Normal state
% <y < 2%/3: Partial polarization: 0 < ¢ <1 Weak ferromagnet (4.49)
> 22/3 Full polarization ( =1 Strong ferromagnet

The different solutions are sketched in Fig. 4.5.

The possibility for a magnetic solution can be traced back to the spin-dependent en-
ergies Eq. (4.43a), where it is clear that the mean field energy of a given spin direction
depends on the occupation of the opposite spin direction, whereas the energy does not
depend on the occupation of the same spin direction. This resulted from two things: the
short rang interaction and the exchange term. One can understand this simply from the
Pauli principle which ensures that electrons with the same spin never occupy the same
spatial orbital and therefore, if the interaction is short-range, they cannot interact. This
leaves interactions between opposite spin as the only possibility. Thus the interaction
energy is lowered by having a polarized ground state, which on the other hand for a fixed
density costs kinetic energy. The competition between the potential and the kinetic energy
contributions is what gives rise to the phase transition.

The Stoner model gives a reasonable account of metallic magnets and it is also capable
of qualitatively explaining the properties of excitations in the spin polarized states. This
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is however outside the scope of this section and the interested reader should consult for
example the book by Yosida.

4.5 Superconductivity

One of the most striking examples of symmetry breaking is the superconducting phase
transition. Below the critical temperature the metal which turns superconducting has no
resistance what so ever, and it exhibits perfect diamagnetism (called Meissner effect),
which means that magnetic fields are totally expelled from the interior of the material.
These astonishing phenomena result from the superconducting state having a new form of
symmetry breaking, namely loss of global gauge invariance. Besides the superconductivity
itself and the Meissner effect superconductors show a number of other characteristics,
e.g. distinct single particle properties, which result from the appearance of a gap in the
excitation spectrum.

Both the new type of phase and the appearance of an excitation gap are explained by
the Bardeen-Cooper-Schrieffer (BCS) theory from 1957. It is probably the most successful
theory in condensed matter physics and it has found application in other branches of
physics as well, e.g. to explain the stability of nuclei with an even number of nucleons and
also in the standard model of high-energy physics.

In this section, we give a short introduction to the BCS theory, which in its spirit is
very much like the Hartree—Fock theory presented above. It is a mean field theory but
with a quite unusual mean field and therefore we begin by discussing the nature of the
superconducting phase.

4.5.1 Breaking of global gauge symmetry and its consequences

Let us start by understanding what kind of broken symmetry could give rise to a super-
conducting state. As was said above, the relevant symmetry is the global gauge symmetry,
which means that we can give all electrons the same extra constant phase and still leave
the Hamiltonian invariant. The analog to this in the case of a ferromagnet, is that all spins
can be rotated by some angle without changing the Hamiltonian, which therefore has a
global SO(3) symmetry. In that case a broken SO(3) symmetry means that the expecta-
tion value (S) is not invariant under the rotation, because it will change the direction of
the magnetization. In the same way the phase rotation also changes the superconducting
order parameter, which is of the form (c,c,/). The order parameter for the supercon-
ductor thus involves an expectation value of two annihilation operators. Of course, the
number of particles is conserved, but this is not a problem here where we discuss only
superconductors connected to electron reservoirs. Schematically the analogies between
superconductors and ferromagnets are as shown in Table 4.2.

While it is clear why the finite expectation (S) gives a magnetization in the case
of a ferromagnet, it is not so clear why broken symmetry in the superconducting case
leads to a system without resistance. We have argued that the superconducting state is
sensitive to a change of global phase, but it is also clear that a constant phase cannot
have any measurable effect because all expectation values are given by the absolute square
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Global U(1) gauge symmetry, superconductor Global SO(3), ferromagnet

¢, — e = H— H S—-US= H—-H
Broken symmetry: 0 # (c,c,/) — (c,c,0)e?® Broken symmetry: 0 # (S) — U(S)

Table 4.2: The analogy between the broken symmetries of a superconductor and a ferro-
magnet.

of the wave function. However, phase gradients can have an effect. Let us therefore
assume that we ascribe a phase to the superconducting state which depends on position,
¢ (r), but varies extremely slowly, such that it takes a macroscopic distance to see any
significant changes in ¢ (r). For any other non-superconducting system it would not make
sense to talk about a quantum mechanical phase difference over macroscopic distances,
simply because quantum coherence is destroyed by all sorts of scattering events on rather
short length scales, maybe of the order of 10 nm or less in metals. To argue that the
superconducting state depends on phase differences over macroscopic distances is therefore
very unusual and tells us that superconductivity is a macroscopic quantum phenomenon.

In order to study the consequences of the phase change let us introduce a unitary
transformation which changes the phase

U = exp (z / dr p(r)p (r)> , (4.50)

(recall that p, is the density operator p(r) = W' (r) ¥ (r)) because it has the following
properties when applied to quantum field operators

U (r) = UP(r)U ! = exp <z / dr p(r)go(r)) U(r) exp (—z’ / dr p(r)gp(r))

= U(r)exp (—ip(r)), (4.51a)
Ul(r) = UV (r)U™ = i (r)exp (ip (r)). (4.51Db)

These equations follow from the differential equation (together with the boundary condi-
tion Wy—g = V)

U(r) = iU[p(r)), U(r)]U! = iW(r)d (r—1'). (4.52)

(See also Eq. (5.24) in Chap. 5 which is derived in the same way.) If we transform the
density operator and calculate the transformed partition function, we get

7 =T [Ue—ﬁH U‘l] - Ty [e—ﬂff } : (4.53)

Note here that if we had used the cyclic properties of the trace, U would have disappeared
all together. However, we learned above that when dealing with systems with broken
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symmetry, the sum-over-states has to be restricted so that the cyclic properties does
not necessarily hold. This we have anticipated by the symbol Tt which means that
the trace is restricted due to the spontaneous symmetry breaking. The transformation
only changes in the kinetic energy term of the Hamiltonian, because both the Coulomb
interaction term, the impurity scattering term, and the phonon coupling term, only involve
the electron density operator p(r) which according to (4.51) is unchanged under the phase
shift transformation. The kinetic part reads

1
2Mme

271% /dr \IIT(r) (?V +eA — th@(r))2 U(r),
=H— h/drV@(r)~J(r)+27;i

H=

2
/dr wi(r)ele) <hV + eA) e g (r)
i

[ e pw)(Te), (4.54)

where the last step closely follows the derivation of the current operator in Sec. 1.4.3.

The claim above was that contrary to the non-superconducting state in the supercon-
ductor the phase is a macroscopic quantity. Let us therefore minimize the free energy with
respect to the phase in order to find the condition for the lowest free energy. It is clear
from (4.54) that the energy doesn’t depend on ¢ itself, but only on the gradient of ¢. We
obtain

e

oF h
S = IO () V() =0, (4.55)
and hence the energy is minimized if it carries a current, even in equilibrium, given by
hpo
J)= . 4.56
@)= (4.56)

The meaning of this result is that by forcing a phase gradient onto the system it
minimizes its energy by carrying a current even in thermodynamical equilibrium, meaning
a dissipationless current®. In the normal state of metals a current is always associated with
a non-equilibrium state, where energy is constantly dissipated from the driving source and
absorbed in the conductor. Of course there is an energy cost for the system to carry the
current, but as long as this cost is smaller than the alternative which is to go out of the
superconducting state, the current carrying state is chosen. The critical current is reached
when the energies are equal, and then the superconductor goes into the normal state.

What we have done so far is to show that if a phase gradient is imposed on a system,
where the energy is assumed to depend on phase differences on a macroscopic scale, it
unavoidably leads to the conclusion that the system will carry a dissipationless current in
order to minimize the energy cost of the phase gradient.

Finally, it should be noted that the appearance of the excitation gap is not the reason
for the superconductivity itself. The superconductivity is, as we have argued, due to the
lack of gauge invariance, and in fact gapless superconductors do exist.

°In reality the electron density appearing in Eq. (4.56) should only be the electrons participating in the
superconducting condensate, the so-called superfluid. However, the simple minded derivation presented
here assumes that all electrons participates.
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4.5.2 Microscopic theory

The understanding that superconductivity was closely related to the electron-phonon cou-
pling was clear from the early 1950’ies when for example the isotope effect was discovered.
Also the idea that the superconductivity was somehow similar to Bose-Einstein condensa-
tion, with the bosons being electron pairs, had been tried and in fact was the underlying
idea of London’s theory in 1935. However, only in 1956 Cooper showed that the Fermi
surface of the normal metal state was unstable towards formation of bound pairs of elec-
trons (see Chap. 16). Subsequently in 1957 when the superconducting state was derived
using a variational wavefunction by BCS, were the principles fully understood. Here we
give an outline of the main principles in the BCS theory.

In Chap. 16 we will see that the phonon mediated electron-electron interaction (derived
from the electron-phonon interaction found in Sec. 3.6) in fact has a range in frequency and
momentum space where it is negative, i.e. attractive. This happens for energy exchanges
of order the Debye energy, wp, which as we saw in Chap. 3 for metals is much smaller than
the Fermi energy, wp < Fr. Furthermore, from the Cooper instability we know that the
phonon-mediated interaction tends to pair electrons with opposite spin and momentum.
We define a Cooper pair operator

bk; = Cle*kT'

These two physical inputs led BCS to suggest the following remarkably successful model
Hamiltonian to explain the superconducting state. The BCS effective Hamiltonian model
is

HBCS = Z gkCLngU + Z ka/CI{TCT*le*k/le/T’ (457)
ko Kk’

where Vj is the coupling strength which is only non-zero for states with energy & within
§,Twp and furthermore constant and negative, Viys = —Vp, in this range. The interaction
includes only pair interactions and the remaining interaction is supposed to be included
in & via a Hartree—Fock term. The origin of the attractive interaction can intuitively
be thought of in the following way: when an electron propagates through the crystal it
attracts the positive ions and thus effectively creates a positive trace behind it. This trace
is felt by the other electrons as an attractive interaction. It turns out that this effective
interaction is most important for electrons occupying time reversed states and in fact they
can form a bound state which is the Cooper pair. The Cooper pair is thus a bound state
of an electron in state v, (r) and an electron in state ¢}, (r) or in the homogeneous case
electrons in state k and —k.

Because the typical energy exchange due to the attractive interaction is the Debye
energy, wp, one would naively expect that the energy scale for the superconducting tran-
sition temperature would be of the order wp /k. This is however far from the truth because
while wp/k is typically of the order of several hundred kelvin, the critical temperatures
found in “conventional” low superconductors are in most cases less than 10 K and never
more than 30 K. It therefore seems that a new energy scale is generated and we shall
indeed see that this is the case.
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The mean field assumption made by BCS, is that the pair operator has a finite ex-
pectation value and that it varies only little from its average value. The BCS mean field
Hamiltonian is derived in full analogy with Hartree-Fock mean field theory described
above

Hpls = ZEkCTkaCka - Z AkCLTCT—kL
k

ko
— Z Al*ccle*kT + Z ka/ <CLTCikl> <Ck/lC*k,T>’ (458&)
k kk'
Ak = — Z ka/ <C_k/leIT> (458b)
kk’

The mean field Hamiltonian is quadratic in electron operators and should be readily solv-
able. It is however somewhat unusual in that terms like ¢f¢f and cc appear. The way to
solve it is by a so-called Bogoliubov transformation. For this purpose it is convenient to
write the Hamiltonian in matrix notation

MF _ 1 &k A Cit
- (% %) ()
- v

+) b+ Ve <CLTCJr_kl><Ckflc—k'T>a

k Kk’
= Z ALHkAk + constant, (4.59)
k
where
Cit < ke Ax >
A= , H, = N . 4.60
k ( CT—kL ) k Ak o §k ( )
To bring the Hamiltonian into a diagonal form, we introduce the unitary transformation
[ k) gt — e TV
By, = ( ’YT_kl ) =U_ A, U= < v b ) (4.61)
which diagonalizes the problem if
T _( Ex 9
U, H Uy = ( 0 B ) . (4.62)

After some algebra, we find the following solution for u,v and the energies, E and E

1 1
=5 (105 ) =5 (- 5. (1.63)

B =1\/& +|AL]2 = —E. (4.64)



4.5. SUPERCONDUCTIVITY 83

The new fermion operators that diagonalize the Hamiltonian are called bogoliubons and
they are superpositions of electrons and holes. This rather unusual particle appears be-
cause of the lack of particle conservation in the mean field Hamiltonian. There are two
different bogoliubons inherited from the two fold spin degeneracy. From (4.61) we have
the transformations from old to new operators

Yk () Cx Cx Uy —U Tk
(“):(_;]{* uk><c*T>@<CTT):(UE “*k)<TT>’(4'65)
Yik| k Uk "k —k| k Uk Vx|
and the Hamiltonian is in terms of the new bogoliubons

HYE = Z Ey (ﬁ{Tva + VIJrcﬂkL) + constant. (4.66)
k

As is evident from the new Hamiltonian and the solution in Eq. (4.64) there are no
fermion excitations possible with energy less than |A|. The mean field parameter provides
an energy gap, which is why it is called the superconducting gap. The excitation gap has
a number of important consequences.

The self-consistent solution is found from Eq. (4.58b), the so-called gap equation, by
calculating the expectation value of the right hand side using the diagonalized Hamiltonian.
Above in the general section on mean field theory we saw that this procedure is equivalent
to minimizing the free energy with respect to the mean field parameter, which is here (by).
Using Eqs. (4.61), (4.63), and (4.64) we find

Ay =— Z Vi (e_ir G )
K’
= — Z ka/ <<ult’7—k’i — Uk/,le(’T) (Uii/’yk/T + ’Uk/’YT_k/l)> 3
K’/
== Z Vi (Ultka/ <’7—k/17ik/l> — U Uy <7Lﬂk/¢>)

= — Z ka/ul*{/’l)k/ []. - 2nF (Ek/)] s (467)

where we used in the last step that according to the Hamiltonian Eq. (4.66) the bogoli-
ubons are free fermions and therefore their distribution function is the usual Fermi-Dirac
distribution. Now using the approximation that Vi, is finite only for &, {x € [~wp,wp],
and that wp < EF, such that the density of states is constant in the energy interval in
question, we get

A = Vod(fF) /wD dg'ﬁl [1—2np (E)], (4.68)

and the gap |A] is determined by the integral equation,

5 o tanh (5,/52+|A|2/2)
Vod(EF)_/o : VE+ AP ’

(4.69)
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@) A (b)
Metal | 2Ay/kT¢
Tin 3.46
Lead 4.29

Indium 3.63

To

Figure 4.6: Measured values of the gap parameter for three different metals compared
to the BCS predictions. To the left the temperature dependence is shown as it follows
from the BCS gap equation in Eq. (4.69) together with experimental values. The right
table shows the measured value of the ratio between twice the gap at zero temperature
and critical temperature, determined from tunneling measurements. The theoretical BCS
value is given in Eq. (4.72).

which can be solved numerically. In Fig. 4.6, we show the temperature dependence of the
gap together with measured values. The critical temperature is found by setting A =0 in
the integral and one finds approximately

kT = 1.13wpe™2/Vod(Er), (4.70)

At zero temperature the gap, A, is found from

2 /wD dfil = sinh ™! 2D
Vod(EF) o VE+ A2 Af’
4
“D ~ Qwpe” 2/ Vod(Er), (4.71)

Ao=oh (2/Vod(Er))

because in metals Vypd(EF) is typical a very small number. Combining (4.70) and (4.71),
we get the BCS prediction that the ratio of gap to critical temperature is

2A¢

—— =3.53. 4.72

i (4.72)
This is in very good agreement with experimental findings, see Fig. 4.6(b), where the ratio
typically range between 3 and 4.5. This is just one of the successes of the BCS theory,
but there are many others but the reader is referred to the many very good books on
superconductivity.

Both the gap and the critical temperature are thus reduced by the exponential factor

exp (—1/Vhd(EFr)) as compared to the bare energy scale of the interaction, wp. This strong
renormalization is what generates the new scale, wp exp (—2/Vod(EF)), as we foresaw in
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the discussion above. Note that the interaction strength appears in a non-perturbative
fashion in this expression, because the function exp (—1/z) has no Taylor expansion at
x = 0. This tells us that the result could never have been derived using perturbation theory
in the interaction, no matter how many orders where included. This is in fact a general
feature of phase transitions. It is not possible by perturbation expansions to cross a phase
transition line, because the two states have no analytic connection. Once again we see that
there is no automatic way to predict the phase diagram of a given physical system, and
one must rely on a combination of technical skill and most importantly physical intuition.

The BCS theory has provided an excellent model for the behavior of low tempera-
ture superconductors. It is however not clear to what extend the theory can be used
to explain the superconductivity of high temperature superconductors and other exotic
superconducting materials. This is still a very active and interesting area of research.

4.6 Summary and outlook

Mean field theories are widely used to study phase transitions in matter and also in
e.g. atomic physics to compute the energetics of a finite size systems. The mean field
approximation is in many cases sufficient to understand the important physical features,
at least those that has to do with static properties. We have seen examples of this in the
case of magnets and superconductors, where the important concept of symmetry breaking
was introduced. It means that the state of the system choose to have a lower symmetry
that the original Hamiltonian, e.g. all spins point in the same direction. Of course we
have not covered the vast fields of both magnetism and superconductivity in detail and
the interested reader should consult the book by Yosida to learn more about magnetism,
and the books by Schrieffer, Tinkham and de Gennes to learn about superconductivity.

In the remaining part of this course we shall deal with the dynamical properties of
many-particle systems. Also for the time-dependent case Hartree—Fock type approxima-
tions will be invoked, e.g. for the so-called Random Phase Approximation treatment of
the dielectric function in Sec. 8.5. The RPA result will later be derived later based on a
more rigorous quantum field theoretical approach in Chap. 12.
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Chapter 5

Time evolution pictures

Using the second quantization procedure, we have so far only treated energy eigenstates
with a trivial time dependence ¢!, instant processes at a single time ¢ = 0, and systems
where interactions are approximated by time-independent mean field theory. But how
does one then treat the general case of time dependence in second quantization? That
question will be addressed in this chapter, where time evolution is discussed using three
representations, or “pictures”: the Schrédinger picture, the Heisenberg picture, and the
interaction picture. These representations are used in the following chapters to develop
general methods for treating many-particle systems.

5.1 The Schrodinger picture

The Schrédinger picture is useful when dealing with a time-independent Hamiltonian H,
i.e. O:H = 0. Any other operator A may or may not depend on time. The state vectors
|1(t)) does depend on time, and their time evolution is governed by Schrédinger’s equation.
The time-independence of H leads to a simple formal solution:

ihdy () = H [p(1)) = [(t) = e 7T yy). (5.1)

In the following we will measure the energy in units of frequency, such that i drops out
of the time-evolution equations: € /h — ¢ and H/h — H. At the end of the calculations
one can easily convert frequencies back to energies. With this notation we can summarize
the Schrodinger picture with its states [i(¢)) and operators A as:

states : (1)) = e |yy),
The Schrodinger picture operators : A, may or may not depend on time. (5.2)

H, does not depend on time.
iHt

To interpret the operator e~ ** we recall that a function f(B) of any operator B is defined

by the Taylor expansion of f,

n

> f(n)
f(B):Zf !(0) B". (5.3)
n=0

87
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While the Schrédinger picture is quite useful for time-independent operators A, it may
sometimes be preferable to collect all time dependencies in the operators and work with
time-independent state vectors. We can do that using the Heisenberg picture.

5.2 The Heisenberg picture

The central idea behind the Heisenberg picture is to obtain a representation where all the
time dependence is transferred to the operators, A(t), leaving the state vectors |¢,) time
independent. The Hamiltonian H remains time-independent in the Heisenberg picture.
If the matrix elements of any operator between any two states are identical in the two
representations, then the two representations are fully equivalent. By using Eq. (5.2) we
obtain the identity

WA@Y = (ole™Ae™ M yy) = (WhlA)]wy). (5.4)

Thus we see that the correspondence between the Heisenberg picture with time-independent
state vectors |1), but time-dependent operators A(t), and the Schrédinger picture is given
by the unitary transformation operator exp(iHt),

states : o) = et |y(t)),
The Heisenberg picture ¢ operators: A(t) = eHtA it (5.5)
H does not depend on time.

As before the original operator A may be time dependent. The important equation of
motion governing the time evolution of A(t) is easily established. Since H is time inde-
pendent, the total time derivative of A in the Heisenberg picture is denoted with a dot,
A, while the explicit time derivative of the original Schrodinger operator is denoted 9, A:

A(t) = &Mt (z’HA —iAH + atA)e*in = A@) = Z[H A(t)} L OAW),  (5.6)

where X (t) always means e Xe~t for any symbol X, in particular for X = 9;A. In
this way an explicit time-dependence of A is taken into account. Note how carefully the
order of the operators is kept during the calculation.

Both the Schrodinger and the Heisenberg picture require a time-independent Hamil-
tonian. In the general case of time-dependent Hamiltonians, we have to switch to the
interaction picture.

5.3 The interaction picture

The third and last representation, the interaction picture, is introduced to deal with the
situation where a system described by a time-independent Hamiltonian Hg, with known
energy eigenstates |ng), is perturbed by some, possibly time-dependent, interaction V (¢),

H=Hy+ V(t), with H0|n0> = 5n0|n0>. (57)
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The key idea behind the interaction picture is to separate the trivial time evolution due
to Hp from the intricate one due to V' (¢). This is obtained by using only Hy, not the full
H, in the unitary transformation Eq. (5.5). As a result, in the interaction picture both
the state vectors |4 (¢)) and the operators A(t) depend on time. The defining equations
for the interaction picture are

states : () = (),
The interaction picture § gnerators : Aty = eitlot A e—itot, (5.8)

Hy, does not depend on time.

The interaction picture and the Heisenberg picture coincide when V = 0; i.e., in the non-
perturbed case. If V(¢) is a weak perturbation, then one can think of Eq. (5.8) as a way
to pull out the fast, but trivial, time dependence due to Hy, leaving states that vary only
slowly in time due to V (¢).

The first hint of the usefulness of the interaction picture comes from calculating the
time derivative of |¢)(¢)) using the definition Eq. (5.8):

o) = (10 p(e) + M (0fu(t) = e U—Hy+ H)(), (5.9)
which by Eq. (5.8) is reduced to

i (1)) = V (t) [ (£). (5.10)

The resulting Schrodinger equation for |4 (¢)) thus contains explicit reference only to the
interaction part V(¢) of the full Hamiltonian H. This means that in the interaction picture
the time evolution of a state [¢) (to)) from time to to ¢ must be given in terms of a unitary
operator U(t,to) which also only depends on V (t). U(t, o) is completely determined by

[ (1)) = Ut to) ¢ (t0))- (5.11)

When V aI}d thus H are time-independent, an explicit gorm for U (t,tp) is obtained by
inserting [ (t)) = et [h(t)) = etlol e=HHE |y ) and |1 (tg)) = etloto e=ilto |y Y into
Eq. (5.11),

eiHot e—th |w0> _ U(t,to) eiHoto e—tho |w0> = U(t,to) _ €iHot e—iH(t—to) e—iHoto'
(5.12)
From this we observe that U~! = UT, i.e. U is indeed a unitary operator.
In the general case with a time-dependent V(t) we must rely on the differential equation
appearing when Eq. (5.11) is inserted in Eq. (5.10). We remark that Eq. (5.11) naturally
implies the boundary condition U (to,tp) = 1, and we obtain:

10, U(t,tg) = V() U(t, o), U(to,to) = 1. (5.13)
By integration of this differential equation we get the integral equation

A

Ot to) = 1+~ / V) D), (5.14)

’Lto
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which we can solve iteratively for U(t, o) starting from U(¢,t9) = 1. The solution is

Ult, to) = 1+1/ dt, V() + Zl /dt1 V(tl)/tldtz V(ty) + ... (5.15)

to to to

Note that in the iteration the ordering of all operators is carefully kept. A more compact
form is obtained by the following rewriting. Consider for example the second order term,
paying special attention to the dummy variables t; and to:

/tdtl V(ty) /tldtg V(ts)

to

~~
o

(tl)/tldtgf/(tg) ;/td@ V(tg)/thtl V(1)

to

h
QL
H~
<

t
dts V(t)V (t2)0(t1 — t2) + / dt / dty V (t2)V (t1)0(ts — t1)
to to

~+

Il
N~ NI~ N~ N
S~
QL
~
=
S

itz [V(0)V (1260001 — t2) + V (22)V (21)602 — 1)

dtz TV (t)V (t2)), (5.16)

S~
Q.
Nb\

where we have introduced the time ordering operator T;. Time ordering is easily general-
ized to higher order terms. In n-th order, where n factors V( i) appear, all n! permutations
p € Sy of the n times ¢; are involved, and we define!

TIVE)V () ... V()] = D VitV ) - Vitpm) x (5.17)

PESh
0(tp1) — tp@) Otp2) — tp(3)) - - - O(pin—1) — tp(m))-

Using the time ordering operator, we obtain the final compact form (see also Exercise 5.2):
~ ° 1 /71\n t t N N it ar v
Ult,to) = Zf(f) / dtl.../ dtnI}(V(tl)...V(tn)) =T, (e Jrp @t V(t)>, (5.18)
o n!\i to to

Note the similarity with a usual time evolution factor e, This expression for U (t,tp) is
the starting point for infinite order perturbation theory and for introducing the concept
of Feynman diagrams; it is therefore one of the central equations in quantum field theory.
A graphical sketch of the contents of the formula is given in Fig. 5.1.

YFor n = 3 we have Ty[V (t1)V (t2)V (t3)] =
V(t0)V (£2)V (£3)0(t1 —t2)0(ta—t3)+V (1) V () V (£2)0 (b1 —t3)0(ts—t2) +V (t2) V (t3)V (£1)0(ta—t3)0(ts —t1) +
V(t2)V (t1)V (t3)0(ta—t1)0(ts —t3)+V (£3)V (t1) V (£2)0(ts —t1)0(tr —t2) +V (t3)V (t2) V (£1)0(ts —t2)0(t2—t1).
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%t 0t t t
V(ts)
. 4 V(te)
Ut,to) = & + + + ) +
. V(tz)
Vi{t1) . .
V(h) V(tl)
& iy to ty to

Figure 5.1: The time evolution operator U(t,ty) can be viewed as the sum of additional
phase factors due to V on top of the trivial phase factors arising from Hg. The sum
contains contributions from processes with 0,1, 2, 3, ... scattering events V, which happen
during the evolution from time ty to time ¢.

5.4 Time-evolution in linear response

In many applications the perturbation V(t) is weak compared to Hy. It can therefore be
justified to approximate U(t,tg) by the first order approximation

A

Lt
Ul(t,to) %1+Z,/ dt' vV (t'). (5.19)
to

This simple time evolution operator forms the basis for the Kubo formula in linear response
theory, which, as we shall see in the following chapters, is applicable to a wide range of
physical problems.

5.5 Time dependent creation and annihilation operators

It is of fundamental interest to study how the basic creation and annihilation operators
a}, and a, evolve in time given some set of basis states {|v)} for a time-independent
Hamiltonian H. As in Sec. 1.3.4 these operators can be taken to be either bosonic or

fermionic. Let us first apply the definition of the Heisenberg picture, Eq. (5.5):

al(t) = et gl e (5.20a)
a,(t) = eftq, et (5.20b)

v

In the case of a general time-independent Hamiltonian with complicated interaction terms,
the commutators [H,a},] and [H,a,] are not simple, and consequently the fundamental
(anti-)commutator [a,j(tl),ai(tg)] r,B involving two different times ¢; and t» cannot be
given in a simple closed form:

[a,, (t1), aly(t2) B =

ethl a’yl 6—iH(t1—t2)al2€—th2 + ethg aj;Qe—iH(tQ—tl)alll e—thl = 77

(5.21)
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No further reduction is possible in the general case. In fact, as we shall see in the following
chapters, calculating (anti-)commutators like Eq. (5.21) is the problem in many-particle
physics.

But let us investigate some simple cases to get a grasp of the time evolution pictures.
Consider first a time-independent Hamiltonian H which is diagonal in the |v)-basis,

H = Zsyalaw (5.22)
v

The equation of motion, Eq. (5.6), is straightforward:?

a0 = iHa,®] = iel[H,a,)e "
= e'ft Z €, {a:f/,a,/, al,] eTHIt — ettt Z €, (—5V V,) al/,e_th
v! o
= —ig elq et = _jc a (1) (5.23)

By integration we obtain

a,(t) = e *®tq,, (5.24)
which by Hermitian conjugation leads to
al(t) = etetal. (5.25)

In this very simple case the basic (anti-)commutator Eq. (5.21) can be evaluated directly:
[a’I/1 (t1)7 a/lT/Q <t2)]F7B = e_iayl (tl_tQ) 61!1,1/2 : (526)

For the diagonal Hamiltonian the time evolution is thus seen to be given by trivial phase
factors et®et,

We can also gain some insight into the interaction picture by a trivial extension of the
simple model. Assume that

H = Hy + vHy, v <1, (5.27)

where Hj is diagonalized in the basis {|v)} with the eigenenergies ¢,. Obviously, the full
Hamiltonian H is also diagonalized in the same basis, but with the eigenenergies (1+7)e.
Let us however try to treat vHy as a perturbation V to Hg, and then use the interaction
picture of Sec. 5.3. From Eq. (5.8) we then obtain

[(t)) = €= [v(1)). (5.28)

But we actually know the time evolution of the Schrédinger state on the right-hand side
of the equation, so

D(t)) = ete TRty = TPty (5.29)
*We are using the identities [AB,C] = A[B,C] + [4,C]B and [AB,C] = A{B,C} — {A,C}B, which

are valid for any set of operators. Note that the first identity is particularly useful for bosonic operators
and the second for fermionic operators (see Exercise 5.4).
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Here we clearly see that the fast Schrédinger time dependence given by the phase factor
e’®v! s replaced in the interaction picture by the slow phase factor e??*»¢. The reader can
try to obtain Eq. (5.29) directly from Eq. (5.18).

Finally, we briefly point to the complications that arise when the interaction is given
by a time-independent operator V not diagonal in the same basis as Hg. Consider for
example the Coulomb-like interaction written symbolically as

H=Hy+V = Z sy,ai/ay, + Z Z Vq azl+qa12_qa,j2ayl. (5.30)
V/

viv2 q

The equation of motion for a,,(t) is:

al/(t) = Z[Hv al/(t)] = _iEV al/(t) +Z Z Vl] [ajq—l-q(t) CLL_q(t), aV<t) G’I/Q (t) a’ul (t)
= —ig, a,()+ 1Y (Viov = Vieu)al, 4y () 0, (1) 0y, (1), (5.31)

viv2

The problem in this more general case is evident. The equation of motion for the single
operator a,(t) contains terms with both one and three operators, and we do not know
the time evolution of the three-operator product a11+y2_l,(t) a,,(t) a, (). If we write
down the equation of motion for this three-operator product we discover that terms are
generated involving five operator products. This feature is then repeated over and over
again generating a never-ending sequence of products containing seven, nine, eleven, etc.
operators. In the following chapters we will learn various approximate methods to deal

with this problem.

5.6 Summary and outlook

In this chapter we have introduced the fundamental representations used in the descrip-
tion of time evolution in many-particle systems: the Schrédinger picture, Eq. (5.2), the
Heisenberg picture, Eq. (5.5), and the interaction picture, Eq. (5.8). The first two pictures
rely on a time-independent Hamiltonian H, while the interaction picture involves a time-
dependent Hamiltonian H of the form H = Hy + V(t), where Hy is a time-independent
Hamiltonian with known eigenstates. Which picture to use depends on the problem at
hand.

We have derived an explicit expression, Eq. (5.18), for the time evolution operator
U (t, o) describing the evolution of an interaction picture state |4 (to)) at time to to |4 (£))
at time ¢. We shall see in the following chapters how the operator U (t,tp) plays an
important role in the formulation of infinite order perturbation theory and the introduction
of Feynman diagrams, and how its linearized form Eq. (5.19) forms the basis of the widely
used linear response theory and the associated Kubo formalism.

Finally, by studying the basic creation and annihilation operators we have gotten a
first glimpse of the problems we are facing, when we are trying to study the full time
dependence, or equivalently the full dynamics, of interacting many-particle systems.
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Chapter 6

Linear response theory

Linear response theory is an extremely widely used concept in all branches of physics.
It simply states that the response to a weak external perturbation is proportional to the
perturbation, and therefore all one needs to understand is the proportionality constant.
Below we derive the general formula for the linear response of a quantum system exerted
by a perturbation. The physical question we ask is thus: supposing some perturbation H’,
what is the measured consequence for an observable quantity, A. In other words, what is
(A) to linear order in H'?

Among the numerous applications of the linear response formula, one can mention
charge and spin susceptibilities of e.g. electron systems due to external electric or magnetic
fields. Responses to external mechanical forces or vibrations can also be calculated using
the very same formula. Here we utilize the formalism to derive a general expression for
the electrical conductivity and briefly mention other applications.

6.1 The general Kubo formula

Consider a quantum system described by the (time independent) Hamiltonian Hy in ther-
modynamic equilibrium. According to Sec. 1.5 this means that an expectation value of a
physical quantity, described by the operator A, can be evaluated as

(4) = 7 Telpod) = 5 S nlAln)e %, (6.1a)

po =0 = 3 n)(nle O, (6.1b)

n

n

where pg is the density operator and Zy =Tr[pg] is the partition function. Here as in
Sec. 1.5, we write the density operator in terms of a complete set of eigenstates, {|n)}, of
the Hamiltonian, Hy, with eigenenergies {E,}.

Suppose now that at some time, ¢ = tg, an external perturbation is applied to the
system, driving it out of equilibrium. The perturbation is described by an additional time
dependent term in the Hamiltonian

H(t) = Ho+ H'(t)0(t — to). (6.2)

95
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External perturbation H' begins to act

Equilibrium state { Non-equilibrium state

to t
{(Adeq = Ao |6(A}non-eq ~ {[A(), H'(¢')]}eo]

Figure 6.1: Illustration of the linear response theory. At times before ty the system is in
equilibrium, after which the perturbation is turned on. The system is now evolving accord-
ing to the new Hamiltonian and is in a non-equilibrium state. The Kubo formula relates
the expectation value §(A)non—eq in the non-equilibrium state to a equilibrium expectation
value (- - )eq of the more complicated time-dependent commutator [A(t), H'(t')].

We emphasize that Hy is the Hamiltonian describing the system before the perturbation
was applied, see Fig. 6.1 for an illustration. Now we wish to find the expectation value
of the operator A at times t greater than tg. In order to do so we must find the time
evolution of the density matrix or equivalently the time evolution of the eigenstates of the
unperturbed Hamiltonian. Once we know the |n(t)), we can obtain (A(t)) as

1 1

(A) = - ;(n(t)\fl\n(t»e_w” =z rle®Al, (6.3a)

p(t) = 3 [n(t)) (n(t)]e . (6.3b)

The philosophy behind this expression is as follows. The initial states of the system
are distributed according to the usual Boltzmann distribution e=#Fon /Z,. At later times
the system is described by the same distribution of states but the states are now time-
dependent and they have evolved according to the new Hamiltonian. The time dependence
of the states |n(t)) is of course governed by the Schrodinger equation

i0y|n(t)) = H(t)|n(t)). (6.4)
Since H’ is to be regarded as a small perturbation, it is convenient to utilize the inter-
action picture representation |n(t)) introduced in Sec. 5.3. The time dependence in this
representation is given by

[n(t)) = =t |(t)) = e T (1, to) (ko)) (6.5)

where by definition |n(t,)) = eiHoto|n(t0)> = |n).
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To linear order in H’, Eq. (5.19) states that U(t, tg) = 1 —iftto dt’ H'(¢). Inserting this
into (6.3a), one obtains the expectation value of A up to linear order in the perturbation

(A0 = (Ao =i [ 5 37 B nlta) AWH(W) ~ () AW ()

t
= (Ap =1 [ at(A@). () (6.6)
0

The brackets ()p mean an equilibrium average with respect to the Hamiltonian Hy. This
is in fact a remarkable and very useful result, because the inherently non-equilibrium
quantity (A(t)) has been expressed as a correlation function of the system in equilibrium.
The physical reason for this is that the interaction between excitations created in the
non-equilibrium state is an effect to second order in the weak perturbation, and hence not
included in linear response.

The correlation function that appears in Eq. (6.6), is called a retarded correlation
function, and for later reference we rewrite the linear response result as

SIAW) = (A®) — (Ao = [ dfCly(t,#)e 1), (6.7)

to

where

CRu(tt) = —if(t —t) < [A(t), ﬁ’(t’)} >0 : (6.8)

This is the famous Kubo formula which expresses the linear response to a perturbation,
H’. We have added a very important detail here: the factor e_”(t_t/), with an infinitesimal
positive parameter 7, has been included to force the response at time ¢ due to the influence
of H' at time t' to decay when ¢ > t'. In the end of a calculation we must therefore take
the limit 7 — 0%. For physical reasons the (retarded) effect of a perturbation must of
course decrease in time. You can think of the situation that one often has for differential
equations with two solutions: one which increases exponentially with time (physically
not acceptable) and one which decreases exponentially with time; the factor et ig
there to pick out the physically relevant solution by introducing an artificial relaxation
mechanism.

Kubo formula in the frequency domain

It is often convenient to express the response to an external disturbance in the frequency
domain. Let us therefore write the perturbation in terms of its Fourier components

d .
H'(t) = / %e’“"tHL’u, (6.9)
such that CfH, becomes
(o]
d -
OB () = / e Ol (1~ 1), (6.10)
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because ([A(t), H.(t')])o only depends on the difference between ¢ and ¢, which can easily
be proven using the definition of the expectation value. When inserted into the Kubo
formula, one gets (after setting t) = —oo, because we are not interested in the transient
behavior)

(5<A(t)> _ / dt// %e—iwte—i(u}—l—in)(t’—t)CfHL (t N t/)
> dw —iw
— /OO 2 ¢ ‘Ol (W), (6.11)

and therefore the final result reads in frequency domain

0(Au) = Clyr (w), (6.12a)
C‘IA%HL/«; (u)) = / dteiwte_ntCEsz (t) <612b)

Note again that the infinitesimal 7 is incorporated in order to ensure the correct physical
result, namely that the retarded response function decays at large times.

6.2 Kubo formula for conductivity

Consider a system of charged particles, electrons say, which is subjected to an external
electromagnetic field. The electromagnetic field induces a current, and the conductivity
is the linear response coefficient. In the general case the conductivity may be non-local in
both time and space, such that the electric current J. at some point r at time ¢ depends
on the electric field at points r’ at times ¢’

JX(r,t) = /dt’/dr' Zao‘ﬂ(rt,r’t’)Eﬁ(r’,t’) (6.13)
B

where o8 (r,r/;t,t’ ) is the conductivity tensor which describes the current response in
direction é, to an applied electric field in direction ég.
The electric field E is given by the electric potential ¢ext and the vector potential Ayt

E(I‘, t) = _vr¢ext(ra t) - at‘Aext(ra t)' (6.14)

The current density operator of charged particles in the presence of an electromagnetic
field was given in Chap. 1. For simplicity we assume only one kind of particles, electrons
say, but generalization to more kinds of charge carrying particles is straightforward by
simple addition of more current components.! For electrons J. = —e(J). The perturbing
term in the Hamiltonian due to the external electromagnetic field is given by the coupling

'With more carriers the operator for the electrical current becomes Je(r) = Y, ¢:J;(r), where g; are
the charges of the different carriers. Note that in this case the currents of the individual species are not
necessarily independent.
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of the electrons to the scalar potential and the vector potential. To linear order in the
external potential

Heyt = e/dr p(r) Pext (1, 1) + e/dr J(r) A (r,1), (6.15)

where the latter term was explained in Sec. 1.4.3. Let Ay denote the vector potential
in the equilibrium, i.e. prior to the onset of the perturbation Ay, and let A denote the
total vector potential. Then we have

A = Ag+Ae, (6.16)

Again according to Sec. 1.4.3, the current operator has two components, the diamagnetic
term and the paramagnetic term

Ir) =3 + %A(r)p(r), (6.17)
In order to simplify the expressions, we can choose a gauge where the external electrical
potential is zero, ¢ext = 0. This is always possible by a suitable choice of A(r,t) as you
can see in Eq. (6.14). The final result should of course not depend on the choice of
gauge. The conductivity is most easily expressed in the frequency domain, and therefore
we Fourier transform the perturbation. Since 0; becomes —iw in the frequency domain we
have Aext(r,w) = (1/iw)Eext(r,w), and therefore the external perturbation in Eq. (6.15)
becomes in the Fourier domain

Hext,w = % /dI‘J(I‘) : Eext(r’w)‘ (618)

In order to exploit the frequency domain formulation of linear response we want to write
the definition of the conductivity tensor in Eq. (6.13) in frequency domain. Because we are
only considering linear response the conductivity tensor is a property of the equilibrium
system and can thus only depend on time differences o®?(rt,r't') = 0®(r,r/,t —t'). The
frequency transform of Eq. (6.13) is therefore simply that of a convolution and hence

J(r,w) = /dr’ Zao‘ﬁ(r, v’ w) EP(r',w). (6.19)
B

Now since Eq. (6.18) is already linear in the external potential E.y and since we are
only interested in the linear response, we can replace J in Eq. (6.18) by Jg = JV + =Aop,
thus neglecting the term proportional to Eext - Acxt. Eq. (6.18) is therefore replaced by

e
Hext o = o /erO(r) cE i (r,w). (6.20)
To find the expectation value of the current we write

(I(r,w)) = (Jo(r,w)) + <%Aext(r7W)p(r)>- (6.21)
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For the last term in Eq. (6.21) we use that to linear order in Ay the expectation value
can be evaluated in the equilibrium state

(= Aet(r,@)p(1)) = = At (1,0){p(r))g = Bt (1) (p(r))- (6.22)

For the first term in Eq. (6.21) we use the general Kubo formula in Eq. (6.7). Since the
equilibrium state does not carry any current, i.e. (J,), = 0, we conclude that (J;) = §(J).
In frequency domain we should use the results Eq. (6.12a) and substitute J,(r) for the
operator “A”, and Hexs o, for “H/,”, which leads to (Jy(r,w)) = Cff?b(r)Hext,w (w). Collecting
things we now have

e

(3,0)) = C L (9) + S (o)) o Aex(2.0) (6.23)
Writing out the first term
R € pB
CH () o @ / dr’ ZCJ w8 @ E (r',w). (6.24)

Comparing with the definition of the non-local conductivity in Eq. (6.19), we can now col-
lect the two contributions to the conductivity tensor. The first term comes from Eq. (6.24)
and it is seen to of the same form as (6.12a), in particular the response is non-local in
space. In contrast, the second term in Eq. (6.22) stemming from the diamagnetic part
of the current operator is local in space. Now collecting the two terms and using that

Je = —€<J>, we ﬁnally arrive at the linear response formula for the COHdUCtiVity tensor
aﬁ( ' ) ( ) i€2n(1‘) 5( /)5 (6 25)
g rr,w l l r I‘ , W + r r .
PR af iwom af»

where we have used the symbol I = C’ff J, for the retarded current-current correlation
function. In the time domain it is given by

(e, t 1) = % a0 oy (£ = 1) = =6t — 1) < [j(?(r,t), joﬁ(r',t’)} >O. (6.26)

Finding the conductivity of a given system has thus been reduced to finding the
retarded current-current correlation function. This formula will be used extensively in
Chap. 14.

6.3 Kubo formula for conductance

The conductivity o is the proportionality coefficient between the electric field E and the
current density J, and it is an intrinsic property of a material. The conductance on the
other hand is the proportionality coefficient between the current I through a sample and
the voltage V applied to it, i.e. a sample specific quantity. The conductance G is defined
by the usual Ohm’s law

I=GV. (6.27)
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Figure 6.2: The principle of a conductance measurement, which, in contrast to the conduc-
tivity, is a sample-specific quantity. In the Kubo formula derivation we use a coordinate
system given by the equipotential lines, which together with use of current conservation
allows a simple derivation.

For a material where the conductivity can be assumed to be local in space one can find
the conductance of a specific sample by the relation

G- %a, (6.28)
where L is the length of the sample, and W the area of the cross-section. For samples
which are inhomogeneous such that this simple relation is not applicable, one must use
the Kubo formula for conductance rather than that for conductivity. One example is the
so-called mesoscopic conductors, which are systems smaller than a typical thermalization
or equilibration length, whereby a local description is inadequate.

The current passing through the sample is equal to the integrated current density
through a cross-section. Here we are interested in the DC-response only (or in frequencies
where the corresponding wave length is much longer than the sample size). Because
of current conservation we can of course choose any cross section, and it is convenient
to choose an equipotential surface and to define a coordinate system (&, ag), where £ is a
coordinate parallel to the field line and where a, are coordinates on the plane perpendicular
to the &-direction; see Figure 6.2. In this coordinate system the electric field is directed
along the &-direction, E(r) = £E(£). The current I is

= [ dacé Juleag = [ da [dr' € ofrx'io 0B,
= /daE / dagz/df’g'a(f,ag,ﬁl,ag;w:O)-f’E(ﬁ'), (6.29)

where £ is a unit vector normal to the surface element da, and o is the conductivity
tensor. In order to get the dc-response we should the limit w — 0 of this expression. If
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we furthermore take the real part of (6.29) we see that what determines the dc-current is
the real part of the first term in Eq. (6.25) and hence the retarded correlation function
of the current densities. Since the total particle current at the coordinate £ is given by
I = [ dagé - J, the conductance can instead be written as

;2
€)= i [ag'Re | clig )] B€) = [aceone). 60
w—0 w

where CF(E) 1) is the correlation function between total currents. Because of current
conservation the dc-current may be calculated at any point £ and thus the result cannot
depend on . Consequently the function in side the square brackets in Eq. (6.30) cannot
depend on . Furthermore, since the conductance function G(&,&’) can be shown to be
a symmetric function is cannot depend on &’ either. This simplification is the reason for
choosing the skew coordinate system defined by the field lines. We can therefore perform
the integration over & which is just the voltage difference V = [ d¢'E (') = ¢p(—o00)—p(00),
and we finally arrive at the for linear response formula for the conductance

ie?
G = lim —CE(w). (6.31)

w—0 W

Here Cﬁ, is the retarded current-current function. In the time domain it is
CH(t—t) = —if(t — t'){[I(t), I(t)]), (6.32)

where the current operator I denote the current through an arbitrary cross section along
the sample.

6.4 Kubo formula for the dielectric function

When dealing with systems containing charged particles, as for example the electron gas,
one is often interested in the dielectric properties of the system, and in particular the
linear response properties. When such a system is subjected to an external electromagnetic
perturbation the charge is redistributed and the system gets polarized. This in turn affects
the measurements. The typical experiment is to exert an external potential, ¢ex, and
measure the resulting total potential, ¢o¢. The total potential is the sum of the external
one and the potential created by the induced polarization, ¢;,q,

d)tot = ¢ext + ¢ind- (633)

Alternatively to working with the potentials we can work with electric fields or charges.
The charges are related to the potentials through a set of Poisson equations
V2¢tot = _%pe,tot
1
Ptot = Pext T+ Pind, vZ(ﬁex‘c = _%pe,ext , (6.34)

2 1
VZoina = — 2, Peind
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and likewise for electric fields, Eiot, Fext, and Ej,q, which are related to the corresponding
charges by a set of Gauss laws, V - E = p./eg. Here we have used the symbols p, for the
charge density, where p as defined in Chap. 1 defines particle densities.

The ratio between the external and the total potential is the dielectric response func-
tion, also called the relative permittivity e

Prot = € Pext, (6.35)

which is well-known from classical electrodynamics.? However, in reality the permittivity
is non-local both in time and space and the general relations between the total and the
external potentials are

sl ) = [ [ et ) bl 1), (6.362)
Gext (r /dr /dt e(rt, 't dror (v, ). (6.36b)

Our present task is to find the dielectric function e(rt, r't'), or rather its inverse e ! (rt, r't’)
assuming linear response theory and for this purpose the induced potential is needed.
The external perturbation is represented as the following term to the Hamiltonian

H = /dr Pe (r) Pext(r,t). (6.37)

The induced charge density follows from linear response theory (if we assume that the
system is charge neutral in equilibrium, i.e. (pc(r,t))o =0) as

Pe,ind(T, 1) = /dr/ dt CR rt,r’t’)e*"(t*t/) Gext (v, 1), (6.38)
to

Cfepe(rt,r’t) xR (xt, v't") = —i0(t — t'){[pe(r, 1), pe(r’,t)])o. (6.39)

The charge-charge correlation function, x%, is called the polarizability function and it is
an important function which we will encounter many times. Once the induced charge is
known the potential follows from the Coulomb interaction Vq(r —r') = 1/(eg|r — r'|) as

Gina(r) = /dr’ Ve(r — 1) pe cina (1), (6.40)
and hence
Gtot (T, 1) = Pext (T /dr /dr ”/1; dt'Vo(r — ')y (r’t, ') Peoxs (r” ). (6.41)
0
From this expression we read off the inverse of the dielectric function as

et r't') = 6(r —v)o(t — ') + /dr "Vo(r — )Rt '), (6.42)

2In electrodynamics the permittivity is defined as the proportionality constant between the electric
displacement field, D, and the electric field, D = ¢E. In the present formulation, Ecx; plays the role of the
D-field, i.e. D = gqEext, while E¢ot is the E-field
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which ends our derivation. In later chapters we will make extensive use of the dielectric
function ¢ and the polarizability x. The dielectric function expressed in Eq. (6.42) in-
cludes all correlation effects, but often we must use some approximation to compute the
polarizability.

6.4.1 Dielectric function for translation-invariant system

In the translation-invariant case the polarizability can only depend on the differences of the
arguments, i.e. Y®(rt,r't') = x®(r — r';t — t'), and therefore the problem is considerably
simplified by going to frequency and momentum space, where both Eqgs. (6.36) have the
form of convolutions. After Fourier transformation they become products

gbtot (q,w) = 5_1 (q) w)¢ext(qa W), or ¢ext (q,w) = 8(qa w)¢t0t(q7 w)? (643)

with the dielectric function being
e aw) =1+ Ve(a)xe (a.w).- (6.44)

6.4.2 Relation between dielectric function and conductivity

Both ¢ and o give the response of a system to an applied electromagnetic field, and one
should therefore expect that they were related, and of course they are. Here we consider
again the translational-invariant case, and using the definition of conductivity

J(q,w) = 0(q,w)Eext(q, w) = —io(q, w)qdext(q, w), (6.45)
and the continuity equation,

—iwp(q,w) + iq - J(q,w) = 0, (continuity equation), (6.46)
we obtain

—iq - 0(q, w)qPext (A, w) = wpe(q,w) = WX (Q,w) Pext (Q, w). (6.47)

Finally, using Eq. (6.44) and knowing that for a homogeneous system, the conductivity
tensor is diagonal, we arrive at the relation

e} =1- q—Q
qw)=1—1 " Ve(q)o(q,w). (6.48)

So if we know the conductivity we can find the dielectric response and vice versa. This
formula also tells us what information about the interactions within a given system can
be extracted from measurements of the dielectric properties.

6.5 Summary and outlook

We have developed a general method for calculating the response to weak perturbations.
This method, called linear response theory, is widely used because many experimental
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investigations are done in the linear response regime. In this regime the lack of equilibrium
is not important, and one can think of this as probing the individual excitations of the
systems. Because the perturbation is weak it is not necessary to include interactions
between these excitations.

The general formula is a correlation function of the quantity that we measure and the
quantity to which the weak external perturbation couples. In the case of conductivity
we saw that it was the current-current correlation function, and the dielectric response
reduces to a charge-charge correlation. These two will be used later in Chaps. 12 and 14.
Also in the next chapter we will make use of the linear response result, when discussing
tunneling current between two conductors.
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Chapter 7

Transport in mesoscopic systems

In this chapter we give an introduction to electronic transport in mesoscopic structures
and it is our first in-depth use of the Kubo formalism. The physics of mesoscopic systems
is a vast field, and we shall concentrate on the Landauer-Biittiker single-particle approach
to conductance of small nanometer-sized coherent systems. By coherent we mean that the
quantum mechanical coherence length is longer than the sample size, and the phenomena
that we discuss in the following all rely on quantum effects. They are all clear manifesta-
tions of the wave propagation of electrons through the structures. The field of mesoscopic
transport is interesting in that it combines physics on many length scales.

The important length scales are the coherence length /4, the energy relaxation length,
Ui, the elastic mean free path, £y, the Fermi wave length of the electron, Ap, the atomic
Bohr radius, ag, and of course the sample size, £. Typical mesoscopic structures that we
have mind are those which are fabricated on semiconductor chips, e.g. by electrostatic
confinement of two dimensional electron gases (see e.g. Sec. 2.3.2). At low temperatures,
typically the range from 50 mK to 4 K, the length scales for these system are related as

CL0<</\F§€0 <L<£¢5€in~ (71)

Metallic systems are more difficult to bring into the mesoscopic regime because of their
small Fermi wave length, A\ ~ a,. However, there is one relatively simple experiment
involving a narrow metallic wire where the conductance as a clear signature of quantum
transport decreases in pronounced steps of size 2¢?/h as the wire is stretched and pulled
apart. This even happens at room temperature, whereas the more high-tech devices based
on semiconductor nanostructures only show quantum effects at low temperatures (see e.g.
Fig. 7.2).

This chapter deals with the physics of quantum transport which can be understood by
invoking the Fermi liquid picture of non-interacting electrons to be discussed in Chap. 14.
When interactions are important another rich field of physics appears, but this we will
have to study at some other time.

107
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7.1 The S-matrix and scattering states

We consider a mesoscopic sample connected to electron reservoirs in the form of macro-
scopic metal contacts. By mesoscopic we mean that the size £ of the sample region between
the two reservoirs is much smaller than the energy relaxation length /¢;,, and the phase
breaking length, £4. This implies that we can consider the electron motion to be quantum
mechanically coherent in this region. Furthermore, since the reservoir is a macroscopic
conductor, much larger than the entrance to the mesoscopic region, we can safely assume
that electrons entering the reservoir will be thermalized at the temperature and chemical
potential of the contact before returning to the mesoscopic sample. The contact is thus
required to be reflectionless. Fig. 7.1 illustrates how a contact formed as a “horn” can
give a reflectionless contact.

In the following we solve for the eigenstates in a geometry similar to Fig. 7.1. The
system is divided into five regions: left reservoir, left lead, (L), mesoscopic region (M),
right lead (R), and right reservoir. For simplicity, it is assumed that the left and right
leads are perfect straight segments with hard walls, that they are identical as in the figure,
and furthermore that the system is two-dimensional. In this case, the Hamiltonian and
the eigenstates with energy E in the leads are given by

ﬁwmwzghﬁﬁmwwam (z,) € L, (7.2b)
¢Eﬂ%w=gL”owWm@%(%weR, (7.20)
Xn(y) = %Sin (any) . n=1,2,....N (7.2d)

E = 2h2 k2 +éen, Ep= 271; (%)2 (7.2e)

Here x,, denote the transverse wavefunction and W is the width of the leads. In principle
n can be any positive integer, but in practice we can introduce a cut-off at some large value
N without affecting the lowest occupied states The quantum number +1 represents right
and left moving states with wavenumber k,(E) = \/2m(E — ¢,)/h2. The wavefunctions
¢* have been normalized in a particular manner so that they all carry the same absolute
probability current in a given cross section:

[ () e pey =0t =, @

Because of this normalization, it is more natural to label the states in terms of their energy
FE rather than as usual their k£ values. The transformation from a discrete to a continuous
set of energy levels looks a bit different in the two cases. In the following ¢ means a state
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Figure 7.1: The geometry considered in the derivation of the Landauer formula. Two
reflectionless contacts each with N channels connect to a mesoscopic region. The wave
function is written as a superposition of incoming and outgoing wave at the two entrances.
When solving the Schrodinger equation, the system is separated in three regions: L, R
and M.

with the usual normalization, q;k = eikx/\/f, while ¢ = eikx/\/E-

L < Jk -
S (Gl = L [ 5 GelAld)
k>0

*° dk
Z/O o K (onlAldw)

*dE k
= | 5 oAl

= [T aE (4l Al (7.4)

27h?
As we shall see in detail later, that the quantization of the conductance in units of the
universal conductance quantum e?/h is due to the cancellation of the velocity,  k, by the
density of states, ox dk/dE, a feature particular of one dimension.

The eigenfunctions in the middle region, M, are in general not easy to find, but
fortunately we need not specify the wavefunction in the complicated region. All we will
need is the transmission coefficients, relating incoming and outgoing electron waves. Let
us therefore introduce the so-called scattering matrix or S-matrix formalism.

A given eigenstate with energy E is some linear combination of q%n p and gbﬁn p in the
leads L and R, and some unknown complicated function ¢as g, in the middle region M.
We can therefore write an eigenstate as

Znar—tgéfn’E(zay)+Zna;¢zn7E(m7y)7 (‘T?y) GLv

V(T y) = ¢ Lnblha (@) + 3, 00 Op, 5(%,9), (2,) € R, (7.5)
Yue(2,y), (z,y) € M,
where a;f and b are some unknown sets of coefficients, which in vector form are written

as at = (af,ag,...) and similarly for a~ and b*. As usual the wavefunction and its
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derivative must be continuous. For a given 1/ g in the middle region this condition gives
4 x N linearly independent equations to determine aff and bf. These equations are

\/kn<zf>j/dy;xn(y>wﬂmﬁxo,y>,
VB [y (ool

1
Wm@/@m@@mmwhﬂ
— b;efik”(E)L) = ’L\/]:TE) /dy Xn(y) (&va,E(xa y))x:L

Fortunately, we will not have to solve such a system of equations unless we want an exact
expression for the wavefunction. It is merely written down in order to illustrate the linear
dependence of the coefficients, {a} and {b"}. A particular useful way of representing the
linear dependence is through the so-called scattering matrix, or S-matrix, which relates
the amplitudes of outgoing waves, ¢, and gbj%, to incoming waves, gbzr and ¢p,

coutz<i+>=(: E:><§t>zs<it>zs%. (7.7)

Here we have defined the important S-matrix to be a matrix of size 2N x 2N with the
N x N reflection and transmission matrices as block elements

s—(i i:) (7.8)

Here the matrix element ¢, represents the transmission amplitude for an incoming wave
from the left in state n/ to be transmitted into state n on the right hand side. The ampli-
tude for transmission in the opposite direction is given by ¢/ ,. Similarly the element 7,
gives the amplitude for being reflected back into the left lead in state n. The coefficients
of the scattering matrix are of course energy dependent. Most of the time, we suppress
this dependence in the notation.

(a +a,,

)
bt eitn ()L = =ikn(E)L
(v )

n)

(af —a

<bT+L oikn(B)L

We now define the so-called scattering states, which are states with an incoming wave
in one particular lead state, i.e. ciy = (0,...0,1,0,...). The scattering states are denoted
b, where the superscript + refers to the direction from which the incoming wave comes.
In the plus direction (an incoming wave from the left) the scattering states are

¢Zn,E(x7y) +Zn/ rn/n¢zn’7E(x7y)ﬂ ($,y) € La
QZ}ZE(':E? y) = En’ tn/nng}%n/’E‘(:pv y)v (.ZE, y) € Ra (79)
? (x,y) € M.

qb;fn E(J: y) + Z ’r;;, n¢En/7E(xay)a ($,y) € R,
T/JQE(%K/) = Zn nn¢Ln/ E(‘T y) (:L“,y) € L7 (710)
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The wavefunction in the scattering region is not specified, because to find the conductance
all we need is the transmission probabilities of electrons, and that we can get from the
S-matrix.

7.1.1 Unitarity of the S-matrix

Before we calculate the transport properties of a mesoscopic system, let us look at some
properties of the S-matrix. First of all, it must be unitary, i.e. S™' = S'. This is a
consequence of probability current conservation. The incoming electron flux lem|? =
|cin|? must equal the outgoing flux Y, |cout|* = |cout|? and therefore

clc = (1-SS)c,, =0, (7.11)

T
C in~in in

out cout =

and hence St = S~1. From the unitarity follows some properties of r and t, which we will
make use of below:

1=rfr+tTt =rfr’ +¢Tt
T _ )
SI8=1 & { 0=rit' +tir =tfr+r'ft, ° (7.12)
and furthermore
_ T 140t
+ 1 =r/vT+ttt =rr' +t/t'1,
S5 =1 & { 0=rth +t'v'f = tri4r't/t. (7.13)

We also show the unitarity in a bit more explicit way by calculating the currents on
the left and right hand sides of the system. This we do because we will need the currents
later on anyway. The current through a cross section for a given state is, cf. Eq. (1.99b),

w o — — —
I(z) =/ dy U (z,y) ¥ (2,y), Jo= N <ax - 8x> , (7.14)
0 2mi
where the arrows indicate to which side the differential operators are acting. For a station-
ary state, i.e. an eigenstate with energy E, the continuity equation gives 0,J = —p = 0,
i.e. I(z) cannot depend on x. Let us compute I(z) for a state with incoming coefficients
cin = (a™,b™). First calculate the current in region L

W PR
@ = [y (a0 praong) T (at 0 a0 )
T N N
= <|a | ‘ra +t'b ’ > , (7.15)

where qsz = (¢z71E, gi)};QE, ...) and Prp = (¢E71E, PLop - .). In the same way for R we
obtain

Ir(z) = % (—\b7]2 + |ta® + r’b*|2> ) (7.16)
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or more detailed

I — % [(a+)f (1-rfr)-a* — (b")f (t’*t/) b~ — 2Re[(at)’ th’b—]] (7.17a)
In=" [(b*)T (-1 2T)b" o+ (a%)" (tt) a” - 2Re[(a+)Tt*r’b‘]] - (717h)

From the continuity equation we know that the current on the two sides must be equal,
I1, = IR, and we obtain Eq. (7.12) and hence S is unitary.

7.1.2 Time-reversal symmetry

Time-reversal symmetry means that H = H*, because if ¥(r,t) is a solution to the
Shrodinger equation so is U*(r, —t). In that case the scattering matrix is not only unitary
it is also symmetric, S = ST This has some important consequences for the statistics of
S-matrices in disordered systems, which can be seen experimentally by studying transport
with and without an applied magnetic field.

A non-zero magnetic field B = V x A breaks time-reversal symmetry, and in this case
the Schrodinger equation is

h? e \2
Hp Up(r) = [—Qm (vr + zﬁA) + V(r)} Up(r) = EUgp(r). (7.18)
Now, since Hg = H* 5 we see that
Hp¥g(r) = EVg(r) & Hg¥'g(r) = EV g(r), (7.19)

or in short: if Ug(r) is a solution so is ¥* 5(r). We can therefore construct new eigen-
states by complex conjugation followed by reversal of the magnetic field. Suppose we have
an eigenstate which is a linear combination of incoming and outgoing waves VUg(r) =
(Cin®in, Cout®out), then we can make a new eigenstate by ¥"g (r) = ¥§(r), which is a
solution for —B. However, because complex conjugation reverses the direction of propa-

gation, the new in- and outgoing wave functions are ¢ = ¢}, and cjoy = ¢ . Since
PUreW s a solution for —B, we have
ot =S g™ = ¢ =S pCiu =S _pShcm, (7.20)
which shows that
S pS5=1 = S*p=8SL = s5=57; (7.21)

In case of time-reversal symmetry, the scattering matrix therefore has an additional sym-
metry besides being unitary: it is also a symmetric matrix. This will be of importance
when we look at disordered systems below.
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7.2 Conductance and transmission coefficients

Next we calculate the conductance. This will be done in two different ways: first we
will argue on physical grounds that the population of the scattering state is given by
the equilibrium distribution function of the reservoir, which allows us to calculate the
current directly. Secondly, we calculate the conductance using linear response theory,
and, fortunately, we find the same result. While the first method is more physically
appealing, one could get in doubt if the Pauli principle is treated correctly. The linear
response result shows that indeed the first method gave the right answer, at least in the
linear response limit.

The answer we find, the celebrated Landauer-Biittiker formula, is very simple and
physically sensible: the conductance of a mesoscopic sample is given by the sum of all the
transmission possibilities a given electron has, i.e. by the sum of transmission probabilities

2¢2 2¢2
- § — il
G . 4 Tn . Trit't], (7.22)

where 7,, are the eigenvalues of the matrix tt. This should not be confused with the
transmission probabilities, i.e. the probability that an electron in a given incoming state,
n, ends up on the other side. This probability is T,, = (tTt)nn, but when summing over
all incoming states n we in fact get, > 7, = >, T,. So we can write Eq. (7.22) in terms
of 7, or T, as we please.

The Landauer-Bittiker formula tells us that the conductance of a mesoscopic sample
is quantized in units of 2e?/h. The number of quanta will be the number of channels
connecting the two sides. However, since 7, is a number between 0 and 1 one expect this
quantization to show up only for some special geometries where T,, is either 0 or 1. This is
in fact what happens for the quantum point contact, which is discussed below in Sec. 7.3.1.
There a particular smooth interface between the two reservoirs ensures that 7;, changes in
a well-controlled manner between 0 and 1. However, there are other examples where the
conductance quantum e?/h shows up, namely in the fluctuations of conductance. These
fluctuations are universal in the sense that they have an amplitude of the order e?/h
independent of the average conductance. This is discussed in Sec. 7.4.3.

7.2.1 The Landauer-Biittiker formula, heuristic derivation

We argued above that if the reservoirs are much wider than the mesoscopic region and
its leads, then we can assume reflectionless transmission from the leads to the reservoirs,
i.e. the electrons entering the reservoir from the sample are thermalized before returning.
Thus all electrons entering from the contacts are distributed according to the Fermi-
Dirac distribution ny of the given reservoirs. Furthermore, since the mesoscopic region
is defined to be phase coherent, no energy relaxation takes place there, and consequently
electrons originating from, say, the left reservoir maintain their distribution function equal
to that of that reservoir. Therefore it is natural to express the occupation of the scattering
eigenstates 1/)%5 by two different distribution functions f* and the chemical potentials 1], /R
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of the relevant reservoirs,

[re)=nple—pur), [ (e) =nple — un). (7.23)

Now it is a simple matter to calculate the current through the mesoscopic system. Because
of current conservation, we can calculate it in either of the regions L, R, or M. Naturally,
we choose to do so in the perfect leads L or R where the wavefunctions are known. Let
us look at the current in the left lead:

I=Ip=cY {f;k FH(Ea) + T f~ (Ear)]. (7.24)
nk

The currents carried by a scattering state ¥ can be read off from Egs. (7.17a) and (7.17b)
by substituting (a¥),, = 0, for a state moving in the positive direction and (b™),,, =
for a state moving in the negative direction. We get

It = % - (') |= % (the) . (7.25)
I = —% (') = % S+ () (7.26)

Transforming to an energy integral as in Eq. (7.4), the current is therefore simply

I= ﬁeh Z/OOO dE [(t%)m np(E — pp) — (t/Tt’)

The sum over diagonal elements of (tTt) is nothing but the trace. The unitarity condition
Eq. (7.13), then leads to Tr[t/Tt/] =Tr[t t], and the current can be written as

B e
_27Th 0

In Eq. (7.28), we have stressed the energy dependence of the transmission matrix, but at
low voltages V' and temperatures T" we can assume 7, to be energy independent and the
integral can be done. For |eV| = |ug—pur| < p, where p is the equilibrium electrochemical
potential, we Taylor expand around p and find after integration

ng(E — )| (7.27)

nn

I TiE T (tht ] [ne(E = 1) = np(B = )] (7.28)

From spin

= 20 ehzv Trjthty| = G- fﬁ[t*t] = 22227; (7.29)

This is the famous Landauer-Buttiker formula. Here we have assumed that the spin
degrees of freedom are degenerate which gives rise to a simple factor of two. If they are
not degenerate the trace must also include a trace over the spin degrees of freedom.

The expression Eq. (7.27) for current relies on the fact that the scattering states are
eigenstates of the system, which means that we should not include any kind of blocking
factors (1 — ny) to ensure that the final state is empty, as one would normally do in a
Boltzmann equation. Once a state is occupied in one lead, it is automatically also occupied
in the other. Thus we are not talking about a scattering event from one reservoir to the
other, but rather about the thermal population of eigenmodes. In order to dismiss any
concern about this point, the next section is devoted to a derivation of Eq. (7.22) from
first principles using the linear response formalism of Chap. 6.
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7.2.2 The Landauer-Biittiker formula, linear response derivation

Our starting point is Eq. (6.31) expressing the conductance G in terms of the current-
current correlation function,

_ _2762 > (win)t _ ;
Glw) =~ Tm [ dte (=0)O(t) ([I(x, 1), I(z,0)]), (7.30)

where the current operator I(x) due to current conservation can be evaluated at any cross
section z in the perfect leads, rendering G independent of x. (Again we consider the spin
degenerate case which is the reason for the factor of two.) In second quantization the
current operator is given by

ZJ,\,\/ C/\C,\/’ (7.31)
AN
j)\)\/(l') = % /dy 1/1,\(35719) (ax - 893) ¢A’(I7y)’ (732)

where we choose {¢\} as a set of eigenstates, and where j,,, is a matrix element of the
current operator. We will of course use the scattering states that we found above as our
basis, which means that the quantum number X is specified by A = {E, n, n = +}. We
start by calculating the commutator in Eq. (7.30)

([I(a'1), 1 Z]VV Z]AX e Er=Ext/h < [C,\C,\/v o Cz/} >0

AN

- Z |.7)\)\/ ‘2 s =By )t/ [ F(EA) - nF(EX)}, (7-33)
AN

where we used that <ci\c)\,>0 = Swnp(Ey), and that jyy(z') = (juva(z’))" . Inserting this
into Eq. (7.30) yields

’])\)\/ /)‘2
I E Ey) — Ey .34
G( N h “7 E)\ E)\/) |:nF( >\) nF( A ) ’ (7 3 )

and in the dc-limit, w — 0, one has

Oy (E
G(0) = —2he*m Y [y (@) <—n§é/\A))6(E,\—EN). (7.35)
AN

Changing the sum over eigenstates to integrals over energy, i.e. >, — Enn 3oz JdE,
and setting 7' = 0 such that (—0ng(E)/OF) = 6(E — Ep), the conductance becomes

m \2 )
G(O) = —2he’m (27Thz> Z |.7n77EF,n’n’EF (.CU/)|2, (736)

nn',mm’
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. . . , .
Due to current conservation the current matrix elements jn,gp ny Ep () are independent
of 2/, and we evaluate them in the L or R region at our convenience. We obtain

h( (t76) 0 (67), ) h

JnnEpn'n' Ep (a') =— (t’Tr) (_t’Tt/) - EJ’

- (7.37)

nn' nn’

where the rows and columns correspond to n = +1 and —1, respectively. Hence we get

. h
5 Lyt = (1)

nn' nn’
(I
- m

—9 <h>2Tr [tTt} , (7.38)

m

2
Tr [jT j}

2 2 2
Tr [(tTt) + (t’Tt’) + et + th’t’Tr]

after using the result Eq. (7.13). The final result is therefore
G [tTt] /dx’ BW) = 2m [tTt} V. (7.39)
h h ’ '

which again is the Landauer-Biittiker formula. We have thus seen that it can be derived
microscopically, and any doubt about the validity of the treatment of the occupation factor
in the heuristic derivation, has been removed.

7.3 Electron wave guides

7.3.1 Quantum point contact and conductance quantization

One of the most striking consequences of the Landauer-Biittiker formula for conductance is
that the conductance of a perfect channel is 2¢%/h, and if there are N “perfect” channels
it is N2e2/h. This has been experimentally tested in numerous experiments and it is
now a well-established fact. The first experiments showing this was done by groups in
Delft (Holland) and Cambridge (England) in 1988. The technique they used was a so-
called splitgate geometry where a set of metallic gate electrodes was put on top of a two-
dimensional electron gas such that a narrow contact between the two sides of the 2DEG
was formed, see Fig. 2.10b. By applying voltage to the gates the width of the constriction
could be controlled very accurately. As the width decreases quantum channels are squeezed
out one by one, until only one remains, leading to a staircase of conductance, each step
being of height 2e?/h, see Fig. 7.2. We will now see how this nice effect can happen.
Suppose there is a smooth constriction between two electron reservoirs. Smooth here
means a horn-like shape were the curvature at all points is large compared to the wave-
length of the wave which is going to be transmitted through the horn. The relevant wave
equation for an electron horn is of course the Schrédinger equation, but there is in prin-
ciple no difference between the electron wave guide and horn wave guides used in loud
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Figure 7.2: An experiment on quantized conductance. The upper left panel is a picture of
the surface of an GaAs chip with an etched point contact structure. The lower left panel is
an zoom-in of this structure recorded in an electron microscope. The right panel shows the
conductance versus sidegate voltage. At the lowest temperature (1.3 K) the conductance
shows clear steps at integer values of 2¢2/h. By clever design this point contact yields a
particularly large subband splitting, which is why the conductance quantization persists
up to “high” temperatures of the order 20 K. The device was fabricated and measured at
the Orsted Laboratory, Niels Bohr Institute.

speakers, water waves or other wave phenomena. So the quantized conductance is nothing
but a manifestation of the wave nature of a quantum particle, but you might say a very
striking one.

The Schrodinger equation for the quantum point contact geometry is

h2
—5 (02 + 02) + Veont(2,y) | ¥(2,y) = E ¥(z,y), (7.40)

where Vione(x,y) is the confinement potential. Because the change along the z-direction
is assumed to be smooth, we try to separate the motion in longitudinal and transverse
motion. Had the confinement potential been rectangular we would have eigenstates as ¢+
in Eq. (7.2b). Inspired by that we expand the wave function in terms of the transverse
eigenstates yn(y) which however are z-dependent now, as are the expansion coefficients

d)n(x),
\Il(x’y) = Z(bn(x)an(y) (7'41)

This is always possible at any given fixed = since, being solutions of the transverse
Schrodinger equation, {xy(z)} forms a complete set,

_%85 + Vconf(-l", y):| Xm:(y) = €n(x)ch(y)- (7.42)
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Figure 7.3: Illustration of the adiabatic contact giving rise to an effective one-dimensional
barrier. When the energy of the incident electron is larger than the maximum transverse
kinetic energy, i.e. the maximum of €, (z), it is transmitted through without reflection,
otherwise not. The width of constriction and thereby the height of &, (x) is controlled by
a voltage applied to the gate electrodes.

Inserting Eq. (7.41) into Eq. (7.40) and multiplying from the left with x7_(y) followed by
integration over the transverse direction, y, yields

02+ (o) 6(0) = Bonl) + . (7.43)
where
2
= [ e [(awn/(x)) Oexwa)) + 50w (@Pxwaly) | (7.44)

As mentioned, the fundamental approximation we wanted to impose was the smooth
geometry approximation, often referred to as the adiabatic approximation. It means that
the derivative of the transverse mode with respect to longitudinal direction is neglected,
i.e. OxXn/z(y) = 0. In the case of hard walls,

0 forye|[—d(x)/2,d(x)/2],

oo otherwise,

‘/Conf(flf”y) = { (745)

the transverse wavefunctions are the well-known wavefunction for a particle in a box

) = g sin (TS (7.40

with the corresponding eigenenergies

(7.47)
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Taking the derivative 9, X2 (y), will give something proportional to d'(x). The essence
of the adiabatic approximation is that d’'(z) < 1, such we end up with an effective one-
dimensional problem of decoupled modes, ¢,, which obey the 1D Schrédinger equation
with an energy barrier &, (z)

h2
= g 20(a)| 60(0) = B, (7.43)

The transverse direction has thus been translated into an effective 1D barrier. The barrier
is there because some of the kinetic energy is bound into the transverse motion. Let
x = 0 be the position in the constriction where this is most narrow, i.e. dpyin = d(0).
If the transverse kinetic energy, eM** = ¢,(0), at this place is larger than F, the mode
cannot transmit (neglecting tunneling through the barrier, of course). If, however, it is
smaller than F the mode has sufficient energy to pass over the barrier and get through
the constriction, this is illustrated in Fig. 7.3.

For smooth barriers, we can use the WKB approximation result for the wavefunction

1 €T

bn(x) = pVEB(z) = exp (z/ dx'p(x')/h) , plx) =2m(E —ey(x)), (7.49)
p() —oc

which is a solution to Eq. (7.48) if [p/(z)/hp?(x)| < 1. In this case we can directly read

off the transmission amplitude because in the notation used for the scattering states, we

have r = 0 and hence |t| = 1. The conductance is therefore

2¢2
=) O(Ep —ep™). (7.50)
All subbands with energy smaller than Er contribute with one conductance quantum,
which results in a step structure of the conductance as a function of );'*. This is roughly
what is seen experimentally, where €);'** is changed by changing the width of the constric-
tion through the voltage of the gate electrodes.

Obviously the WKB approximation breaks down if p(x) is too small. Right at the
point where a new channel opens, which happens when Ep = £,(0), we would expect
some smearing of the step. The shape of the smearing will in general depend on the
geometry of the constriction and is, in contrast to the step heights, not universal. A useful
model is the so-called saddle point model for the constriction, where the confinement
potential is modelled by

Veont(z,y) = %mwgyf — %mwgﬁ + Vo, (7.51)
where V| is a constant. The saddle point model can be thought of as a quadratic expansion
of the confinement potential near its maximum. Using this potential it can be shown that
the transmission probability has a particular simple form, namely

1
exp (m (E— Vo — (n+ 3)hwg) /hw,) +1°
For this model the smearing of the conductance steps thus has the form of a Fermi func-
tion. Experiments using the splitgate geometry indeed show that the conductance traces
(meaning conductance versus gate voltage) are well described by Eq. (7.52).

To(E) = (7.52)
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Figure 7.4: A device which shows Aharonov-Bohm effect, because of interference between
path 1 and path 2. The interference is modulated by magnetic flux enclosed by the
paths. This is shown in the bottom part, where the left panel shows the experimental
realization, while the right panel depicts the conductance versus B-field trace. Both the
device fabrication and the measurements have been performed at the @rsted Laboratory.

7.3.2 Aharonov-Bohm effect

A particular nice example of interference effects in mesoscopic systems is the Aharonov-
Bohm effect, where an applied magnetic field B is used to control the phase of two inter-
fering paths. The geometry is illustrated in Fig. 7.4. Each of the arms in the ring could
be an adiabatic wave guide, where the wave function can be assumed to be of the form
in Eq. (7.49). Because of the applied B-field we must add a vector potential A to the
Schrodinger equation Eq. (7.40) as in Eq. (7.18). At small magnetic fields we can neglect
the orbital changes induced by B in the arms of the ring and absorb the vector potential
due to the B-field through the hole of the ring as a phase factor

Upo(r) = Up_g(r) exp (—z% / " A) . (7.53)

We now approximate the line integral by an integral following the center of the waveguides
and furthermore assume ideal adiabatic arms, i.e. no backscattering. In that case the
transmission coefficient is given by a sum corresponding to the two paths

t o exp (—if/ dl - A) + €0 exp <—if/ dl - A) , (7.54)
h path 1 h path 2
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where ¢q is some phase shift due to different length of the two arms. The transmission
probability now becomes

r

o
It|? o 1+ cos <¢0—;/th1 2dl-A) :1+cos<¢0—7r1”$01+2>, (7.55)
pa’ +

where @ is the flux enclosed and ®y = h/2e is the flux quantum. The conductance will
oscillate as with the applied magnetic, a signature of quantum interference. Note that the
effect persists even if there is no magnetic field along the electron trajectories, which is a
manifestation of the non-locality of quantum mechanics. Experiments have verified this
picture. See Fig. 7.4.

7.4 Disordered mesoscopic systems

In this section we shall study disordered mesoscopic systems. The experiments we have
in mind are e.g. experiments on disordered “quantum dots”, which is a mesoscopic re-
gion connected to reservoirs just as we have discussed above where the Landauer-Biittiker
formula was derived, see Fig. 7.5. Again we use the Landauer-Biittiker to calculate the
conductance, but because the system is disordered it makes little sense to talk about the
conductance for specific sample geometries. One cannot precisely neither locate nor con-
trol the positions of the impurities. Instead one studies the statistical properties of the
conductance for an ensemble of systems. The average and the variance of the conduc-
tance will turn out to exhibit interesting quantum phenomena, namely weak localization
and universal conductance fluctuations, respectively. In order to understand these two
phenomena, we must first learn about how to average over S-matrices.

Fig. 7.5 shows an example of a disorder mesoscopic system. It cannot be a surprise
that the classical motion in such a geometry is expected to be chaotic and the system to be
ergodic, which means that all parts of the phase-space are visited with equal probability.
Quantum mechanically this means that there are no symmetries and hence no systematic
degeneracies of energy levels. In fact, as a function of any external parameter (e.g. shape,
magnetic field, or density) the energy levels avoid to cross one another. This important
phenomenon is known as level repulsion.

7.4.1 Statistics of quantum conductance, random matrix theory

Let us consider the statistical properties of some ensemble of disordered or chaotic systems
influenced by some external parameter. Such ensembles have been studied for a long time,
initially atomic nuclei containing a large number of nucleons. The basic assumption being
made is that the Hamiltonians describing each of the systems of the ensemble are drawn
randomly according to some probability distribution only constrained by the symmetry of
the system. This statistical method is known as random matrix theory (RMT). The matrix
elements of the Hamiltonians are assumed to follow a Gaussian distribution, and from this
one can argue that the S-matrix follows the so-called circular ensemble distribution. This
means that all unitary matrixes are equally likely, or in other words the distribution P(S)
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Disordered quantum dot

I mpurity

Figure 7.5: Disordered quantum dot geometry. The averaged over different geometries
could be an average over positions of impurities, dot boundaries or Fermi energy.

of scattering matrices S is uniform in the group of unitary matrices of size 2N x 2N,
denoted U(2N). This claim can also be justified by “entropy” considerations, in sense
that it is the distribution which maximizes the entropy and hence is the ensemble with
“maximal randomness”.

Here we will not be concerned with the microscopic justification for the ensemble
averaging, but simply say that since we have no information about the scattering matrix
the most sensible thing to assume is that all scattering matrices in U (2N) will appear with
equal probability only subject to normalization conditions and symmetry constraints. For
the time-reversal symmetry case, we are therefore restricted to symmetric members of
U(2N). The TR case can be realized by writing S = UU?, where U € U(2N). We
skip the derivation and simply list the first few moments of a random unitary matrix of
dimension M = 2N:

(Uag) =0, (7.56)
1
<U;aUﬂb> = M(sozﬁdaby (757)

1
<Ut§a ;’a’UﬂbUﬁlb'> = m (5aﬁ5ab5a’ﬁ’5a’b’ + 5aﬁ/5ab’5a’ﬁ5a’b)
S |
M(OMZ 1)

5&55ab’5a’ﬁ’ Oarb + 5a5’5ab5a’55a’b’) . (7.58)

The method to derive these result is to utilize (f(U)) = (f(UoU)) = (f(UUy)), which for
any fixed unitary matrix Uy is a consequence of the constant probability assumption. By
suitable choice of Uy the various averages can be derived. The first term in Eq. (7.58) is
equivalent to assuming the real and imaginary parts of Uy, to be independent, while the
last term corrects for that because the unitarity condition gives some constraints on the
elements of U. These correlations however become less important in limit of large M.
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7.4.2 Weak localization in mesoscopic systems

In Sec. 14.4 studied the weak localization in self-averaging macroscopic samples. The
origin of this effect was found to be the constructive interference between time-reversed
pairs of paths beginning and ending in the same point in space. Also mesoscopic systems
exhibit weak localization. In this case the coherence length is larger than the sample,
hence the conductance is given by the S-matrix through the Landauer-Biittiker formula,
and we can find the weak localization correction not for an individual sample but for an
ensemble of samples using random matrix theory of the S-matrix.

It is important to realize that the weak localization correction survives ensemble aver-
aging. The average conductance is therefore

2N

@ =2 (0 [t]) =T T (). (7.59)

n=1m=N-+1

The result now depends on whether time-reversal symmetry is present or not, i.e. if a
B-field is applied or not. First take the case of broken time-reversal symmetry, B # 0. In
this case there is no other constraints on S than that it is unitary and there we can use
Eq. (7.57) directly

o 2% 5,1 2N

Gepo= 3Ny =7 3
The case B = 0 means that in addition to unitarity S is also symmetric. Writing S = UU”
we get

(7.60)

2N 2N

(Ghp=o = Z Z YD AUnmiUniUmjUsj) (7.61)

n=1m=N+1 i=1 j=1

and now applying Eq. (7.58), we have

2N 2N 1
Gy = Z Z > (855 + Gmnbig) ( 2N)4N2_1 (7.62)

n=1m=N+1 i=1 j=1

2¢2 1 1 2¢2 N2
== (N (1-—) =" — )
@) (1-55) = e (7.9

which is smaller than the B # 0 result. It is natural to compare the conductance with the
classical conductance i.e. the series connection between two leads with N channels

(6G) _ (G) N:{—mﬁn’MB:Q (7.64)

2¢2/h ~ 2e2/h 2 0 ,for B # 0.

This result clearly shows that quantum corrections, which comes from the last term in
Eq. (7.58), give a reduced conductance and that the quantum coherence is destroyed by
a magnetic field. Of course in reality the transition from the B = 0 to the finite B-field
case is a smooth transition. The transition happens when the flux enclosed by a typical
trajectory is of order the flux quantum, which we saw from the arguments leading to
Eq. (7.55).
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7.4.3 Universal conductance fluctuations

The fluctuations of the conductance contains some interesting information about the na-
ture of the eigenstates of a chaotic system. Historically the study of these fluctuations
were the first in the field of mesoscopic transport. They were observed experimentally
around 1980 and explained theoretically about five years later.

It is an experimental fact that the fluctuations turn out to be independent of the size of
the conductance itself, which has given rise to the name universal conductance fluctuations
(UCF). Naively, one would expect that if the average conductance is (G) = No(2¢2/h),
corresponding to Ny open channels, then the fluctuations in the number of open channels
would be /Ny, so that (§G) = (2¢2/h)\/Np. This is not seen experimentally, the reason
being that the transmission probabilities are not independent. The number of conducting
channels in a given energy window does therefore not follow a Poisson distribution.

For a completely random system without any symmetries, we do not expect degen-
eracies to occur. In fact one can show from RMT that the statistical measure vanishes
when two eigenvalues coincide. Given an eigenvalue z = 0, the probability for the next
eigenvalue to be at x can be shown to be

P(z) = T exp (—1%2) , (7.65)
2 4

for the case with time-reversal symmetry. This is called the Wigner surmise, and a sug-

gestive derivation is as follows. Suppose that the probability of finding an eigenvalue in

dx is f(z)dx, then P(x)dx is the probability of finding an eigenvalue at z, f(z) dx, times

the probability that there was no eigenvalues in the interval [0, z|:

P(z)dz = exp < /0 " f(x’)) f(2)dz, (7.66)

and hence N
P(x) = f(x)exp (—/0 da:’f(x’)) . (7.67)

For f constant, we recover the Poisson distribution result. Assuming “linear repulsion”
f(z) o< x, we get Eq. (7.65) after suitable normalization. The fluctuations of the number
of eigenvalues in a given interval is therefore far from 1/+/N, which is the physical reason
for the “universal” behavior.

In the following we calculate the fluctuations of G using the statistical RMT for the
S-matrix as outlined above. The fluctuation of the conductance in the non-TRS case are

9262\ 2 N 2N N 2N
<G2>B¢o=(h> DD D D (SmnSmnSm S

n=1m=N+1n'=1m/'=N+1

262 2 N 2N N 2N 1 1
EES T S o i)

n=1lm=N+1n'=1m'=N+1

2¢2\* N* 22\ % / N\ 2 1
— (=) )~ (=) () (14— for N> 1 .
Cr) womr=(5) (3) (vaw) vsr aey
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Figure 7.6: Variance of the conductance of a quantum dot as a function of magnetic field.
The trace is taken at 30 mK. The decrease of the variance when the time-reversal symmetry
is broken by the magnetic field is clearly seen and the decreases by approximately a factor
of 2 is in agreement with the theory. The inset shows the geometry of the quantum dot,
which has additional gates by which the shape can be changed. After Chan et al., Phys.
Rev. Lett. 74, 3876 (1995).

and the variance is

§G? 1
) ~ —, for N> 1. (7.69)
(2¢2/h)* 16

A similar calculation for the B = 0 case gives

5G?
<(22;1;)=20 ~ é for N> 1. (7.70)
e

The variance is thus independent of the average value of G and furthermore it is expected
to decrease by a factor of 2 when a magnetic field is applying. Indeed this is what is seen
experimentally for example as shown in Fig. 7.6.

7.5 Summary and outlook

Below we list a few text books and review papers about mesoscopic physics.

TEXT BOOKS:

1. Electronic transport in mesoscopic systems,
S. Datta, (Cambridge University Press), 1995.
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2. Transport in nanostructures,
D.K. Ferry and S.M. Goodnick, (Cambridge University Press), 1995.

REVIEW PAPERS:

1. Quantum transport in semiconductor nanostructures,

C.W.J. Beenakker and H. van Houten,
Solid State Physics 44, eds. H. Ehrenreich and D. Turnbull, (Academic Press), 1991.

2. Random-matrix theory of quantum transport,
C.W.J. Beenakker, Review of Modern Physics 69, 731 (1997).

3. Conductance quantisation in metallic point contacts,
J.M. van Ruitenbeek, cond-mat/9910394.

4. The statistical theory of quantum dots,
Y. Alhassid, Review of Modern Physics 72, 895 (2000)



Chapter 8

Green’s functions

8.1 “Classical” Green’s functions

The Green’s function method is a very useful method in the theory of ordinary and partial
differential equations. It has a long history with numerous applications.

To illustrate the idea of the method let us consider the familiar problem of finding the
electrical potential ¢ given a fixed charge distribution, pe, i.e. we want to solve Poisson’s
equation

V2o(r) =~ pu(r). (8.1)

It turns out to be a good idea instead to look for the solution G of a related but simpler
differential equation

V2G(r) = d(r), (8.2)
where 0(r) is the Dirac delta function. G(r) is called the Green’s function for the Laplace
operator, V2. This is a good idea because once we have found G(r), the electrical potential

follows as 1
o(r) = o dr' G(r — ') pe(r). (8.3)

That this is a solution to Eq. (8.1) is easily verified by letting V2 act directly on the
integrand and then use Eq. (8.2).
The easiest way to find G(r) is by Fourier transformation, which immediately gives

1
ﬁa

dk ) dk eik-r 1

When inserting this into (8.3) we obtain the well-known potential created by a charge

distribution .
B(r) = /dr’ pe(r') (8.6)

~dmeg v —r/|

—k2G(k) =1 = Gk) = — (8.4)

and hence

127
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8.2 Green’s function for the one-particle Schrodinger equa-
tion

Green’s functions are particular useful for problems where one looks for perturbation
theory solutions. Consider for example the Schrodinger equation

[Ho(r) + V()] Up = BV, (8.7)

where we know the eigenstates of Hy, and where we want to treat V as a perturbation.
Here we consider the case of an open system, i.e. there is a continuum of states and hence
we are free to choose any E. This situation is relevant for scattering problems where a
flux of incoming particles (described by Hy) interacts with a system (described by V).
The interaction induces transitions from the incoming state to different outgoing states.
The procedure outlined below is then a systematic way of calculating the effect of the
interaction between the “beam” and the “target” on the outgoing states.

In order to solve the Schrodinger equation, we define the corresponding Green’s func-
tion by the differential equation

[E — Hy(r)] Go(r,r’, E) = 6(r — 1), (8.8)

with the boundary condition, Go(r,r’) = Go(r’,r). It is natural to identify the operator
[E — Ho(r)] as the inverse of Go(r,r’) and therefore we write!

Gol(r,E) = E— Ho(r) or Gy'(r,E)Go(r,v',E) =d(r —1'). (8.9)
Now the Schrédinger equation can be rewritten as
Gyl (xr, E) = V()] ¥ =0, (8.10)

and by inspection we see that the solution may be written as an integral equation
Tp(r) = 0%(r) + /dr’ Go(r,', E)V (") 5(r"). (8.11)

This is verified by inserting ¢g from Eq. (8.11) into the Gy ¢g term of Eq. (8.10) and
then using Eq. (8.9). One can now solve the integral equation Eq. (8.11) by iteration, and
up to first order in V' the solution is

Up(r) =0 (r) + /dr’ Go(r,v, E)V (r') U (r') + O (V?), (8.12)
where \I/% is an eigenstate to Hy with eigenenergy E. What we have generated by the

iteration procedure is nothing but the ordinary (non-degenerate) perturbation theory. The
next leading terms are also easily found by continuing the iteration procedure. The Green’s

'In order to emphasize the matrix structure we could have written this as [ dr”Ggy* (r,r”) G (r”, 1) =
§(r — '), where the inverse Green’s function is a function of two arguments. But in the r-representation
it is in fact diagonal G5! (r,v') = (E — Ho(r))d(r — 1').
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function method is thus useful for this kind of iterative calculations and one can regard
the Green’s function of the unperturbed system, Gy, as simple building blocks from which
the solutions of more complicated problems can be build.

Before we introduce the many-body Green’s function in the next section, we continue
to study the case of non-interaction particles some more and include time dependence.
Again we consider the case where the Hamiltonian has a free particle part Hy of some
perturbation V, H = Hy + V. The time dependent Schrédinger equation is

[i0y — Ho(r) — V(r)] ¥(r,t) = 0. (8.13)
Similar to Eq. (8.8) we define the Green’s functions by
[i0; — Ho(r)] Go(r,v'st,t') = 5(r —2)o(t — t'). (8.14a)
[i0; — Ho(r) — V(r)] G(r,v';t,t") = 5(r —v')o(t — t'). (8.14b)
The inverse of the Green’s functions are thus
Gyl(r,t) = i0; — Ho(r) (8.15a)
G~ (r,t) = i0; — Ho(r) — V(r). (8.15b)

From these building blocks we easily build the solution of the time dependent Schrodinger
equation. First we observe that the following self-consistent expression is a solution to
Eq. (8.13)

U(r,t) = Vo(r,t) + /dr'/dt' Go(r,v';t, YWV (E)U(r', ), (8.16)

or in terms of the full Green’s function
U(r,t) = ¥(r,t) + /dr'/dt’ G(r,r';t, ) V() Or', t), (8.17)

which both can be shown by inspection, see Exercise 7.1. As for the static case in Eq. (8.11)
we can iterate the solution and get

U =004 GoVI + GoVG VI + GoVG VG VI + ...
="+ (Go+ GoVGo + GoVGoVGo + -+ - ) VI, (8.18)

where the integration variables have been suppressed. By comparison with Eq. (8.17), we
see that the full Green’s function G is given by

G=Go+ GoVGy+ GoVGeVGy + - --
=Gy + G()V(Go + GoVGy+--- ) (8.19)

Noting that the last parenthesis is nothing but G itself we have derived the so-called Dyson
equation

G =Gy + GyVG. (820)
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This equation will play and important role when we introduce the Feynman diagrams
later in the course. The Dyson equation can also be derived directly from Egs. (8.14) by
multiplying Eq. (8.14b) with G from the left.

The Green’s function G(r,t) we have defined here is the non-interaction version of the
retarded single particle Green’s function that will be introduced in the following section.
It is also often called a propagator because it propagates the wavefunction, i.e. if the
wavefunction is know at some time then the wavefunction at later times is given by

U(r,t) = /dr’/dt’G(rt, YU, ), (8.21)

which can be checked by inserting Eq. (8.21) into the Schrodinger equation and using the
definition Eq. (8.14b).

That the Green’s function is nothing but a propagator is immediately clear when we
write is it as

G(rt, r't') = —if(t — ') (r|e )|y, (8.22)

which indeed is a solution of the partial differential equation defining the Green’s function,
Eq. (8.14b), the proof being left as an exercise; see Exercise 7.2. Looking at Eq. (8.22)
the Green’s function expresses the amplitude for the particle to be in state |r) at time ¢,
given that it was in the state |[r’) at time ¢'. We could of course calculate the propagator
in a different basis, e.g. suppose it was in a state |¢,/) and time ¢’ then the propagator for
ending in state |¢y,) is

Gnt,n't') = =if(t — ') (pnle ). (8.23)
The Green’s function are related by a simple change of basis

G(rt,x't') =) (r|¢n)G(nt, n't')(¢n|r’). (8.24)

nn’

If we choose the basis state |¢,,) as the eigenstates of the Hamiltonian, then the Green’s
function becomes

G(rt,x't') = —if(t — ') > " (r|on)(pn|r/yeEn =), (8.25)

n

Propagation from one point to another in quantum mechanics is generally expressed
in terms of transmission amplitudes. As a simple example we end this section by a typical
scattering problem in one dimension. Consider an electron incident on a barrier, located
between z > 0 and = < L, the incoming wave is for z < 0 given by exp(ikz) while the
outgoing wave on the other side x > L is given ¢ exp(ikxz). Here t is the transmission
amplitude. The eigenstates are for this example thus given by

exp(ikx), for x <0,

vk) = { t exp(ikx), for x> L. (8.26)
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When this is inserted into Eq. (8.25) we see that the Green’s function for the x > L and
2’ < 0 precisely describes propagator across the scattering region becomes

G(zt,2't") =t Go(x,2';t,t'), =>L and 2’ <0. (8.27)

where (G is the Green’s function in the absence of the scattering potential. From this
example it is evident that the Green’s function contains information about the transmission
amplitudes for the particle. See also Exercise 10.2.

8.3 Single-particle Green’s functions of many-body systems

In many-particle physics we adopt the Green’s function philosophy and define some simple
building blocks, also called Green’s functions, from which we obtain solutions to our
problems. The Green’s functions contain only part of the full information carried by the
wave functions of the systems but they include the relevant information for the given
problem. When we define the many-body Green’s functions it is not immediately clear
that they are solutions to differential equations as for the Schrodinger equation Green’s
functions defined above. But as you will see later they are in fact solutions of equations
of motions with similar structure justifying calling them Green’s functions. Let us simply
carry on and define the different types of Green’s functions that we will be working with.

There are various types of single-particle Green’s functions. The retarded Green’s
function is defined as

B : bosons
F : fermions

Gl(rat,v'a't') = —if (t — 1) ([W,(xt), O], (+'t)] p.r), { } (8.28)

where the (anti-) commutator [--- ,---]|p r is defined as

[A,B], = [A,B]=AB - BA,
F

= {A,B} = AB+ BA. (8.29)

Notice the similarity between the many-body Green’s function Eq. (8.28) and the one
for the propagator for the one particle wavefunction, in Eq. (8.22). For non-interacting
particles they are indeed identical.

The second type of single-particle Green’s functions is the so-called greater and lesser
Green’s functions

G (vot,v'o’t') = —i(U, (rt) ¥, (r't)), (8.30a)
G<(rot,x'o't') = —i (+1) (U, (e't') W, (rt)). (8.30b)
We see that the retarded Green’s function can be written in terms of these two functions

as
GR(rat,v'o’'t') = 0 (t — t') [G” (vot,x'o't) — G=(vot,'o't')] .

Even though we call these Green’s functions for “single-particle Green’s functions”,
they are truly many-body objects because they describe the propagation of single particles
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governed by the full many-body Hamiltonian. Therefore the single-particle functions can
include all sorts of correlation effects.

The Green’s functions in Eqs. (8.28), (8.30a), and (8.30b) are often referred to as
propagators. The reason is that they give the amplitude of a particle inserted in point r’
at time t' to propagate to position r at time ¢. In this sense G has its name “retarded”
because it is required that t > ¢'.

The relation between the real space retarded Green’s function and the corresponding
one in a general |v)-basis as defined in Eq. (1.71) is

GE(ort, or't’) Zw or)GE(vat, V' a't )k (o', (8.31)
v/

where
Gl(vot, Vo't') = —if (t — 1) ({avo (t), al, . ()] B,F), (8.32)

and similarly for G~ and G<.

8.3.1 Green’s function of translation-invariant systems

For a system with translation-invariance the usual k-representation is a natural basis set.
Since the system is translation-invariant G(r,r’) can only depend on the difference r — r/
and in this case

1 . .y
GR(I' o I',, O't, O'/t/) — 9 Z GZk’rGR(kO't, klo_/t/)e—zk -r ,
kk’

_ l Z eik'(r_rl)GR(kO't, k,O',t/)ei(k_kl)'r/. (833)

v kk’

However, because the right hand side cannot explicitly dependent on the origin and on r’,
it follows that G(k,k’) = dy G (k), allowing us to write

GR(x -1 ot,0't) =5 Ze’k rr)GR(k, ot, o't), (8.34a)
GE(k, ot,0't) = —if (t — 1) ([axo (1), al_, ()] B.F)- (8.34b)
The other types of Green’s functions have similar forms.

8.3.2 Green’s function of free electrons

A particular case often encountered in the theory of quantum liquids is the simple case of
free particles. Consider therefore the Hamiltonian for free electrons (or other fermions)

H=>" &, cn0 (8.35)
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and the corresponding greater function in k-space, which we denote G to indicate that
it is the propagator of free electrons. Because the Hamiltonian is diagonal in the quantum
numbers k and o so is the Green’s function and therefore

G2 (ko,t —t') = —i <cko(t)cLJ(t’)> : (8.36)

Because of the simple form of the Hamiltonian we are able to find the time dependence of
the c-operators (see Eq. (5.24))

ko (t) = efley e = ¢ et (8.37)

and similarly cL(t) = cLeiSkt. An easy way to remember this is to realize that the factor

e "t £ the right of ¢, must have one more electron in state k than e’f* to the left of ¢j.
Now G~ becomes

G (kost — ') = —i{cy o, )e 1), (8.38)

and because the Hamiltonian is diagonal in k and the occupation of free electrons is given
by the Fermi-Dirac distribution, we of course have <ckac;rm> =1—-np(&). In exactly the
same way, we can evaluate G§ and finally GE

G5 (ko,t —t') = —i(1 — np(&o))e 1), (8.39a)
G5 (ko,t — ') = inp(&)e =) (8.39h)
Gl(ko,t —t') = —if(t — t')e "1, (8.39¢)

We see that G~ gives the propagation of electrons, because it requires an empty state while
G*< gives the propagation of holes, because it is proportional to the number of electrons.
This is perhaps more clearly seen if we write the 7' = 0 definition of for example G

G (kK t — 1) = —i(Gley (£)efy ()]0) = —i(Glexe e |Gt (8.40)

which precisely is the overlap between a state with an added electron in state k’ and with
a state with an added electron in k and allowing time to evolve from t' to t. Here |G)
denotes the groundstate of the free electrons, i.e. the filled Fermi sea, |G) = |FS).

By Fourier transforming from the time domain to the frequency domain, we get infor-
mation about the possible energies of the propagating particle. This is intuitively clear
from Eqgs. (8.39) because the propagators evolve periodically in time with the period given
by the energy of the electron. For example, the electron propagator is in the frequency
domain

Gy (ko,w) = —2mi [1 — np(&)] 6 (& — w) . (8.41)

The corresponding r-dependent propagator, which expresses propagation of a particle in
real space is given by

Gi(r—r' w) _/ dk
—2mi ) (2n)3

=d(w) (1 —nrW))

(1= np(&))e™ 6 (G - w)

sin(k,p) k2
kop

= =|r—71 8.42
L ge=w, p=l-r] (842)
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where d(¢) = m3/2,\/e/2/n? is the density of states per spin in three dimensions, see
also Eq. (2.31). The propagation from point r’ to r of a particle with energy w is thus
determined by the density of states, d, the availability of an empty state (1 — np), the
interference function sin (z) /x that gives the amplitude of a spherical wave spreading out
from the point r’. See also Exercise 7.3.

8.3.3 The Lehmann representation

A method we will often be using when proving formal results is the so-called Lehmann
representation, which is just another name for using the set of eigenstates, {|n)}, of the
full Hamiltonian, H, as basis set. Let us for example study the diagonal Green’s function,
G~ (vtvt'). If we insert 1 =" |n)(n| we get

G (1,8) = —ilen (e} (1) = i 3 {nle™ ay (t)a (#)n)

n

1 _ At
:_?Ze BEn (nle, |n') (n'|a] |n)e! En=En )=t (8.43)

In the frequency domain, we obtain

G~ (v;w) = % > e P n)a, [0y (0|} n)d(En — By + w). (8.44)

nn’

In the same way we have (for fermions, ¢)

2
G~ viw e Ze BEn, n‘cT‘n>< |cV’n> ( Y — By _w),
nn'
i
- %Z e_ﬂEn/ <n/|cl|n><n\cy|n'>5(Enu - F, - CU),
nn'
i
e g C_B(En+w) <n’|cj}|n> <n‘cll|n/>5(En/ B En - w)7
nn’
= —G7 (vw)e ™. (8.45)

The retarded Green’s function becomes (again for fermions)

GR(V,w):—i/ dt e!wrin)t Ze < ¢, |n')(n'|ch|n)e!(Bn—Ew)t
0
+ (nlcf ) (e, fn)e~ (= Fut)

Z ﬁEn< (nle, [y |chin) <n|clrn’><n'\cy\n>)

w+E,—Ey+in w—-E,+E,;+1in

(nfc,|n){ /\CVW <—ﬁE —BE )
g n' ) 8.46
Zzw—i—E — B, +in € te ( )
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Taking the imaginary part of this and using (w + in)~! = 73% —imd(w), we get

2
2Im G (v,w) = —% (n)e,|n'y (0|l |n) (e_ﬁE” + e_ﬁE"’) 0(w+ E, — E,) (847)
2
= S tnles 'y e (4 )3 @+ B~ B,
= —i(14+ e )G (v,w), (8.48)

Defining the spectral function A as
A(v,w) = —2Im G (v, w), (8.49)
we have derived the important general relations

iG” (v,w) = A(v,w) [1 — np(w)], (8.50a)
—iG<(v,w) = A(v,w)np(w). (8.50b)

Similar relations hold for bosons, see Exercise 7.4

8.3.4 The spectral function

The spectral function A(v,w) can be thought of as either the quantum state resolution of
a particle with given energy w or as the energy resolution for a particle in a given quantum
number v. It gives an indication of how well the excitation created by adding a particle
in state v can be described by a free non-interacting particle. For example if we look at
the retarded propagator for free electrons in Eq. (8.39¢)

Gl (ko,w) = —i / " dtO(t — ) ig—t =)

1
= —, 8.51
w—& +1in ( )

the corresponding spectral function is
Ag(ko,w) = —21Im Gf (ko, w) = 216 (w — &). (8.52)

Thus for the idealized case of non-interaction free electrons, the spectral function is a delta
function, which tells us that an excitation with energy w can only happen by adding an
electron to the state k given by & = w, as expected.

This result is true for any quadratic Hamiltonian, i.e. non-interacting system. If we
for example have

Hy=Y ¢&dle,, (8.53)

where v labels the eigenstates of the system. Again the spectral function is given by a

simple delta function
Ao(v,w) =218 (w — &). (8.54)
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Generally, due to interactions the spectral function differs from a delta function, but
it may still be a peaked function, which then indicates that the non-interacting approxi-
mation is not too far from the truth. In Chap. 13 this is discussed in much more detail.

We will now show that the spectral function is a like a probability distribution. Firstly,
it is always positive as one must require. This follows from Eq. (8.46), the definition of the
spectral function, Eq. (8.49) and the fact that (n’|c,|n’)(n/|ch|n) = [(n/|c,|n/}[2. Secondly,
it obeys the sum rule

/00 d—wA(U,w) =1. (8.55)

oo 2T

This formula is easily derived by considering the Lehmann representation of —2Im G in
Eq. (8.47)

/ d—wA(V,w) = —/ d—w2 Im GR(v,w)

oo 2m oo 2T

& 1
= / dw— Z(n|c,,|n/><n’]cun> (eiﬁEn + efﬁE"’>
o L —

X 8 (w+ En — Ey)
1
= LS eyl ) (¢ + %)
nn’

= <CVCIJL> + <CZCV> = <cl/CIT/ + C}L,CV> =1, (856)

where the last equality follows from the Fermi operator commutation relations.
Furthermore, the spectral function is similar to the density of states at a given energy.
This is evident since the occupation n, of a given state v is for fermions given by (8.50b)

fi, = (cle,) = —iG<(v,t = 0)

= —i/ d—wG<(1/,w)

oo 2T

= /oo d—wA(V,w)nF(w). (8.57)

oo 2T

The physical interpretation is that the occupation of a quantum state |v) is an energy
integral of the spectral density of single particle states projected onto the state |v) and
weighted by the occupation at the given energy. We of course expect that if the state |v)
is far below the Fermi surface, e.g. &, < Ep, then (clc,) ~ 1. This in fact follows from
the sum rule, because if ¢, < Er and the width of A(v,w) is also small compared to Er
then the Fermi function in (8.57) is approximately unity and since A(v,w) integrates to
27, see above, the expected result follows.

8.3.5 Broadening of the spectral function

When interactions are present the spectral function changes from the ideal delta function to
a broadened profile. One possible mechanism of broadening in a metal is by e.g. electron-
phonon interaction, which redistributes the spectral weight because of energy exchange
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between the electron and the phonon system. Another mechanism for broadening is the
electron-electron interaction. See Chap. 13.

As a simple example we consider a Green’s function which decays in time due to
processes that scatters the particle out of the state v. In this situation the retarded
Green’s function becomes

GE(v,t) ~ —if(t)e v te /T, (8.58)

where 7 is the characteristic decay time. Such a decaying Green’s function corresponds to
a finite width of the spectral function

2/T

(w=8&)2+(1/7)°
(8.59)

oo [e.e]
A(v,w) = —2Im/ dte™'GR(v,t) ~ 2Imi/ dtete vtet/T —
oo 0

Thus the width in energy space is given by 771,

The simple notion of single electron propagators becomes less well defined for inter-
acting systems, which is reflected in a broadening of the spectral function. Amazingly, the
free electron picture is still a good distribution in many cases and in particular for metals,
which is quite surprising since the Coulomb interaction between the electrons is a rather
strong interaction. The reason for this will be discussed later in the Chap. 13 on Fermi
liquid theory.

8.4 Measuring the single-particle spectral function

In order to probe the single-particle properties of a many-body system, a solid state sample
say, one must have a way of measuring how the electrons propagate as a function of energy.
In practice this means taking out or inserting a particle with definite energy. There are
not too many ways for doing this because most experiments measure density or other
two-particle properties. For example the response to an electromagnetic field couples to
the charge or current, which, as we saw in the previous chapter, measures charge-charge
or current-current correlation functions, both being two particle propagators.

In principle there is only one way to measure the single particle properties, which is
to insert/remove a single electron into/out of a many-body system. This can be achieved
by a so-called tunnel junction device or by subjecting the sample to a beam of electrons.
However, in some cases also optical experiments approximately measures the single particle
density of states. For example when a photon is absorbed and an electron is kicked out
from an occupied state to e.g. a freely propagating state outside the material.

In the following we study in detail the tunneling case where an electron tunnels from
one material to the other and show how the tunneling current is expressed in terms of the
spectral functions and thus provides a direct measurement of these.

8.4.1 Tunneling spectroscopy

The tunnel experiment set-up consists of two conducting materials brought into close
contact such that electrons can tunnel from one to the other. This is illustrated in Fig. 8.1.
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Figure 8.1: Measurement setup for the tunnel experiment. Two systems are brought
into close contact, separated by an insulating material, e.g. an oxide or for the so-called
scanning tunneling microscope (STM) simply vacuum. The right panel illustrates the
electron wavefunctions in the two subsystems which have a small overlap in the insulator
region. In the tunneling Hamiltonian this is modelled by the matrix element T, ,.

Systems 1 and 2 are described by their respective Hamiltonians, H; and Hs, involving
electron operators, c1,, and cp .

The coupling between the two sides of the junction is due to the finite overlap of the
wavefunctions, which gives rise to a term in the Hamiltonian of the form

Hi =Y (T,,Mchcg,# +T)ch e ,,) : (8.60)
viL

This is the most general one-particle operator which couples the two systems. The tunnel
matrix element is defined as

T = [ dr s )0, (), (3.61)

with H(r) being the (first quantization) one-particle Hamiltonian.
The current through the device is defined by the rate of change of particles, o = —e(I),
where I = Ny, and hence

I =i[H, Ni]| = i[H12, N1] = ZZZ [( l,ucl LCoy T T, 62 4uC1, l,) ,CJ{,V,CLV/:|
= —ZZ ( wcl Vo — T, 02 €1, V) = —i(L - LY. (8.62)

The current passing from 1 to 2 is driven by a shift of chemical potential difference, which
means that g1 # ps. The coupling between the system is assumed to be very weak, since
the tunnel matrix element is exponentially suppressed with distance between the two
systems. Therefore we calculate the current to lowest order in the coupling. The current
operator itself is already linear in 7}, and therefore we need only one more order. This
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means that linear response theory is applicable. According to the general Kubo formula
derived in chap. 6 the particle current is to first order in His given by

00 = [ dCfiy, ) (8.630)
CIRleQ (t - t/) = _Ze(t - t,)<[fp(t)v ng(t/)Deq (863b)

where the time development is governed by H = Hy + Hs. The correlation function Crg,,
can be simplified a bit as

CF (b~ 1) = e<t—t><[ (t) L), L(t) + L))

[q ]> - <[ﬁ(t)»/i(t’)} >eq + c.c} . (8.64)
20

t — t
Now the combination <[L > involves terms of the form

<(CLVC27#) () (CJ{’”CZ“) (t/)>eq’

with two electrons created in system 1 and two electrons annihilated in system 2 and
therefore is does not conserve the number of particles in each system. Naturally the
number of particles is a conserved quantity and matrix elements of this type must vanish.?
We are therefore left with

I,(t) = 2Re /_OO ot —t') < [ﬂ(t),fi(t')} >eq
— 2Re / avo =) > S T T ([ (06, (0,8, ()i, ()])

v vyl ed
:2Re/ ot —t)> "> 15T <<él,y(t)ch (,y)>eq <é;”(t)627u,(t/)>
—00 v vy eq

() (6@, 0) ). (5.65)

Now the time dependence due to the shift in energy by the applied voltages is explicitly
pulled out such that

ey (t) =& (t)e =Mt (8.66a)
() = Ey(t)e eIVt (8.66b)

with the time dependence of ¢ being given by the Hamiltonian with a common chemical
potential . Furthermore, we are of course allowed to choose a basis set where the Green’s

2This is in fact not true for superconductors which are characterized by having a spontaneous breaking
of the symmetry corresponding to the conservation of particles and therefore such two-particle tunnel
processes are allowed and give rise to the so-called Josephson current.
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function of the decoupled system (i.e. without Hjo) is diagonal, G, , = 6,,,G;. The
particle current then becomes (after change of variable ¢’ — ' + ¢)

0
I, = 2Re / dt’Z|TW|2 V=V (G2 (1, ) G5 (3 t') — GF (v —)G3 (151 -

(8.67)
After Fourier transformation (and reinsertion of the convergence factor e') this expression
becomes

* dw
I, = / o Z |Tuu|2 [G1>(V; w)Gs (w +eV) — GY (v;w)Gy (1w + eV)} ,  (8.68)
e ”

with the voltage given by V = Vo — Vj. The lesser and greater Green’s functions are now
written in terms of the spectral function, see Eq. (8.50), and we finally arrive at

I, = /_C: ;L: %; Ty, 2 A1 (v,w) Az (p,w + V) [nr (w+ eV) — np (w)]. (8.69)

In Eq. (8.69) we see that the current is determined by two factors: the availability of
states, given by the difference of occupation functions, and by the density of states at a
given energy. Therefore by sweeping the voltage across the junction one gets information
about A(v,w). This is a widely used spectroscopic principle in for example the study
of superconductors where it was used to verify the famous prediction of the BCS theory
of superconductivity that there is an excitation gap in the superconductor, and that the
density of states peaks near the gap, see Exercise 4.3 and Exercise 7.5. Also it is used to
study small structures such as quantum dots where the individual quantum levels become
visible due to size quantization.

The tunnel spectroscopy technique amounts to a sweep of an external voltage which
controls the chemical potential while measuring the differential conductance dI/dV. If
the other material is a simple material where one can assume the density of states to be
more or less constant, i.e.

Z T2 Az (v,w + eV) ~ const. (8.70)
o
then
dl o0 onp (w + eV)
dVoc/@dw( >ZA11/w (8.71)

At low temperatures where the derivative of the Fermi function tends to a delta function
and (8.71) becomes

ar x Z Ay (v, —eV). (8.72)

So the spectral function can in fact be measured in a rather direct way, which is illustrated
in Fig. 8.2.
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Figure 8.2: The principle used in tunneling spectroscopy. The left panel shows the two
density of states in the two materials. The right one is metal, where there is little variations
with energy and the experiment can therefore be used to get information about the density
of states of the left material. The two right most panels show the resulting current and
the differential conductance trace. It is seen how the differential conductance is a direct
measure of ) A;(v,w).

8.4.2 Optical spectroscopy

While the response to an electromagnetic field in principle is always given by the dielectric
function, which was shown in Chap. 6, there are cases where it is well approximated by
the one-particle spectral function. Such an example is photo emission spectroscopy.

8.5 Two-particle correlation functions of many-body sys-
tems

While the single-particle Green’s functions defined above measure the properties of indi-
vidual particles the higher order Green’s functions give the response of the quantum system
to processes involving several particles. One important type of higher order Green’s func-
tions are the correlation functions, which was encountered in the linear response chapter.
For example, we saw that the response to electromagnetic radiation was determined by the
auto correlation function of the charge and current densities. Typical correlation functions
that we will meet are of the type

Caa(t,t') = =it —t') ([A(t), A(t)]), (8.73)

where A is some two particle operator.

In order to treat a specific case, we evaluate the polarization function x = C,, for a
non-interacting electron gas (see Eq. (6.39)). This function gives for example information
about the dissipation due to an applied field, because the dissipation, which is the real
part of the conductivity?, is according to Eq. (6.48) given by (take for simplicity the

3Because the power dissipated at any given point in space and time is P(r,t) = J.(r,t) - E(r,t), the
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translation-invariant case)

2
Reo (q,w) = _u;% Im x®(q,w). (8.74)

In momentum space the polarization is given by
XHat =) = /dr X(r =t —t")e i),
= bt~ 1) [ ([pte. ) 0", ] ),

<itt ) [[dr 5 3 {[plant)splaa,t)]) el T i)

q192
) 1 . o
= =it = 1)35 > ([pla.0) pla. )] ) e T, (8.75)
q2
Due to the translation-invariance the result cannot depend on r’ and one sees that qu = —q

(or formally one can integrate over r’ and divide by volume to get a delta function, dq,+q,0)
and thus

, 1
x(a,t =) = =i0(t = t)e’ 55 ([p(a, 1), p(=a,t)]) (8.76)
The Fourier transform of the charge operator was derived in Eq. (1.96)
=> g0 (8.77)

For free electrons, the time dependence is given by (see Eq. (8.37))

p(q, t) = Z CI{Uck—f—qo—ei(&ki&k*—q)t, (878)
ko

which, when inserted into (8.76), yields

1 Ce e _ /
W (@t = 1) = =it =115 D7 (ehyCuesqo Choriqror)) e’ S Ora e ™00 a)",

kk’co’
(8.79)

where the subindex “0” indicates that we are using the free electron approximatlon The

commutator is easily evaluated using the formula, [clcu, cl,cu,] = clT,cM 0,0 — V,cuéy, W
and we find
. 1 (6 — —y
Xo'(a,t —t') = —if(t — t')€2§ > [ne) = ne(Giq)] e b)) (8.80)

ko

total energy being dissipated is

dw 1 dw 1 2
W= /drthrt) Je( 2TFVZE q,w qw) = [ ooy \E(q,w)\ o(q,w)
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A
NI

q/kr

Figure 8.3: Absorption of a photon creates an electron-hole pair excitation in the free
electron gas. The possible range of ¢ and w is given by the dashed area in the right plot.
The strength of the interaction depends on the imaginary part of the polarization function,
see Eq. (8.82)

because (chk> =np(§,). In the frequency space, we find

Y > W ]' 7 _ 4 _ g
X0 (a,w) = —Z/ dte tv Z [nr (&) —nr(&eqg)] @ (Gt q) (=) gmm(t=t)
v ko

() —nr(§eq)
— V%fk—§k+q+w+in' (8.81)

This function is known as the Lindhard function, and later on, when discussing the
elementary excitations of the electron gas, we will study it in much more detail.
Within the non-interacting approximation and according to Eq. (8.74) we then have
that the dissipation of the electron gas is proportional to

~Imx(qw) = 53 np(6) — nr(Geq)] (6~ Girq @) (8:82)
ko

We can now analyze for what q and w excitations are possible, i.e. for which (q,w)
Eq. (8.82) is non-zero. Let us take T' = 0 where np is either zero or one, which means
that nr(§) — nr(§c,q) is only non-zero if (k > kp and [k +q| < kp) or (k < kr and
|k + q| > kr). The first case corresponds to w < 0, while the latter corresponds to w > 0.
However, because of the symmetry x&(q,w) = —x&(—q, —w), which is easily seen from
Eq. (8.81), we need only study one case, for example w > 0. The delta function together
with the second condition thus imply

12
1 Wmax = an +vrq
{ 2 (8.83)

1
O<w=¢~—+k-q— =
2m m Wiin = 550° —vrq , q> 2kp.
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The possible range of excitations in (q,w)-space is shown in Fig.8.3. The excitations which
give rise to the dissipation are electron-hole pair excitations, where an electron within the
Fermi sea is excited to a state outside the Fermi sea. There is a continuum of such
excitations given by conditions in (8.83).

While the electron-hole pair excitations are the only possible source of dissipation in the
non-interacting electron gas, this is certainly not true for the interacting case which is more
complicated. There is one particular type of excitation which is immensely important,
namely the plasmon excitation. This we study in great detail later in this course.

The excitation of the electrons gas can be measured by for example inelastic light
scattering (Raman scattering), where the change of momentum and energy of an incoming
photon is measured. The process discussed here where an electron within the Fermi sea
is scattering to an empty state outside the Fermi sea, is illustrated in the hand side of
Fig. 8.3.

8.6 Summary and outlook

The concept of Green’s functions in many-body physics has been introduced in this chap-
ters, and we will use Green’s functions in practically all discussions in the remaining part
of the course. The Green’s functions describe the dynamical properties of excitations.
We have so far seen two examples of this: the density of states is related to the spectral
function and it can be measured for example in a tunneling experiment, and secondly the
absorption of electromagnetic radiation is given by the charge-charge correlation function.

The physical picture to remember is that the Green’s function G (rot,r’c’t’) gives the
amplitude for propagation from the space-time point r't’ to rt, with initial spin ¢’ and
final spin o.

In this chapter we have defined the following many-body Green’s functions

GR(rot,v'o't') = —if (t —t') ([V,(rt), \I/L,(r’t’)]B,ﬂ retarded Green’s function
G~ (rot,o'r't’) —i(ﬁlg(rt)\lli,(r’t’» greater Green’s function
G<(rot,o'r't') = —i (£1) <\IIZ,(r’t’)\I/U(rt)) lesser Green’s function

and their corresponding Fourier transforms. The important spectral function is in the
frequency domain and in a diagonal basis given by

A(v,w) = —2Im GR(Z/,w) spectral function

The spectral function is related to the density of states. For non-interacting electrons the
spectral function is given by a Dirac delta function

Ap(v,w) = 2m6(§, —w) non-interacting case



Chapter 9

Equation of motion theory

In the previous chapters we saw how various physical observables can be expressed in
terms of retarded Green’s functions and correlation functions. In many cases we need to
calculate the time-dependence of these functions. There are several ways of attacking this
problem, one of which is the equation of motion technique. The basic idea of this method
is to generate a series of coupled differential equations by differentiating the correlation
function at hand a number of times. If these equations close the problem is in principle
solvable, and if not, one needs to invoke physical arguments to truncate the set of equations
in a reasonable fashion. For example one can neglect certain correlations. We shall study
examples of both situations in this chapter.

9.1 The single-particle Green’s function
Let us consider the retarded Green’s function G for either fermions or bosons, Eq. (8.28)

GR(rt,v't') = —if (t — ') ((T(xt), U (x't)] g, ). (9.1)

We find the equation of motion for G® as the derivative with respect to the first time
argument

i0,GE(rt, x't') = (=) (i0:0(t — ') ([¥(xt), ¥ (v't)] 5.F)
+ (=) 0(t — ') ([i0, (rt), VT (x't")] 5 ),
=6t —t)o(r — ')+
+ (=i) 0(t — ') ([i0,T (rt), VT (x't")] 5 ). (9.2)

Here we used that the derivative of a step function is a delta function and the commutation
relations for field operators at equal times [¥(r), UT(r')] g = 0(r—1'). Next, let us study

the time-derivative of the annihilation operator (throughout this chapter we assume that
H is time independent)

0y ¥ (rt) = — [H, ¥(r)] (t) = —[Ho, ¥(r)](t) — [Vins, ¥(r)](t), (9-3)

145
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where the interaction part of the Hamiltonian includes all the interactions in the given
problem, while Hy describes the quadratic part of the Hamiltonian, for example the kinetic
energy. If Hy is the usual kinetic energy Hamiltonian of free particles, we have

—[Hp, ¥ (r)] = 2;L/dr [\IJT(r')VE,\P(r’),\P(r)
_ 7%VE\P(1‘). (9.4)

In this case the equation of motion becomes
1
(z‘at + mv&) GR(rt,v't') = 6(t —t)o(x — ') + DR (xt,r't), (9.5a)
DE(xt,v't)) = —i(t — ') <[—[Vim, T(r)](t), qﬁ(r't’)} . F> . (9.5b)

The function D thus equals the corrections to the free particle Green’s function. Af-
ter evaluating [Vins, U(r)] we can, as in Sec. 5.5, continue the generation of differential
equations. It is now evident why the many-body functions, G, are called Green’s func-
tions. The equation in (9.5a) has the structure of the classical Green’s function we saw
in Sec. 8.1, where the Green’s function of a differential operator, L, was defined as LG =
delta function.

Often it is convenient to work in some other basis, say {v}. The Hamiltonian is again
written as H = Hy + Vjut, where the quadratic part of the Hamiltonian is

Hy=> ty,a}a, (9.6)

vv!

The differential equation for the Green’s function in this basis

GR(wt, 't = —if(t — t')(a, (t), o), ()] .F) (9.7)

)y Yyl

is found in exactly the same way as above. By differentiation the commutator with Hy is
generated
—[HO, ay] = Z tl/y/lal///7 (98)
V”

and hence

> (i 0h — ) GRW V) = 6(t — )8, + DR (vt /1), (9.9a)

DR(wt, v/t") = —if(t —t') <[—[vmt, a,)(t), al, (t')} B,F> . (9.9b)

In this course we will mainly deal with problems where the Hamiltonian does not depend
explicitly on time (linear response was an exception, but even there the time dependent
problem was transformed into a correlation function of a time independent problem).
Therefore the Green’s function can only depend on the time difference t —¢' and in this case
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it is always useful to work with the Fourier transforms. Recalling that when performing
the Fourier transformation of the derivative it becomes 0; — —iw, and that the Fourier
transform of a delta function is unity, §(¢) — 1. We can write the equation of motion in
frequency domain

Z [51111” (w + “7) - tl/V”] GR(VHV/; w) =0y + DR(Va V/; w)a (910&)

l/”

DR,V w) = —i / dte““”")“‘t’m(t—t’)<[—{Vint,auKt),aL(t’)}BF>. (9.10b)

Here it is important to remember that the frequency of the retarded functions must carry
a small positive imaginary part, 1, to ensure proper convergence.

9.1.1 Non-interacting particles

For non-interacting particles, which means that the Hamiltonian is bilinear in annihilation
or creation operators, we can in fact solve for the Green’s function'. In this case we have

Oppr (W +in) — tyun GEW'V w) = 6, 9.11
0

l///

where the subindex 0 on GOR indicates that it is the Green’s function corresponding to a
non-interacting Hamiltonian. As in Sec. 8.1 we define the inverse Green’s function as

1

(GOR)_l (v/5w) = dpur (W + i) =ty = (Gé%) ;V/ (9.12)
and in matrix notation Eq. (9.11) becomes
GH el =1 (9.13)

Therefolre7 in order to find the Green’s function all we need to do is to invert the matrix
(GOR) ;U,. For a diagonal basis, i.e. t,,, = d,,/€,, the solution is

1
(G(])%)l/l// — GOR(V,CL)) 5111// - m 61/1//, (914)

which of course agrees with the result found in Eq. (8.51).

9.2 Anderson’s model for magnetic impurities

In order to exemplify the usefulness of the equation of motion technique, we proceed by
solving a famous model for the appearance of a magnetic moment of impurities of certain

'Here we only consider terms of the form c¢'¢ but also anomalous terms like ¢c could be included.
In Chap. 4 we saw that such a term is indeed relevant for superconductors. For the Green’s function
in a superconductor we should therefore solve the linear problem in a way similar to the Bogoliubov
transformation introduced in Chap. 4. We return to this in Chap. 15.
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The magnetic ion

—Hf 2eq + U
7

Il

Figure 9.1: The Anderson model describing magnetic impurities embedded in a homoge-
neous host metal. The electrons in the conduction band of the non-magnetic host metal,
indicated by the dashed areas, couple to the level of the magnetic impurity ion. The bare
onsite energy of the state on the magnetic ion is ¢;. But the energy of electrons residing
on the impurity ion also depends on whether it is doubly occupied or not, therefore the
state with two electrons residing on the ion has energy 2¢; 4+ U, as seen in (b).

magnetic ions embedded in a non-magnetic host metal. The host metal, e.g. Nb or Mo,
has a conduction band, which can be described by an effective non-interacting model

He =" (ex — 1) ofy i (9.15)
ko

For the impurity ion we assume that it has only one spin-degenerate state in the active
shell, which is typically the d shell. In addition to the bare energy cost for an electron to
reside in the d-state, there is an interaction energy that depends on the state being doubly
occupied or not. The impurity ion Hamiltonian is thus modelled as

Hd+HU:Z(5d_/~L) cgoch—FUndTnl. (916)

lea

where ng, = c:riacdo is the number operator for d-electrons. The crucial input is here
the correlation between electrons on the impurity ion, because the interaction in the
narrower d-shell of a magnetic ion is particular strong and this is in fact the reason for the
magnetism. The states forming the conduction band are primarily s-states that are more
extended in space, and hence interactions are less important for those.

The electrons occupying the conduction band couple to the outer-most electrons of
the magnetic impurity ions, e.g. the d-shell of a Fe ion. The coupling occurs because the
d-orbital and the conduction band states overlap spatially and also lie close in energy,
giving rise to a “hybridization” between the two. The overlapping orbitals leads to a
non-diagonal matrix element of the Hamiltonian

Hiyhy = tkChytir + O tihiyCar (9.17)
ko ko



9.2. ANDERSON’S MODEL FOR MAGNETIC IMPURITIES 149

The bare d-electron energy, €4, is below the chemical potential and from the kinetic
energy point of view, it is favorable to fill the orbital by two electrons. However, this costs
potential energy, U, and it is not possible if 2¢44+ U > 2u. Furthermore, the system gains
further kinetic energy by the hybridization, which on the other hand is complicated by
the fact that the hopping in and out of the impurity orbital with, say, spin up electrons
depends on the occupation of spin down electrons. The hybridization therefore seems to
randomize the spin on the magnetic ion. The sum of these three energy contributions

H:H0+Hd+HU+thb (918)

is known as the Anderson model. See Fig. 9.1 for an illustration. Although the Anderson
model looks simple, its full solution is very complicated and in fact the model has a very
rich phase diagram. The Anderson model has been used to describe numerous effects in
the physics of strongly correlated electron systems.?

It turns out that for certain values of the parameters it is energetically favorable for the
system to have a magnetic moment (and thus minimizing the on-site interaction energy)
while for other values there is no magnetic moment (thus gaining maximum hybridization
energy). The physical question we try to answer here is: Under which circumstances is
the material magnetic?

9.2.1 The equation of motion for the Anderson model

The magnetization in the z-direction is given by the expectation value of the difference
nt — n| between spin up and down occupancy. The occupation of a quantum state was
found in Eq. (8.57) in terms of the spectral function. For the d-electron occupation we
therefore have

Ny = / ;i—:np (@) A(do,w), (9.19)

where A(do,w) is the spectral function, which follows from the retarded Green’s function,
G, see Eq. (8.49). All we need to find is then

GR(doyt —t') = —if (t — 1) <{ch (t),ch (t’)}> . (9.20)

Let us write the equation of motion of this function using Eq. (9.10 ). Due to the
hybridization term the Hamiltonian is not diagonal in the d-operators and the equations
of motion will involve another Green’s function, namely

Gl(ko,do,t —t") = —if (t — ') ({ery (1), ch () ). (9.21)

The equation of motion are thus found by letting v in Eq. (9.10) run over both d and k
and we obtain the coupled equations

(w+in — eq + p) G (do,w) — Z t G (ko, do,w) = 1 + UD"(do,w), (9.22)
k

(w+in — ex + p) GE(ko, do,w) — ;G (do,w) =0, (9.23)

2The model in fact has a known exact solution, but the solution fills an entire book, and it is hard to
extract useful physical information from this solution.
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where

D (do,w) = —i /

—00

[e.e]

dre g (1 ') (L= [nanay, e )0, el (1)} ) (9.24)
The commutator in this expression is for o =T

[narnay, car) = nay[nay, car] = —Ungcar, (9.25)

and likewise we find the commutator for spin down by interchanging up and down. We
thus face the following more complicated Green’s function

DR(d 1t —t) = —if (t —t') ({nay (t) cgp (), ey (2)}). (9.26)

9.2.2 Mean-field approximation for the Anderson model

Differentiating the function in Eq. (9.26) with respect to time would generate yet another
function ({[H,ng (t)d; ()], d5(¢)}) to be determined, and the set of equations does not
close. However a mean-field approximation still grasps the important physics that the
spin-up electron population depends on the spin-down population, therefore we replace
the interaction part Hy by its mean-field version

HY'" = U (nay) nay + U (nay) nar — U (nar) (nay) - (9.27)
With this truncation, the function D® becomes
DR 1,8 — ) = =ib(t — ') {nay) ({ear (), cly (E)}) = (na)GR(d 1,6~ ¥) . (9.28)

In other words, since the mean-field approximation makes the Hamiltonian quadratic we
can include U (ngq (t)) to the energy of the spin-up d-electrons in our equation of motion.
Inserting (9.28) in Eq. (9.22), and solving Eq. (9.23) for GF(d1,w) gives

. tie|?
wt+in—eqg+p—U(n Gl 1,w) — | -
( n—¢&d+p (na))G™(d T,w) Ek W et it in

GRd1T,w)=1, (9.29)

and likewise for the spin-down Green’s function. The final answer is
1
w—ed—l—u—U(ndl) —ZR(w)7

GR(d 1,w) = (9.30a)

R [t

N (w)_zk:w_ekerm. (9.30b)
The function % (w) is our first encounter with the concept known as “self-energy”. The
self-energy changes the pole of G® and furthermore gives some broadening to the spectral
function. Due to this term the “bare” d-electron energy, €4, is seen to be renormalized by
two effects: first the energy is shifted by U (nq|) due to the interaction with the averaged
density of electrons having opposite spin, and secondly, the coupling to the conduction
band electrons gives through ¥(w) an energy shift and most importantly an imaginary
part. In the time domain the imaginary part translates into a life-time. It arises because
the coupling to the c-electrons introduces off diagonal terms in the Hamiltonian, so that
it is no longer diagonal in the d-operators. The diagonal modes are instead superpositions
of ¢- and d-states.
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9.2.3 Solving the Anderson model and comparison with experiments

Assuming that the coupling ¢y only depends on the length of k and thus on ¢, the self-
energy X is

»E(w) :/dEd(E)w—E—Fu—Fm —P/da o) H—iﬂd(w+ﬂ)’t(w+ﬂ)’2. (9.31)

The density of states d (¢) and the coupling matrix element ¢ (¢) depend on the details of
the material, but fortunately it is not important for the present considerations. Let us
assume that the product d(e)[t(¢)|? is constant within the band limits, —W < ¢ < W, and
define the important parameter I' by

md(e)|t(e))? = TOW — |¢|). (9.32)

This approximation is good if the width of the Green’s function (which we shall see shortly
is given by I') turns out to be small compared to the scale on which d(¢)[t(e)[? typically
changes. Since in practice I' < e, the approximation is indeed valid. For w+pu € [-W, W]

we get
r MW d
ER(w)z/ _® r
_ww—€+u
r |w
= "l W’—if, W <wtp< W (9.33)
us W—-w-—-p

The real part gives a shift of energy and since it is a slowly varying function, we simply
include it as a shift of ¢ and define the new onsite energy & = ¢ + Re 2.
The spectral function hence becomes

A(d T,w) = —2Im GT(d 1, w)
2T
= — 5 oW —le|), (9.34)
=+ p—U(ng)) +1?
where I is the width of the spectral function. Note that the spectral function derived here
is an example of the Lorentzian form discussed in Sec. 8.3.5.
Now the self-consistent mean-field equation for (n4;) follows as

() = [ 52 np@)A(d1.0)

27
W dw 2

_ / & () ——— - (9.35)
_w 2w (w_5+ﬂ_U<ndl>) +T

If we neglect the finite bandwidth, which is justified because I' < W, and if we furthermore
consider low temperatures, 7' = 0, we get

0 dw 2T
(nar) ~ | o . 5 T2
o0 2T (w—E4+pu—Ung))"+T

_ Lo b (g_ ptU <”dl>> . (9.36)

[

o
3

r



152 CHAPTER 9. EQUATION OF MOTION THEORY

nr — 1, (71 — 1y )max

(]

0 0.5 z=(p—e)/U Vs 10 y=U/T
Magnetization Experiments
L Lee ™ i . L,
3 4 5 6 7 8 9
Y Zr Nb Mo Re Ru Rh

Electron concentration (number of valence electrons)

Figure 9.2: The upper part shows the mean field solution of the Anderson model with
the left panel being magnetization as a function of electron density ne, i.e. the chemical
potential, for two different I'-values, while the right panel is the maximum magnetization as
function of the correlation energy. We see that there is a critical density and a critical U/T’
where the magnetization sets in. The latter means that too strong hybridization destroys
the magnetization. The bottom panel shows experimental results (Clogston et al. (1962))
for the magnetic moment of Fe embedded in transition metals. The electron concentration
and hence p is varied by changing the alloy. For 4 < n. < 8 the magnetization curve is
seen to be quite similar to the prediction of the model. For ng > 8 the effect of having
more than two d-orbitals in the Fe-atoms becomes important and the simple model is no
longer adequate.
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We obtain the two coupled equations

cot (mny) = y(n| — x), x=—(€—pn)/U, (9.37a)

cot (mn|) = y(ny — x), y=U/T. (9.37b)

The solution of these equation gives the occupation of the d-orbital and in particular tells
us whether there is a finite magnetization, i.e. whether there exists a solution n| # nt,
different from the trivial solution n| = nT.3 In Fig. 9.2 solutions of these equations are
shown together with experimental data. As is evident there, the model describes the
observed behavior, at least qualitatively.

9.2.4 Coulomb blockade and the Anderson model

Above we applied the mean-field approximation to the interaction. This means that the
energy of a given spin direction is only affected by the average occupation of the opposite
spin direction. In an experiment where one probes the actual occupation of the atom
this approach would not be sufficient. Such an experiment is for example a tunneling
experiment where current is passed through a single atom or a small metallic island which
can be thought of as an artificial atom. For the electron that wants to enter the island it
does matter whether the island is already occupied, because, if it is, the tunneling barrier
is increased by U. To capture this physics one must go one step beyond the mean-field
approximation and truncate the equations of motion at a later stage. This is the topic for
Exercise 8.4. See also Exercise 8.3.

9.2.5 Further correlations in the Anderson model: Kondo effect
9.3 The two-particle correlation function

The two particle correlation functions, such as the density-density correlation, was in
Chap. 6 shown to give the linear response properties. Also for this quantity one can
generate a set of equation of motions, and as for the single particle Green’s function they
are not solvable in general. But even so they may provide a good starting point for various
approximation schemes.

Consider for example the retarded charge-charge correlation function

xRt x't') = —i0 (t — t') ([p(xt), p(x't")]). (9.38)

In Chap. 6 it was shown that this function is related to the dielectric response function
and therefore tells about the screening properties of the material.

9.3.1 The Random Phase Approximation (RPA)

A commonly used approximation scheme for correlation functions is the so-called Ran-
dom Phase Approximation (RPA). For the case of the electron gas, which is one of our

3We should also convince ourselves that the magnetic solution has lower energy, which it in fact does
have.
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main topics in this course, RPA is exact in some limits, but also in general gives a decent
description of the interacting electron gas. In Chap.12 RPA is derived using Feynman dia-
grams, but here we derive it using the equation of motion technique. The two derivations
give complementary insight into the physical content of the approximation.

We will for simplicity work with the translation-invariant electron gas with the Hamil-
tonian given by the usual kinetic energy plus interaction energy (here we disregard the
spin degree of freedom because it is not important)

H = Z§k6k0k+§ Z Vg ckJrch qCx'Ck = Hy + Vit (9.39)
kk/q£0

Furthermore, the q = 0 component is cancelled by the positively charged background.
The charge-charge correlation function is

XHa,t =) =—if (t - t) % ([p(at).p(-at)]) chckJrq (9.40)

However, it turns out to be better to work with the function

YRkt — ) = =6 (t = ¥) ([(cherrq) (1), p (—at))]), (9.41)

from which we can easily obtain x(q) by summing over k, x¥(q) = >, x"'(kq). Let us
find the equation of motion

i (ka,t —t') = 8(t — ) {[(chererqg) (), p(—a,t)])
—if(t — ') ([~ [H, ey o) (1) p(—a. 1)), (9.42)

and for this purpose we need the following commutators

Chlirqr P (—Q)} =y {CLCHq’ ch’ck’—q} = che — CL+qu+q7 (9.43)

[Ho, cfcicrq) = (ék — &cra) it (9.44)
[‘/lnt7 Ckck+q Z V { k+ /Ck/ /Ck/ck+q + CL/+q/CL7q/Ck+qu/

— CL’-‘,—q’CLCk‘FqJFq/Ck’ — CLCI{/—qu/Ck—Fq—q,} . (945)

When this is inserted into Eq. (9.42) a new 6-particle Green’s function is generated. Fur-
thermore for each level of the equation of motion a Green’s function with two more electron
operators pops up. At this stage we truncate this series by the random phase approxima-
tion which says that the right hand side of (9.45) is replaced by a mean-field expression
where pairs of operators are replaced by their average values. Using the recipe from Chap.
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4, we get
1
[‘/inta CLCk+q] ~ —5 Z V(q/) {CI(—Fq/CkJ'_q <C1T(/_q/ck/> + <CI{+q/Ck+q> CL/_q/Ck/
k'q’'#0
Ll i L i
cqu/ck-l-q Ck/+q/ck/ Cqulck"!‘q ck’+qlckl

T i T T
_ck’+q’ck’ Cka+q+q/ — Ck’+q’ck/ Cka+q+q/

T T T T
~ Crtg—q \K—q% ) T kChkiq-q ) K—qK -+ const.

_ZV ((Prq) = (1) elo_gries (9.46)

where we used that <c;r(ck,> = (ny )0k - Note that the exchange pairings which we included
in the Hartree-Fock approximation is not included here.

Collecting everything and going to the frequency domain the equation of motion be-
comes,

(W +in + &k — &erq) X (ka,w) = ((nyeyq) — () (1 V() x"(Kq, w)) ,(9.47)
-

which, when summed over k, allows us to find an equation for XR(q, w)

B e () — ()
=5 zk:XR(kq,w) =y Z s (i fra + 0 (1 +V(q) XR(q,w)) , (9.48)

and hence R

XO (qv w)
1-V(gx{(a,w)
This is the RPA result of the polarizability function. The free particle polarizability
X(I){(q, w) was derived in Sec. 8.5. The RPA dielectric function becomes

R,RPA(

X q,w) = (9.49)

FPA(quw) = [T+ V(x*(a,w)] " =1 -V (g) x(a,w). (9.50)

Replacing the expectation values, n,, by the Fermi-Dirac distribution function, we
recognize the Lindhard function studied in Sec. 8.5. There we studied a non-interacting
electron gas and found that x'(q,w) indeed was equal to the numerator in (9.49) and the
two results therefore agree nicely.

In Sec. 8.5 we also analyzed the excitation of the non-interacting electrons gas and the
analysis there is basically still correct. The excitations which were shown in Sec. 8.5 to be
related to the imaginary part of x'*(q,w) and therefore the structure of the electron-hole
excitations of the non-interacting gas (depicted in Fig. 8.3) is preserved here, but of course
the strength is modified by the real part of the denominator of (9.49).

However, the interactions add other fundamental excitations, namely collective modes,
and in the case of a charge liquid these modes are the plasmon modes. The additional
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modes are given by the part where the imaginary part of X(If(q,w) is zero because then
there is a possibility of a pole in the polarizability. If we set Im XOR(q,w) = —id, we have
0

— 11 R W) = =T — (§] R w . .
Im x"*(q, w) T V@R 7 §(1-V(g)Rexg(q,w)).  (9.51)

This means that there is a well-defined mode when 1 — V(g) Re x¥(q,w) = 0 and this
is the plasma oscillation mode, also called a plasmon. The plasmon is studied in detail
in Chap. 12, here we just mention that the condition for the mode turns out to be

W X 4 /wg1 + const. ¢2.

9.4 Summary and outlook

In this chapter we have seen a method to deal with the dynamical aspects of interacting
many-body systems, namely the equation of motion method applied to the Green’s func-
tions. The set of differential equation is not soluble in general, and in fact only a very small
set of Hamiltonians describing interacting systems can be solved exactly. Therefore ap-
proximations are necessary and we saw particular examples of this, namely the mean-field
solution of a magnetic impurity embedded in a metallic host, and the RPA approximation
for the charge auto correlation function.

In the following chapter we use the equation of motion to derive the Green’s functions
in the imaginary time formalism and to derive the famous Wick’s theorem. Wick’s theorem
will then pave the way for introducing the Feynman diagrams.



Chapter 10

Imaginary time Green’s functions

We have seen that physical observables often have the form of Green’s functions, or that
they can be derived in a simple way from the Green’s functions. In all the situations we
have studied so far the physical observables have been related to the retarded Green’s
functions, which in general are defined as

Clig(t,t') = ~i(t — ) ([A(®), BU)] 5 ) { v g nggi)sns } , (10.1)
When A and B are single particle annihilation and creation operators, it is the single
particle Green’s function defined in Eq. (8.28) from which one could derive the density of
states. When A and B are two-particle operators, e.g. the density or current operators,
CT has the form of a retarded correlation function that was shown to give the linear
response results of Chap. 6. In Eq. (10.1) boson operators mean either single particle
operators like b or bf or an even number of fermion operators such as c¢fc appearing in for
example the density operator p. The important thing that distinguishes the boson case
from the fermion case is the sign change that is obtained upon interchange.

In this chapter, we introduce a mathematical method to work out the retarded Green’s
functions. For technical reasons it is convenient to use a mapping to a more general Green’s
function, where the time and frequency arguments are imaginary quantities. This has no
real physical meaning, and is only a clever mathematical trick, which we need to learn.
This is much like treating electrical circuit theory with complex numbers even though
all currents and voltages are real. The present chapter concentrates on the mathematical
details of the technique and applications are left for later. The imaginary time formalism is
particularly useful when we want to perform perturbation theory, and this will eventually
lead us to the Feynman diagrams.

Let us for example look at the definition of the following correlation function

Cap(t,t')=—(A®)B(t)), (10.2)

from which we can find the retarded function as C* = i6(t —')(Cap FCpa). By definition
we have

Cap(t,t') = —%Tr(e’ﬁHA(t)B(t’)). (10.3)

157
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Suppose the Hamiltonian is H = Hy + V, where V is the perturbation. Then we saw in
Chap. 5 that the interaction picture provides a systematic way of expanding in powers of
V. We could try to utilize this and write C4p as

CAB(t,t/):—%Tr e PHT0, ) AU (t, )BT (t',0)], (10.4)

In Eq. (5.18) we saw also how a single U operator could be expanded as a time-ordered
exponential. This would in Eq. (10.4) result in three time-ordered exponentials, which
could be collected into a single time-ordered exponential. But the trouble arises for the
density matrix e ?H, which should also be expanded in powers of the interaction. To
make a long story short: this is a mess and a new idea is therefore needed. The solution
to this problem is to use imaginary times instead of real times, but bare in mind that this
is purely a mathematical trick without physical contents.

To employ imaginary time is not as far fetched as it might look, because both the den-
sity operator p = e# /Z and the time evolution operator U(t) = e"*#* are both expo-
nential functions of the Hamiltonian.! They therefore satisfy similar differential equations:
U satisfies the Schrodinger equation, i0;U = HU while p is the solution to dgp = —Hp,
which is known as the Bloch equation. In order to treat both U and p in one go, one
replaces the time argument by a imaginary quantity ¢ — —i7, where 7 is real and has
the dimension time. In the end this means that both U and p can be treated in just one
expansion in powers of V' . Furthermore, we will see that there is a well-defined method
to obtain the physically relevant quantity, i.e. to go back to physical real times from the
imaginary time function.

As for real time we can define an imaginary time Heisenberg picture by substituting
it by 7. We define

A(r) =™ Ae™™ 1 a Greek letter. (10.5)

In this notation, you should use the imaginary time definitions when the time argument
is a Greek letter and the usual definition when the times are written with roman letters,
SO

A(t) = e Ae™"H  t a Roman letter. (10.6)

Similar to the interaction picture defined for real times, we can define the interaction
picture for imaginary times as

A(r) = eHo ge=7Ho, (10.7)

Letting H = Hy + V, the relation between the Heisenberg and the interaction picture
in imaginary time follows the arguments in Chap. 5. If we consider a product of oper-
ators A(7)B(7') and write it in terms of the corresponding operators in the interaction
representation, we get

A(T)B(r") = U0, ") A(n)U (r,7)B(r)U (', 0), (10.8)

!Note that we consider only time-independent Hamiltonians in this section. If they are not time-
independent, one cannot use the ordinary equilibrium statistical mechanics but instead one must use a
non-equilibrium formalism. This we did in the linear response limit in Chap. 6, but we will not cover the
more general case of non-linear time dependent response in this course.
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where, like in Eq. (5.12), the time-evolution operator U in the interaction picture is

(7(7’, ) = eTHo o= (T=7")H o—~7'Ho (10.9)
From this it follows directly that
Ulr, 7"\ U (", 7' = U(r,7"). (10.10)

An explicit expression for U(7, 7’) is found in analogy with the derivation of Eq. (5.18).
First we differentiate Eq. (10.9) with respect to 7 and find

0,0 (r,7) = ™Mo (Hy — H)e™ T He=7Ho — _Y7 ()T (7, 7). (10.11)

This is analogous to Eq. (5.13) and the boundary condition, U (1,7) =1, is of course the
same. Now the same iterative procedure is applied and we end with

Ulr,7') = i l(—1)" [HT dry - [HT dry, Tr (V(ﬁ) e V(Tn)>

= ;Toexp <— /TT ng(n)) : (10.12)

The time ordering is again the same as defined in Sec. 5.3, i.e. the operators are ordered
such that T, (A(7)B(7")) is equal to A(7)B(7’) for 7 > 7’ and B(7')A(7) when 7" > 7.

Above it was argued that the density operator naturally can be treated within the
imaginary time formalism, and indeed it can, because by combining Egs. (10.9) and (10.12)
we obtain

e PH — ¢=BHO 7 (3,0) = e PHo T) exp (— /6 d7‘1V(7‘1)> ) (10.13)
Consider now the time ordered expectation value of the i)air of operators in Eq. (10.8)
(T, A(r)B(r')) = %Tr [T, A(n)B()| (10.14)

Utilizing Egs. (10.8) and (10.13) we can immediately expand in powers of V'
(T A(r)B(r)) = %Tr [e—ﬂHOU(ﬁ,O) T (U0, AU (7, T’)B(T’)U(T’,O))} . (10.15)

This can be written in a much more compact way relying on the properties of 7. and
Eq. (10.10)

(T,0(8,0)/A(m)B(r"))
<U(6’ 0)>0

where we have used Z = Tr [e‘ﬁH] =Tr [e_ﬁHOU(ﬁa 0)]= and where the averages (---)o

depending on e #H0 appear after normalizing with 1/Zy = 1/Tr [e‘ﬁHO]. This result
demonstrates that the trick of using imaginary time indeed allows for a systematic expan-
sion of the complicated looking expression in Eq. (10.4). However, before we can see the
usefulness fully, we need to relate the correlation functions written in imaginary time and
the correlation function with real time arguments.

(T A(T)B(r')) = %Tr [e—ﬁHOTTfJ(ﬁ, O)A(T)B(T')} - 0 (10.16)
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10.1 Definitions of Matsubara Green’s functions

The imaginary time Green’s functions, also called Matsubara Green’s function, is defined
in the following way

Cap(r, ) = —(T; (A(T)B(7))) , (10.17)
where the time-ordering symbol in imaginary time has been introduced. It means that
operators are ordered according to history and just like the time-ordering operator seen
in Chap. 5 with the later “times” to the left

+ for bosons,
— for fermions.
(10.18)
The next question is: What values can 7 have? From the definition in Eq. (10.17)
three things are clear. Firstly, Cap(7,7’) is a function of the time difference only, i.e.
Cap(1,7") = Cap(r — 7'). This follows from the cyclic properties of the trace. We have
for 7 > 7/

T, (A(T)B(T/)) =0(r —A(T)B(7') £ 6 (T/ — 7') B(m")A(r), {

Cap(r,7') = —=Tr _e_ﬁHeTHAe_THeT,HBe_TIH]

- - B /
— Ty (e BH o~ H TH 4, THeTHB]

=—"Tr _e_ﬁHe(T_T/)HAe_(T_T,)HB}

= CAB(T —7',)’ (1019)

and of course likewise for 7/ > 7. Secondly, convergence of Cap(7,7’) is guaranteed only
if -3 < 7—17 < 3. For 7 > 7' the equality 7 — 7/ < 3 is clearly seen if one uses
the Lehmann representation in Eq. (10.19) to get a factor exp(— [ — 7+ 7| E,), and,
likewise, the second equality is obtained if 7 < 7/. Thirdly, we have the property

Cap(t) = £Cap(t + B), for 7<0, (10.20)

which again follows from the cyclic properties of the trace. The proof of Eq. (10.20) for
T<01is

1
Cap(t+08)=—-Tr efﬁHe(TJrﬂ)HAe*(TJFB)HB]
= —Tr _eTHAe_THe_ﬁHB}

= —Tr _e_ﬂHBeTHAe_TH}

= —Tr :e_ﬁHBA(T)}

_ j:_?lTr (21T (A(r)B)]
= +Cap(7), (10.21)

and similarly for 7 > 0.
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10.1.1 Fourier transform of Matsubara Green’s functions

Next we wish to find the Fourier transforms with respect to the “time” argument T.
Because of the properties above, we take C4p(7) to be defined in the interval —f < 7 < 3,
and thus according to the theory of Fourier transformations we have a discrete Fourier
series on that interval given by

I
Cap(n) = 2/ dr e™/8C 45(7), (10.22a)
e
I &
CAB(T):B > e ™0 o p(n). (10.22b)

However, due to the symmetry property (10.21) this can be simplified as

1 (B . 1 /0 )
CAB(n) _ 2/ dr emm’/ﬁCAB(T) + 2/ dT e”LTFnT/BCAB(T)7
0 -3

1 [P , 1 (B ,
= 2/ dr ™ /8C 5 (1) + 6_”n2/ dr ™7/BC4p (T — B),
0 0

1 4 8 .

=3 (1£e ™) / dr e™/8C ,5(7), (10.23)
0

and since the factor (1 + e*”") is zero for plus sign and n odd or for minus sign and n

even and 2 otherwise, we obtain

n is even for bosons,

n is odd for fermions. (10-24)

;o
Can(n) = / dr ™ 19C 15 (7), {
0

From now on we use the following notation for the Fourier transforms of the Matsubara
Green’s functions

5 , w,, = 2”7”, for bosons,
Capliw,) = / dr e"“n"Cap(T), (2nt1)m ) (10.25)
0 Wy, = T, for fermions.

The frequency variable w,, is denoted a Matsubara frequency. Note how the information
about the temperature is contained in the Matsubara frequencies through .

Finally, we remark that the boundaries of the integral foﬁ dr in Eq. (10.25) leads to
a minor ambiguity of how to treat the boundary 7 = 0, for example if C4p(7) includes
a delta function §(7). A consistent choice is always to move the time argument into the
interior of the interval [0, 3], e.g replace 6(7) by §(7 — 0T).

10.2 Connection between Matsubara and retarded functions

We shall now see why the Matsubara Green’s functions have been introduced at all. In
the frequency domain they are in fact the same analytic function as the usual real times
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Green’s functions. In other words, there exists an analytic function C4p(z), where z
is a complex frequency argument in the upper half plane, that equals C4p(iw,,) on the
imaginary axis and C¥y(w) on the real axis. This means that once we have one of the
two, the other one follows by analytic continuation. Since it is in many cases much easier
to compute the Matsubara function, C4p(iw,,), this is a powerful method for finding the
corresponding retarded function. Indeed we shall now show that the appropriate analytic
continuation is Oz (w) = Cap(iw,, — w + in),where 7 is a positive infinitesimal.

The relation between the two functions C4p and CEB is proven by use of the Lehmann
representation. In Sec. 8.3.3 we calculated the retarded single particle Green’s function
and the result Eq. (8.46) can be carried over for fermions. In the general case we get?

R L~ [An) (0 [Bln) ( _sp o _pE,
Cip(w) = 7 %: ot By — By +in (e (*)e ) (10.26)

The Matsubara function is calculated in a similar way. For 7 > 0, we have

Cap(T) = _71Tr [e_ﬁHeTHAe_THB}

= _71 Z e PEn (n|A|n") (n' |B|n) eT(En=Epu) (10.27)

nn

and hence

s o
Castiog) = [ dresm LS P (A (o Bl B0,
0 nn/

o / / .
-1 S e {n|A|n) (0" |B|n) (ewnﬁeﬁ(En*En/) _ 1) ,

7 L iw, + By — Ep
nn
-1 _gE, (n|A[n') (n'|B|n) _
- _ BEn (i B(En—E,;) _ 1)
7 £ i, + By — By \C
n|Aln') (n'|B|n) ( —BE —-BE
" (4 n) 10.2

ZZ iw,, +E — B, € (H)e ’ (10.28)

Egs. (10.26) and (10.28) show that Cap(iw,) and C§5(w) coincide and that they are just
special cases of the same function, because we can generate both Cap(iw,) and C¥z(w)
from the following function defined in the entire complex plane except for the real axis

1 (n]A|n) (0'|Bn) ¢ _sp —BE
Cupl(z) = — (6775 — () ™). 10.29
45(2) Zz; 2t By — By \° (£)e (10-29)

nn

This function is analytic in the upper (or lower) half plane, but has a series of poles at
E,— E, along the real axis. According to the theory of analytic functions: if two functions

ZNote that it is assumed that the grand canonical ensemble is being used because the complete set
of states includes states with any number of particles. Therefore the connection between imaginary time
functions and retarded real time functions derived here is only valid in this ensemble.
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Im 2z

E

iy, — W+ i
Y@wn) - GR(w)
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Gliw,) — GA(w)
Ty, — W — i

Figure 10.1: The analytic continuation procedure in the complex z-plane where the Mat-
subara function defined for z = iw, goes to the retarded or advanced Green’s functions
defined infinitesimally close to real axis.

coincide in an infinite set of points then they are fully identical functions within the entire
domain where at least one of them is a analytic function and, furthermore, there is only
one such common function. This means that if we know C4p(iw,) we can find C{5(w) by
analytic continuation:

Chy(w) = Capliw, — w + 7). (10.30)

Warning: this way of performing the analytic continuation is only true when Cap(iw,,)
is written as a rational function which is analytic in the upper half plane. If not, it
is not obvious how to perform the continuation. For example look at the definition in
Eq. (10.25). If we nailvely insert iw,, — w + in before doing the integral, the answer is
completely different and of course wrong. Later we shall see examples of how to perform
the analytic continuation correctly.

To summarize: Using the Lehmann representation we have shown that there exists
a function Cyp(z) which is analytic for z not purely real and which coincides with the
Matsubara function, i.e. Cyp(z = iwy,) = Cap(iw,). On the real axis coming from above
this function is identical to the retarded function, i.e. Cap(z = w +i07) = C{z(w).
However, it is not a simple task to determine Csp(z) unless it has been reduced to an
rational function as in Eq. (10.28), where it is evident that the replacement in (10.30)
iw, — z — w + in gives the right analytic function. This is illustrated in Fig. 10.1.

10.2.1 Advanced functions

The function C4p(z) is analytic for all z away from the real axis. Therefore instead
of the continuation in the upper half plane, we could do the same thing in the lower half
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plane iw,, — z — w — in, which gives the so-called advanced Green’s function,
C4p(w) = Cagiv, — w —in). (10.31)
The advanced Green’s function is in the time domain defined as
CAL(tt) = it — 1) <[A(t), B(t’)]37F> . (10.32)

The term “advanced” means that it gives the state of the system at previous times
based on the state of system at present times. The retarded one, as was explained in
Chap. 6, gives the present state of the system as it has evolved from the state at previous
times, i.e. the effect of retardation.

10.3 Single-particle Matsubara Green’s function

An important type of Matsubara functions are the single-particle Green’s function G. They
are defined as

G(ror,v'or’) = — <TT (‘Ila(r,T)\If:r,(r’, T’)>> , real space, (10.33a)

Gvr, V7)) = — <TT (cl,(v')ci, (T/)>> ,  {v} representation. (10.33b)

10.3.1 Matsubara Green’s function for non-interacting particles

For non-interacting particles the Matsubara Green’s functions can be evaluated in the
same way we found the retarded Green’s function in Sec. 8.3.2. Suppose the Hamiltonian
is diagonal in the v-quantum numbers

Hy=> ¢che, (10.34)

so that

(1) = eTHocl em™Ho = &7l (10.35)

) = (2)0(7" = 1) (b (7)e, (7))
. [e(T — ) e, ) ()8 — T)@cy)] e~ (=), (10.36)

For fermions this is

Gor(v,7 = 7)== [0(r = 7)(1 = np(§,)) = 0(7 — T)np(§,)] e &0 (10.37)
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while the bosonic free particle Green’s function reads
Go.s(v,7 = 7) = = [6(r = 7') (L+ np(&,)) + 6(F' = Dhnp(&,)] &) (1038)

In the frequency representation, the fermionic Green’s function is

B .
Go.r(v,ik,) = / dr eZk”Tgo,F(V,T), kn=02n+1)7/0
0

6
= (1 np(s)) / dr ¢nm o6

0
1 ikn B —
=~ (=) g (PP -1),
1
= 10.39
an _ guﬂ ( )
because €% = —1 and 1 — ny(e) = (6765 + 1)_1, while the bosonic one becomes
Go.o(vsita) = [ dr ™Gy (v 7). g = 207/
0
s .
— (14 np(E) / dr i,
0
1 .
=~ (14 np(&) s (e~ 1),
an — Qv
- (10.40)
iqn — fl/, ‘
because €'"? =1 and 1+npg(e) = — (e 77 — 1)_1. Here we have anticipated the notation

that is used later: Matsubara frequencies ik, and ip, are used for fermion frequencies,
while i¢q,, and iw,, are used for boson frequencies.

According to our recipe Eq. (10.30), the retarded free particles Green’s functions are
for both fermions and bosons

1

G(I)%(V,W):w_g +7,77’

(10.41)

in agreement with Eq. (8.51).

10.4 Evaluation of Matsubara sums

When working with Matsubara Green’s functions we will often encounter sums over Mat-
subara frequencies, similar to integrals over frequencies in the real time language. For
example sums of the type

Si(v7) = ;Zg(u,mn)eikﬂ, >0, (10.42)
ikn
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or sums with products of Green’s functions. The imaginary time formalism has been
introduced because it will be used to perform perturbation expansions, and therefore the
types of sums we will meet are often products of the such free Green’s functions, e.g.

. 1 . . . ;
So(v1, Ve, iwn, T) = B ZQO(Vl,zkn)go(ug,zkn + zwn)em”, > 0. (10.43)
ikn
This section is devoted to the mathematical techniques for evaluating such sums. In order
to be more general, we define the two generic sums

1 .
St(r) = 3 Zg(ik‘n)em”, ik,, fermion frequency (10.44a)
ikn
1 .
SB(r) = 3 Zg(iwn)ezw”, iwy, boson frequency (10.44b)

and study them for 7 > 0.

To evaluate these, the trick is to rewrite them as integrals over a complex variable and
to use residue theory. For this we need two functions, n(z), which have poles at z = ik,
and z = iwy, respectively. These functions turn out to be the well known Fermi and Bose
distribution functions

1 )
nr(z) = 1 poles for z =i(2n + 1)7/f3, (10.45a)
1
np(z) = T poles for z =i(2n)w/f. (10.45b)
The residues at these values are
o (k) ) 1
Bes nr()] = I ey = G 1~ 5 (10.462)
L (z — iwp) L 1) 1
Res np(e)] = Bm =5 = mm =1~ 15 (10.46b)

According to the theory of analytic functions, the contour integral which encloses one of
these points, but no singularity of g(z), is given by

-
j(I{dz ng(2)g(z) = 2mi P_{eks nr(z)g(ikn)] = —%g(ikn), (10.47)
for fermions and similarly for boson frequencies
-
fdz np(z)g(z) = 2mi lieks np(2)g(ivy)] = %Zg(iwn). (10.48)

If we therefore define contours, C, which enclose all point z = ik, in the fermionic case
and all points z = iw,, in the bosonic case, but only regions where g(z) is analytic, we can
write

d
SF— _ /C T;np(z)g(z)e”, (10.49a)

SB =+ /c d—’",nB(z)g(z)e”. (10.49b)

27
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Figure 10.2: The contour used to perform the Matsubara sum for a function with known
poles, z;. The contribution from the contour goes to zero as |z| — oo and hence the
contributions from the z = ik,, and z = z; poles add up to zero.

In the following two subsections, we use the contour integration technique in two special
cases.

10.4.1 Summations over functions with simple poles

Consider a Matsubara frequency sum like Eq. (10.43) but let us take a slightly more
general function which could include more free Green’s function. Let us therefore consider
the sum

1 ,
Sy (1) = 3 Zgo(ik‘n)em”, T >0, (10.50)
ik

where go(z), has a number of known simple poles, e.g. in the form of non-interacting
Green’s functions like (10.43)

go(=) = [T — (10.51)

)
Z—Zj

J

where {z;} is the set of known poles and hence go(z) is analytic elsewhere in the z-plane.
Because we know the poles of gy a good choice for a contour is to take one that covers
the entire complex plane Cs : z = Re' where R — oo, see Fig. 10.2. Such a contour
would give us the contribution for poles of ng(z) plus the contributions from poles of
go(z). Furthermore, the contour integral itself gives zero because the integrand goes to
zero exponentially for z € Co, (remember 0 < 7 < 3)

(10.52)

TZ (t—B)Rez
np(2)e™ e { e — 0, for Rez > 0,

PR e eTRez 0, for Rez < 0.
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Figure 10.3: The contour used to perform the Matsubara sum for a function with known
branch cuts, i.e. it is known to be an analytic function in the entire complex plane exempt
on the branch cuts. The contribution from the outer parts of the contour goes to zero as
|z| — oo and hence only the paths parallel to the cut (here the real axis) contribute.

Hence
dz
0= | EnrEn)e
Coo 4T
1 : iknT 2T
] > golikn)e™ T + Z;@g [90(2)] nr(25)e™7, (10.53)
ikn j
and thus
S5 (1) =Y Res [go(2)] np(2;)e™ 7. (10.54)
— 2=2;
J

The Matsubara sum has thus been simplified considerably and we shall use this formula
several times during the course. For bosons the derivation is almost identical and we get

; Zgo(iwn)eiw“ =SP(r)=— Z ;PLGZS. [90(2)] np(z;)e™T. (10.55)
j J

Wn

10.4.2 Summations over functions with known branch cuts

The second type of sums we will meet are of the form in Eq.(10.42). If it is the full Green’s
function, including for example the influence of interaction, we do not know the poles of
the Green’s function, but we do know that it is analytic for z not on the real axis. This
general property of the Green’s function was shown in Sec. 10.2.

In general, consider the sum

S(r) = ;Z glikn)en™ w0, (10.56)
ikn
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where it is known that g(z) is analytic in the entire complex plane except on the real
axis. A contour which includes all points z = ik, and no singularities of g is therefore
C = C1 + Cy depicted in Fig. 10.3. As for the example in the previous section, see Eq.
(10.52), the part where |z| — oo does not contribution to the integral and we are left
with the parts of the contour running parallel to the real axis. They are shifted by an
infinitesimal amount n away from the real axis on either side

S(r) = - /c & p(2g(2)e,

1+Co 2T
1 o0
=5 denp(e) [gle +in) — g(e —in)] . (10.57)

For example, the sum in Eq. (10.42), becomes in this way

1 [e.9]
81(1/77-) = _Tm dE?’LF(E) [g(y7€+i”7) —g(%f—m)] 667—7
1 o N ET
=5 . denp(e)2iIm [GE(v,e)] e
* de
= /_Oo o np(e)A(v,e)eT, (10.58)

according to the definition of the spectral function in Eq. (8.49). In the second equality
we used that G(e — in) = [G(e + in)]* which follows from Eq. (10.29) with A = ¢, and
B = c. Now setting the time argument in the single particle imaginary time Green’s
function, Eq. (10.33b), to a negative infinitesimal 0™, we have in fact found an expression
for the expectation value of the occupation, because

(Cicu> = g(l/a 0_)
— ; D G ikn)e* 0" = Sy (v,0")
ik

* de

_ / O r(E)Aw,2), (10.59)

oo 2T

which agrees with our previous finding, Eq. (8.57).

10.5 Equation of motion

The equation of motion technique, used in Chap. 8 to find various Green’s functions,
can also be used for the Matsubara functions. In the imaginary time formalism the time
derivative of an operator is

OrA(T) = 0, ("M Ae™™) = ™ [H, Ale™™ = [H, A](7) (10.60)
If we differentiate the Matsubara function Eq. (10.17) with respect to 7, we obtain
0

—0,Cag(T — 1) = 9 (9(7’ -7 <A(T)B(T’)> +0(r' - 1) <B(7’/)A(T)>) ,
=0(r —7")(AB — (£)BA) + <TT ([H, A](T)B(T'))> ,
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where the minus sign in (AB — (+)BA) is for fermion operators, whereas the plus sign
should be used for boson operators.

For the single-particle Green’s functions defined in Egs. (10.33), we then get for both
fermion and boson Green’s functions

—0.G(rr,v'7) = 8(r — 7)5(r —¥') + <TT([H, U ()] (r)u (v, T’))> : (10.61a)
T

—0.G(wr, V7Y = 6(7 — )0y + <TT([H, e )(r)ch (T'))> . (10.61b)

For non-interacting electrons the Hamiltonian is quadratic, i.e. of the general form

Hy = /dr/dr' Ul (r)ho(r, )T (r), (10.62a)

Hy=Y tuche,. (10.62b)
vv
In this case, the equations of motion therefore in the two representations reduce to

—0;Go(rr,v'7") — /dr "ho(r,x")Go(x" T, 2'7") = 6(r — 7)o (r — 1), (10.63a)

~0:Go(vr, V') =ty Go (V' V7)) = 6(7 = 7)o, (10.63b)

V”

or in matrix form

g()_lg[) = 17 go_l = _a’r - HO- (1064)

This equation together with the boundary condition G(7) = £G (7 + ) gives the solution.
For example for free particle those given in Egs. (10.37) and (10.38).

10.6 Wick’s theorem

We end this rather technical part by proving an extremely useful theorem, which we will
need later when doing perturbation theory, and which is used in the example ending this
chapter. The theorem - called Wick’s theorem - states that for non-interacting particles,
i.e. when the Hamiltonian is quadratic, higher order Green’s function involving more than
one particle can be factorized into products of single-particle Green’s functions.

Consider an n-particle Green’s function defined as

gén) (V17-17 ct VTLT’VN ViT{7 R 7V;L7-’I{L)
= (—1)" 5 AN AT AN e
= (" (T [e,(m) -2y, (m)el, (72) -l ()] ) - (10.65)

The average is taken with respect to a non-interacting Hamiltonian Hy (like Eq. (10.62)),
which we have indicated by the subscript 0. The time-evolution is also with respect to Hy
and it is given by

é(r) = eTHogemmHo, (10.66)
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The expression in (10.65) is indeed quite complicated to look at if we write out all the
possible orderings and the conditions for that particular ordering. For example if n = 2,
there are 4 time arguments which can be ordered in 4! different ways. Let us simplify the
writing by defining one operator symbol for both creation and annihilation operators

éu,(Tj)7 € [17n]7
>={ o

ef (Tlans1_jy)s 4 € n+1,2n],

!
Vion+1-7)

(10.67)

and furthermore define the permutations of the 2n operators as

P(dy(0y) - dy,(09,)) = dp,(0p,) -~ dp,, (0p, ), (10.68)

2n
where P; denotes the j’th variable in the permutation P (e.g. define the list (a,b, c) and
the permutation (c,a,b) then P = (3,1,2)). Which permutation is the correct one of
course depends on how the time arguments in (10.65) are really ordered. Therefore if we

. . . o . . n
sum over all permutations and include the corresponding conditions, we can rewrite Q(() )
as

Gs" Gt o) = (1" 3 (D) O(op, —op,) -+ 0(0p,_ —0p)
PeSoy,

><<dP1(UP1)"‘dP (op )>07 (10.69)

2n 2n

where the factor (:l:l)P takes into account that for fermions (minus sign) it costs a sign
change every time a pair of operators are commuted.

The easiest way to show Wick’s theorem is through the equation of motion for the n-
particle Green’s function. Thus we differentiate Qén) with respect to one of time arguments,
Ti,...,Tn. This gives two kinds of contributions: the terms coming from the derivative of
the theta functions and one term from the derivative of the expectation value itself. The
last one gives for example for 7

9 L) n 5 4 A o f
50 =m0 [l ) (i ()il )] ) 070
which is similar to the derivation that lead to Eqgs. (10.63) and (10.64), so that we have
G505 = -2 6", (10.71)

where Qo_il means that it works on the coordinate v;,7;. On the right hand side the
derivative only acts on the theta functions in Eq. (10.69).

Take now for example the case where 7; is next to TJI». There are two such terms in
(10.69), corresponding to 7; being either smaller or larger than 7']’- , and they will have

different order of the permutation. In this case G (") has the structure
g(()n) = [0(r -] < .. éyi(Ti)éj/; (7} >

£ [0 =) (el (e () ) (10.72)

J
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and when this is differentiated with respect to 7; it gives two delta functions, and hence

o gl — <[. ] < by (el (e - > [ < "éi;.(TJ/')é%(Ti) ... >> 5(ri — 7).
(10.73)
We can pull out the equal time commutator or anti-commutator for boson or fermions,
respectively

7 J

[éu.(m, e, (n-)}B o= O (10.74)

If 7; is next to 7; instead of 7']4, we get in the same manner the (anti-)commutator

0, (7,6, (7]

which therefore does not contribute. The number of creation and annihilation operators
has thus both been reduced by one, and it leaves a Green’s function which is no longer an
n-particle Green’s function but an (n — 1)-Green’s function. In fact, we saw a special case
of this in Eq. (10.63) where a one-particle Green’s function was reduced to a zero-particle
Green’s function, i.e. a constant. What we have not determined is the sign of the new
(n — 1)-Green’s function, and this sign denoted (—1)* will (for fermions) depend on the
7/ in question. Besides this undetermined sign, our equation of motion (10.71) now looks

J
like

= 10.
pr =0 (10.75)

G568 =30, 8(ri = 7)) (=) G Vam, vt vT). (10.76)
j=1

without ¢ without j

Let us collect the signs that go into (—1)*: (—1) from (—8;), (—1)" from the definition
in (10.65) [(—1)" ']~ from the definition of G~ and for fermions (—1)""*"~J from

moving él, next to ¢, . Hence
j 7

fermions: (—1)* = — (—=1)" (=1)'7" (=1)2~177 = (—1)7 1", (10.77a)
bosons : (—1)* = — (=1)" (=)} =1, (10.77b)

Now Eq. (10.76) can be integrated and because gé”) has the same boundary conditions
as Gy, i.e. periodic in the time arguments, it gives the same result and hence

n

gé”) = Z (£)7* Gy (vimy, V7)) Qén_l)(ulﬁ, S Un T VIThy e oy UnTh). (10.78)

VT
without without j

j=1

By recalling the definition of a determinants this formula is immediately recognized as the
determinant in the case where the minus sign should be used. With the plus sign it is
called a permanent. We therefore end up with

Go(1,1) -+ Go(1,n)
G, m 1) = : : ,i=(v,m) (10.79)
gO(na 1/) e gO(nv n/) B.F

)
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where we used a shorthand notation with the orbital and the time arguments being col-
lected into one variable, and where the determinant || p.r means that for fermions it is
the usual determinant, while for bosons it should be understood as a permanent where all
have terms come with a plus sign; this is Wick’s theorem.

10.7 Example: polarizability of free electrons

In Sec. 8.5 we calculated the polarizability of non-interacting free electrons. In order to

illustrate the working principle of the imaginary time formalism, we do it again here.
The starting point is the physical quantity which is needed: the frequency dependent

retarded charge-charge correlation function, x*(q,w), which follows from the correspond-

ing Matsubara function by

i

X(a,w) = x(a,ign — w +in). (10.80)

In order to find x (q,ig,) we start from the time-dependent x

1

Xo(a,7) = =35 (Tr (p(a,7) p(=a)))g (10.81)

and expresses it as a two-particle Green’s function
1
Xo(a:7) = =3 > (T (el () icrq0 (7) cLa,ck,_q(,,»O. (10.82)
k.k oo’

By Wick’s theorem this is given by a product of single-particle Green’s functions with
all possible pairings and with the sign given by the number of times we interchange two
fermion operators, i.e.

=0 for g#0
xo@n) =5 3 AT (e el ) ) (Tr (e0mam ©) el (1)) = To @y (o (o
kX 0,0
= % %; Go(k + qo, 7)Gy(ka, —7). (10.83)

where we consider only ¢ # 0 and use that Gy(k, k') o< 0y /.

The next step is to calculate the frequency dependent function, i.e. to Fourier trans-
form the product (10.83). The Fourier transform of a product in the time domain is a
convolution in the frequency domain. Because one function has argument 7 while the
other has argument —7, the internal frequencies in the two come with the same sign

) 1 1 . . .
XO(qv ZQn) = B Z 9 Z gO(k +qo, ik, + an)go(kO', an)' (10'84)
ikn ko

The sum over Matsubara frequencies has exactly the form studied in Sec. 10.4.1.
Remembering that G, (ko,ik,) = 1/ (ik, — &), we can read off the answer from Eq.(10.54)
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by inserting the poles of the two Go(ko, 2) (2 = ¢ and 2z = §, , — i¢gn) and obtain

Xo(9: iqn) = Z {nr(€)Go(k+ qo, & + ign) + nr (€ yq — 1n) G0 (Ko, Ey g — i) }
ng fk nF(£k+q)
. 10.85
V Z ’an + fk €k+q ( )

Here we used that
1 B 1

eﬁgk-%qe*ﬁi(In + 1 €6§k+q + 1 ( )

nF (S q — n) =

because ig, is a bosonic frequency. After the substitution (10.80) Eq. (10.85) gives the
result we found in Eq. (8.81).

10.8 Summary and outlook

When performing calculations of physical quantities at finite temperatures it turns out
that the easiest way to find the “real time” introduced in Chap. 7 is often to go via the
imaginary time formalism. This formalism has been introduced in this chapter, and in the
following chapters on Feynman diagrams it is a necessary tool. There you will see why it
is more natural to use the imaginary time Green’s function, also called Matsubara Green’s
function. The reason is that the time evolution operator and the Boltzmann weight factor
can be treated on an equal footing and one single perturbation expansion suffices. In the
real time formalism there is no simple way of doing this.

We have also derived some very useful relations concerning sums over Matsubara fre-
quencies. The things to remember are the following.

Non-interacting particle Green’s function, valid for both bosons and fermions

. 1
QO(% an) = W

e (10.87)

Matsubara frequency sum over products of non-interacting Green’s functions (for 7 > 0)

Z go(iky)etnT = Z Res (go(zj)) nr(2;)e*7, ik, fermion frequency,

lkn J
(10.88a)
Zgo iwp)enT = — Z Res (go(zj)) nB(zj)e®", iw, boson frequency,
- : (10.88b)
with go(2) = [[;1/ (2 —&). If we perform a sum over functions where the poles are

unknown but where the branch cuts are known, we can use a contour depicted in Fig.
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10.3. For example if g(ik;,) is known to be analytic everywhere but on the real axis we get

SF(r) = ;Zgukn)eiknf _ / T (e lg(e + in) — gle — i)

271
ikn —©
_ /_ ~ %W(E) [0R() — g7 (e)] - (10.89)

Finally, we proved an important theorem, Wick’s theorem, which says that for non-
interacting an n-particle Green’s function is equal to a sum of products of single-particle
Green’s functions, where all possible pairings should be included in the sum. For fermions
we must furthermore keep track of the number of factors —1, because each time we inter-
change two fermion operators we must include a factor -1. The end result was

Go(1,1) -+ Go(1,n))
", 1) = : : . i=(v,m),  (10.90)
go(n7 1/) e gO(”) n/) B,F
where
¢Ma,.. .1, ) = (~1)" <TT [6(1) - en)et () ..eT(l’)} >0. (10.91)
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Chapter 11

Feynman diagrams and external
potentials

From the previous chapters on linear response theory and Green’s functions, it is clear
that complete calculations of thermal averages of time-dependent phenomena in quantum
field theory are a rather formidable task. Even the basic imaginary time evolution oper-
ator U(7) itself is an infinite series to all orders in the interaction V(r,7). One simply
faces the problem of getting lost in the myriads of integrals, and not being able to main-
tain a good physical intuition of which terms are important. In 1948 Feynman solved
this problem as part of his seminal work on quantum electrodynamics by inventing the
ingenious diagrams that today bear his name. The Feynman diagrams are both an exact
mathematical representation of perturbation theory to infinite order and a powerful pic-
torial method that elucidate the physical content of the complicated expressions. In this
chapter we introduce the Feynman diagrams for the case of non-interacting particles in an
external potential. Our main example of their use will be the analysis of electron-impurity
scattering in disordered metals.

11.1 Non-interacting particles in external potentials

Consider a time-independent Hamiltonian H in the space representation describing non-
interacting fermions in an external spin-diagonal single-particle potential V_(r):

H=Hy+V=>_ /dr Ul (r) Ho(x) ¥, (r) + > /dr Ul (r)V, (r)¥,(r). (11.1)

As usual we assume that the unperturbed system described by the time-independent
Hamiltonian Hj is solvable, and that we know the corresponding eigenstates |v) and
Green’s functions GO. In the following it will prove helpful to introduce the short-hand

notation ,
(r;,o,7) = (1)  and /dl :Z/drl / dr (11.2)
0
51

177
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for points and integrals in space-time.

We want to study the full Green’s function, G(b,a) = —(T, ¥ (b)¥'(a)), governed by
H, and the bare one, G°(b,a) = —(T, ¥ (b)¥t(a)), governed by Hy. We note that since
no particle-particle interaction is present in Eq. (11.1) both the full Hamiltonian H and
the bare Hy have the simple form of Eq. (10.62), and the equations of motion for the two
Green’s functions have the same form as Eq. (10.63):

[0, —Ho(0)] G°(b,a) = 6(b—a) < [0, —H(b)+V(b)]G%(b,a) =6(b—a) (11.3a)
[0, —H(b)] G(b,a) =5(b—a) < G(ba)=[-0,—H(b)] " é(b—a), (11.3b)

where we have also given the formal solution of G, which is helpful in acquiring the actual
solution for G. Substituting d(b — a) in Eq. (11.3b) by the expression from Eq. (11.3a)
yields:

[0, —H(b)]G(b,a) = [0, —H(b)+V(b)]G°(b,a)
= [0, — H(b)]G°(ba) + V(b) G°(b,a) (11.4)

= [-0,, — H()]G°(b,a) + /dl S(b—1)V(1)G°(1,a).

Acting from the left with [0, — H(b)]™* gives an integral equation for G, the so-called
Dyson equation,

G(b,a) = G%(b,a) + /dl G(b,1) V(1) G°(1,a), (11.5)

where we have used the second expression in Eq. (11.3b) to introduce G in the integrand.
By iteratively inserting G itself in the integrand on the left-hand side we obtain the infinite
perturbation series

Glb,a) = go(b,a)+/d1g0(b,1)V(1)g0(1,a)
+/d1/d2 G°(b,1) V(1) G°(1,2) V(2) G°(2,a) (11.6)

0 0 0 0
+/d1/d2/d3g (b, 1) V(1) G°(1,2) V(2) 6°(2,3) V(3) G°(3, ) + ...

The solutions Egs. (11.5) and (11.6) for G are easy to interpret. The propagator, G, of
a fermion in an external potential is given as the sum of all possible processes involving
unperturbed propagation, described by G, intersected by any number of scattering events
V. So in this simple case there is really no need for further elucidation, but we will anyway
proceed by introducing the corresponding Feynman diagrams.

The first step is to define the basic graphical vocabulary, i.e. to define the pictograms
representing the basic quantities G, G, and V of the problem. This vocabulary is known
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as the Feynman rules:
b

G(b,a) =

a

b

GO (b, a) =

a

/le(l)... — %1 (I1L7)

Note how the fermion lines point from the points of creation, e.g. \IJT(a), to the points of
annihilation, e.g. ¥ (b). Using the Feynman rules the infinite perturbation series Eq. (11.6)

becomes b e h b b b
1
1
= A + 1+ 2 +... (11.8)
2
3
s a a a a

In this form wz clearly see how the full propagator from a to b is the sum over all possible
ways to connect a and b with bare propagators via any number of scattering events. We
can also perform calculations by manipulating the diagrams. Let us for example derive an
integral form equivalent to Eq. (11.5) from Eq. (11.8):

b *b b b
1
b 1
A = A + x|el+ + ®24... = A + x1 (11.9)
1 2
3
a a a [ 20 a

a o a
which by using the Feynman rules can be written as

G(b,a) = G°(b,a) + /dl ¢ (b,1) V(1) G(1, a). (11.10)

The former integral equation Eq. (11.5) for G is obtained by pulling out the bottom part
V(n) G°(n,a) of every diagram on the right hand side of Eq. (11.8), thereby exchanging
the arrow and the double-arrow in the last diagram of Eq. (11.9).

This is a first demonstration of the compactness of the Feynman diagram, and how
visual clarity is obtained without loss of mathematical rigor.

11.2 Elastic scattering and Matsubara frequencies

When a fermion system interacts with a static external potential no energy is transferred
between the two systems, a situation referred to as elastic scattering. The lack of energy
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transfer in elastic scattering is naturally reflected in a particularly simple form of the
single-particle Green’s function G(ik,,) in Matsubara frequency space. In the following the
spin index o is left out since the same answer is obtained for the two spin directions.

First we note that since the Hamiltonian H in Eq. (11.1) is time-independent for static
potentials we know from Eq. (10.19) that G(r7,r'7") depends only on the time difference
7 — 7/, and according to Egs. (10.22b) and (10.25) it can therefore be expressed in terms
of a Fourier transform with just one fermionic Matsubara frequency ik,,:

B
G(rr,x'r’) E G(r,v';ik,) e H*n(T=), G(r,r';ik, :/ drG(rr,x'7) en (=),
s ( )= | drG(rrx'r)

(11.11)
The Fourier transform of the time convolution [dr G°(, — 71)VG(m1 — 7,) appearing in
the integral equation of G is the product G°(ik, )V G(ik,). The elastic scattering, i.e. the
time-independent V', cannot change the frequencies of the propagators. In Matsubara
frequency space the Dyson equation Eq. (11.10) takes the form

G(ry,ra:ik,) = GO (v, 1,5 0k,) + /drl G°(ry,ry5ik,) V(1) G(ry, vy; ik,,). (11.12)

As seen previously, the expressions are simplified by transforming from the |r)-basis to the
basis |v) which diagonalizes Hy. We define the transformed Green’s function in this basis
as follows:

G = /drdr’<y|r>g(r,r’)(r’|u’> & 0mr) =Y G, (). (1113)

127

In a similar way we define the |v)-transform of V(r) as V,,,» = [dr (v|r)V (r)(r|//). In the
|v,ik,,) representation the equation of motion Eq. (11.3b) for G is a matrix equation,

> ik, = £,)8, 0 = Vi) G (ik,) =6, or [ik,1 — Ey — V] G(ik,) =1, (11.14)

V//

where Eo is a diagonal matrix with the eigenenergies &, = ¢, — u along the diagonal. We
have thus reduced the problem of finding the full Green’s function to a matrix inversion
problem. We note in particular that in accordance with Eq. (10.40) the bare propagator
G has the simple diagonal form

Z(lkn - éu)éu,u” gB”,V’ (an) = 51/,V/ = g(u)u (Zk ) Zkl—f 5 . (1115)

V"

We can utilize this to rewrite the integral equation Eq. (11.12) as a simple matrix equation,

G(Wyas ihn) = 0, 1 G (WaViaiiky) + Y GO (Wi iky) Vi, G(vevyi iky,).- (11.16)

We can also formulate Feynman rules in (v, ik, )-space. We note that Go is diagonal in
v, while V is a general matrix. To get the sum of all possible quantum processes one must
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sum over all matrix indices different from the externally given v, and v,. The frequency

argument is suppressed, since the Green’s functions are diagonal in ik,,. .
Y Y

_ 0 _ _ Va,Vy L — v
Gupva = G = O b = F— Vo = %, (11.17)

Vg Vg,

Using these Feynman rules in (v, ik, )-space we can express Dyson’s equation Eq. (11.16)
diagrammatically:

l/b v, l/b
1%
— b
= by + Vc (11.18)
1% 1% 1%

a a

11.3 Random impurities in disordered metals

An important example of elastic scattering by external potentials is the case of random
impurities in a disordered metal. One well-controlled experimental realization of this is
provided by a perfect metal Cu lattice with Mg!! ions substituting a small number of
randomly chosen Cu' ions. The valence of the impurity ions is one higher than the host
ions, and as a first approximation an impurity ion at site P f gives rise to a simple screened
mono-charge Coulomb potential u;(r) = —(e2/|r — P[) e~ I'=P;l/a The screening is due
to the electrons in the system trying to neutralize the impurity charge, and as a result
the range of the potential is finite, given by the so-called screening length a. This will be
discussed in detail in Chap. 13.

In Fig. 11.1(a) is sketched a number of randomly positioned impurities in an otherwise
perfect metal lattice. The presence of the impurities can be detected by measuring the
(longitudinal) resistivity p, of the metal as a function of temperature. At high tempera-
ture the resistivity is mainly due to electron-phonon scattering, and since the vibrational

(a) - (b)
L 337 T LU A P

x T

pgrz oc T T

Figure 11.1: (a) A disordered metal consisting of an otherwise perfect metal lattice with
a number of randomly positioned impurities giving rise to elastic electron-impurity scat-
tering. (b) The electrical resistivity p,.(T") of the disordered metal as a function of tem-
perature. At high T the electron-phonon scattering dominates giving rise to a linear
behavior, while at low T only the electron-impurity scattering is effective and gives rise to
the non-zero value p?, of p at T = 0.
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energy hw (n+ %) in thermal equilibrium is proportional to kT, the number n of phonons,
and hence the electron-phonon scattering rate, is also proportional to T' (see e.g. Exer-
cise 3.2). At lower temperature the phonon degrees of freedom begin to freeze out and the
phase space available for scattering also shrinks, and consequently the resistivity becomes
proportional to some power o of T. Finally, at the lowest temperatures, typically a few
kelvin, only the electron-impurity scattering is left preventing the Bloch electrons in mov-
ing unhindered through the crystal. As a result the resistivity levels off at some value, pg,
the so-called residual resistivity. The temperature behavior of the resistivity is depicted
in Fig. 11.1(b).

We postpone the calculation of the resistivity and in this section just concentrate
on studying the electron Matsubara Green’s function G for electrons moving in such a
disordered metal. We use the plane wave states |ko) from the effective mass approximation
Eq. (2.16) as the unperturbed basis |v).

Now consider Ni][np identical impurities situated at the randomly distributed but fixed
positions P ;. The elastic scattering potential V(r) then acquires the form

imp
V(r) = Z u(r —P)), P is randomly distributed. (11.19)
j=1

Two small dimensionless parameters of the system serve as guides to obtain good
approximative solutions. One is stating that the ratio between the impurity density,

Nimp = Nimp /V, and the electron density n_ is much smaller than unity:

nimp

1. 11.20
- < ( )

el

The other small parameter is stating that the strength of the scattering potential is weak.
We assume that the scattering potential u(r — Pj) differs only significantly from 0 for
r—P j| < a, and that the characteristic value in that region is u. Weak scattering means
that % is much smaller than some characteristic level spacing h?/ma? as follows:!

ma2

h2

a < min {1, kpa}. (11.21)

11.3.1 Feynman diagrams for the impurity scattering
With the random potential Eq. (11.19) the Dyson equation Eq. (11.12) becomes

N,

imp

g(rb’ Tys an) = go(rb_ra; an) + Z /drl gO (rb_rl; an) u(rl_Pj) g(rla L ikn)? (1122)
j=1

! Assume that u is only important in a sphere of radius a around the scattering center. The level spacing
for non-perturbed states in that sphere is near the ground state given by the size quantization h*/ma”.
For high energies around, say ¢ = p®/2m, the level spacing is (9¢/dp) Ap = (p/m) (h/a) = ka h*/ma?,
where p = hk has been used. Thus u is weak if it is smaller than the smallest of these level spacings.
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where we have used the fact that the unperturbed system is translation-invariant and
hence that G(ry,r,;ik,) = G°(r, —r,;ik,). We now want to deduce the Feynman rules
for constructing diagrams in this situation. First expand the Dyson equation Eq. (11.22)
in orders n of the scattering potential u(r—Pj), and obtain G(ry, rq) = Y 0 G (ry,rq),
where the frequency argument ¢k,, has been suppressed. The n-th order term G is

1mp unp

G™(r,,r,) Z Z/drl. /dr (11.23)

X go(rb—rn) u(r, — Pjn) e U(FQ_PJ'Q) go(r2—r1) U(r1_Pj1) go(r1_ra)-

This n-th order contribution can be interpreted as the sum over all processes involving
n scattering events in all possible combination of impurities. Naturally, we can never
hope to solve this problem exactly. Not only is it for all practical purposes impossible to
know where all the impurities in a given metallic sample de facto are situated, but even
if we did, no simple solution for the Green’s function could be found. However, if we are
satisfied with the answer to the less ambitious and more practical question of what is the
average behavior, then we shall soon find an answer. To this end we reformulate Dyson’s
equation in k space since according to Eq. (11.15) gﬁ of the impurity free, and therefore
translation-invariant, problem has the simple form:

) 1
Giliky,) = ————, G(r—r';ik,) ng gler=), (11.24)
ikn — &
The Fourier transform of the impurity potential u(r—P j) is
1 ; 1
=y Z Ug el (r=Py) — v Z —iaP; Ug € ‘ar (11.25)
a a

The Fourier expansion of G (r,,r,;ik,) in Eq. (11.23) is:

G™(r,,r,) Z vn Z >3 Z vn Z /drl .../drn (11.26)

Ji.-Jn -dn

i(q P o e ta P ,1a P )
ngbuqngknfluqn uq2gk1 qlgk e ’ '

Xeikb(rbfrn)eiqn-rn ezkn_l (rp—r,_7) o ezq2~r2 6ikIA(errl)eiql-rl eika-(rlfra).

This complicated expression can be simplified a lot by performing the n spatial integrals,
/ dr etk =9y — ) 5k K, i +a,’ which may be interpreted as momentum conserva-
Jj—

tlon in each electron- 1mpur1ty scattermg: the change of the electron momentum is absorbed
by the impurity. Utilizing these delta functions in the n g-sums leads to

imp 1
G (ryr,) = 35 Z DY (11.27)
J1--Jn kl"'knfl

0 0 0 0 _—il(ky=k,_1)P; +..+(k;—kq)P, ]
ngbukb_kn_lgkn71 e Ukz_klgklukl_kagka e J Jit,
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Introducing the Fourier transform gl({:{{a of GM(r,,r,) as

1 , .
G (r, r,) = = Z oK, T, o~ Ka Ta g}(zzzta’ (11.28)
K.k,
with
Nimp 1
Jie-Jn kyoky, g

0 0 0 0
x Gy Uy, gkn_l .. .ukfklgk1 .. .uklfkagka.

we can now easily deduce the Feynman rules for the diagrams corresponding to Ql((zz(a:

(1) Let dashed arrows je--—-&--kq, P, denote a scattering event uqe_iq'PJ.
(2) Draw n scattering events.
(3) Let straight arrows ——a—— k denote Gy.
(4) Let gga go into vertex el and g{jb away from vertex en.
(5) Let GY go from vertex j to vertex j + 1.
J
(6) Maintain momentum conservation at each vertex.
N,
(7) Perform the sums % > . over all internal momenta k;, and > 1ge over P
J n
(11.30)
The diagram corresponding to Eq. (11.29) is:
P Py Py by
| | | |
91(!3(& = ka_knfl vk — ko yko—k; yk, —k, (11.31)
I I I I
k, "k, ks ° ky ? k' Kk,

This diagram is very suggestive. One can see how an incoming electron with momentum
k, is scattered n times under momentum conservation with the impurities and leaves the
system with momentum k,. However, as mentioned above, it is not possible to continue the
study of impurity scattering on general grounds without further assumptions. We therefore
begin to consider the possibility of performing an average over the random positions P ;
of the impurities.

11.4 Impurity self-average

If the electron wavefunctions are completely coherent throughout the entire disordered
metal each true electronic eigenfunction exhibit an extremely complex diffraction pattern
spawned by the randomly positioned scatterers. If one imagine changing some external
parameter, e.g. the average electron density or an external magnetic field, each individual
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diffraction pattern will of course change drastically due to the sensitivity of the scattering
phases of the wavefunctions. Significant quantum fluctuations must therefore occur in any
observable at sufficiently low temperatures.

Using modern nano-technology to fabricate small (but still macroscopic) samples, and
standard cryogenic equipment to cool down these samples to ultra-low temperatures, one
can in fact obtain an experimental situation where the electrons can traverse the sample
without loosing their quantum-mechanical phase coherence. In Fig. 11.2(a) is shown the
conductance trace of a GaAs nano-device, such as the one shown in Fig. 2.10, at 0.31 K
as a function of the electron density. This density can be controlled by applying a gate
voltage V; on an external electrode. The conductance G is seen to fluctuate strongly for
minute changes of V,. These fluctuations turn out to be perfectly reproducible as V, is
swept up and down several times.

As the temperature of a given sample is raised, the amount of electron-electron and
electron-phonon scattering increases because of an increased phase space for scattering
and an increased number of phonons. The quantum mechanical phase of each individual
electron is changed by a small random amount at each inelastic scattering event, and as a
result the coherence length [, for the electrons diminishes. At sufficiently high temperature
(e.g. 4.1 K) I, is much smaller than the size of the device, and we can think of the device
as being composed as a number of phase-independent small phase coherent sub-systems.
Therefore, when one measures an observable the result is in fact an incoherent average
of all these sub-systems. Note that this average is imposed by the physical properties of
the system itself, and this effective averaging is consequently denoted self-averaging. This
effect is illustrated in Fig. 11.2(b) where the conductance trace at 4.1 K is seen to be much
smoother than the one at 0.31 K, and where the many small phase coherent sub-systems
of the sample are indicated below the experimental graph.

For very large (mm sized) macroscopic samples [, is much smaller than the sample
size at all experimental realizable temperatures (7' > 10 mK for electron gases in metals
and semiconductors), and we are in the impurity self-averaging case. Mathematically,
the impurity average is performed by summing over all the phase-independent coherent
sub-systems and dividing by their number Ngys. But due to the random distribution of
the impurities, this average is the same as an average over the impurity position within a
single subsystem - as can be seen from Fig. 11.2. However, even on the rather small length
scale [, the system is already homogeneous, and one can as well perform the position
average over the entire volume of the sample. Thus in the following we average over all
possible uncorrelated positions P, of the IV, impurities for the entire system:

N,
1 B A P, 1 1 1
g@kbka%mp = Oy, 1, 9k, = ]\;’Sys ; Gk, ~ 5kb,kav/dP1 V/dP2 ~~V/dPNimp Gk,

(11.32)
Here we have anticipated that the impurity averaged Green’s function is diagonal in k
due to the restoring of translation-invariance upon average. Some care must be taken
regarding the average over the impurity positions P . Any n-th order contribution to Gy
contains n scattering events, but they need not be on n different scatterers. In fact, any
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Figure 11.2: (a) The measured conductance of a disordered GaAs sample at 7' = 0.31 K
displaying random but reproducible quantum fluctuations as a function of a gate voltage
Vg controlling the electron density. The fluctuations are due to phase coherent scattering
against randomly positioned impurities. Below is indicated that the phase coherence length
l, is large compared to the size of the sample. (b) The same system at 7' = 4.1 K. The
fluctuations are almost gone due to the smallness of [, at this temperature. The sample
now contains a large number of independent but phase-coherent sub-systems of size l,. As
a result a substantial self-averaging occurs, which suppresses the quantum fluctuations.

number p, 1 < p < n of scatterers could be involved. We must therefore carefully sort out
all possible ways to scatter on p different impurities.

As mentioned in Eq. (11.20) we work in the limit of small impurity densities n; . For a
given fixed number n of scattering events the most important contribution therefore comes
from processes involving just one impurity. Then, down by the small factor Nimp /1, follow
processes involving two impurities, etc. We note that in Eq. (11.29) the only reference to
the impurity positions is the exponential ei(ql‘Ph+q2'PJ'2+"'+q”'Pﬂ'n), with the scattering
vectors q; = k, —k, ;. The sum in Eq. (11.29) over impurity positions in this exponential

is now ordered according to how many impurities are involved:
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imp imp .
S q, P, (g eqa; )P
E 6121:1 q le — 2 : e qJIEQ 51 hq
Jlsesdn h1
1mp 1mp

n Z Z Z (2q, eQy 9y Py Z(Zq,Qng q,) Py,

Q1UQ2=Q h1  h2
Nimp Nimp Nimp (> )P P, i P
N Z Z Z Z Hovay €@ Iy (quQEQQ Uy )Py el(qugecgg %Ug) Py
Q1UQ2UQ3=Q h1  hz h3
+ ... (11.33)

Here @ = {q;,4y,-..,q,} is the set of the n scattering vectors, while Q1 UQ2U...UQ, = Q
denotes all possible unions of non-empty disjunct subsets spanning (). All the scattering
vectors in one particular subset @); are connected to the same impurity P n,- Note, that
strictly speaking two different impurities cannot occupy the same position. However, in
Eq. (11.33) we let the j-sums run unrestricted. This introduces a small error of the order
1 /Nimp for the important terms in the low impurity density limit involving only a few
impurities.?

Since all the p positions P, now are manifestly different we can perform the impurity
average indicated in Eq. (11.32) over each exponential factor independently. The detailed
calculation is straightforward but somewhat cumbersome; the result may perhaps be easier
to understand than the derivation. As depicted in Eq. (11.38) the impurity averaged
Green’s function is a sum scattering processes against the position-averaged impurities.
Since translation-invariance is restored by the averaging, the sum of all scattering momenta
on the same impurity must be zero, cf. Fig. 11.3. But let us see how these conclusions are
reached.

The impurity average indicated in Eq. (11.32) over each independent exponential factor
results in some Kronecker delta’s meaning that all scattering vectors qy,; connected to the
same impurity must add up to zero:

'(th €Q; 9n, )P qh €Qp, 9n; )P
<e >1mp s / P, 50’2%,.%% an (11.34)

This of course no longer depends on the p impurity positions P, the averaging has
restored translation-invariance. The result of the impurity averaging can now be written
as

<§elzl P > Z 3 H( oy, thqh) (11.35)

J1sdn imp p= 1U :1Qh =Q h=1

2This error occurs since our approximation amounts to saying that the (p + 1)-st impurity can occupy
any of the Nlmp impurity sites, and not just the N, —p available sites. For the important terms p < N;,
< 1

and the error is p/Ny,
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which, when inserted in Eq. (11.29), leads to

. 1 n p
I =D JID JID DI | (LS

k;..k,_; p=1 Uflzl Qr=Q h=1

X Gty e G, e, 1,9k, - Ui, —1 k- (11.36)

We note that due to the p factors containing J-functions there are in fact only n — 1 — p
free momenta sums %Zk, to perform. The remaining p volume prefactors are combined
with N.__ to yield p impurity density factors Nimp = Nimp /V.

imp

(n)

The Feynman rules for constructing the n-th order contribution (G,
purity averaged Green’s function (gk)imp are now easy to establish:

)imp to the im-

1) Let scattering lines - - - ---q denote the scattering amplitude u,.

Let ¥k denote a momentum conserving impurity averaged factor nimp50 Sa

\)

Let fermion lines ——a—— k denote the unperturbed Green’s function Gp.
Draw p impurity stars. Let n; scattering lines go out from star 1, no from
star 2, etc, so that the total number ny 4+ ng + ... 4 n, of scattering lines is n.
Draw all topological different diagrams containing an unbroken chain of n + 1
fermion lines connecting once to each of the n scattering line end-points.

Let the first and last fermion line be gﬂ.

Maintain momentum conservation at each vertex.

Make sure that the sum of all momenta leaving an impurity star is zero.
Perform the sum %ij over all free internal momenta k;.

— A~ N /S
ot =~
N— S— e N N

J

=~~~
O oo
~— — — N

Sum over all orders n of scattering and over p, with 1 < p < n.

(11.37)

The diagrammatic expansion of (Gy).  has a direct intuitive appeal:

imp

¥ ( X *x )
(Gi)imp = + 0+ SN+ (11.38)

/ \ | |
- A

V2RI [ 732\ 1\ +
AL\ [ / \ 1|
- wH NN wA Nt A gt

+< 7 o AN e >+

+< ﬁf‘ +}??§ + - + %:}?{ TTT)

71N +oeeet / \ !

BSRSLLES . - - '

In this expression, showing all diagrams up to third order and three diagrams of fourth

order, we have for visual clarity suppressed all momentum labels and even the arrows of

the scattering lines. For each order the diagrams are arranged after powers of Nimps 1-€-

the number of impurity stars. In Fig. 11.3 two diagrams with complete labels are shown.

In the following section we gain further insight in the solution of <gk>imp by rearranging
the terms in the diagrammatic expansion, a procedure known as resummation.
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Figure 11.3: Two fully labelled fifth order diagrams both with two impurity scatterers.
Diagram (a) is a so-called irreducible diagram, i.e. it cannot be cut into two pieces by
cutting one internal fermion line. In contrast, diagram (b) is reducible. It consists of two
irreducible parts.

11.5 Self-energy for impurity scattered electrons

In Fig. 11.3 we introduce the concept of irreducible diagrams, i.e. diagrams in the expan-
sion of <gk>imp that cannot be cut into two pieces by cutting a single internal fermion line.
We now use this concept to resum the diagrammatic expansion Eq. (11.38) for (Gi);y,,-
We remind the reader that this resummation is correct only in the limit of low impurity
density. First we define the so-called self-energy 3, :

The sum of all irreducible diagrams in (Gy),,
Ek = . ) . 0 P
without the two external fermion lines gk

}?{ /ﬁ\ /*\ /*\ /*\

= 1+ / N+ /|\+/4{\ + AN TR B REE
| \ / \ / \
[ J =0

/ /1N A
e 0wt

- D (11.39)

Using ¥, and the product form of (Gy);,,, in Fourier space, Eq. (11.38) becomes

imp

Okimp = ——+ -t e+ ...
— —<—+—<—@x (—<—+—<—@—<—+>
= G+ 0y Sy () imp- (11.40)
This algebraic Dyson equation, equivalent to Eqgs. (11.9) and (11.18), is readily solved:

. G 1 B 1
(Grelikn) bimp = 1 G T GOy ke 6 Sk (11.41)

From this solution we immediately learn that ¥, enters <gk>imp as an additive correction to
the original unperturbed energy, &, — &, + X, , hence the name self-energy. The problem
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of finding (Gy);,,,, is thus reduced to a calculation of X, . In the following we go through

imp
various approximations for X, .

11.5.1 Lowest order approximation

One marvellous feature of the self-energy ¥, is that even if it is approximated by a finite
number of diagrams, the Dyson equation Eq. (11.40) actually ensures that some diagrams
of all orders are included in the perturbation series for (Gx);,,,- This allows for essential
changes in (Gk);,,,, notably one can move the poles of (Gx);,,, and hence change the
excitation energies. This would not be possible if only a finite number of diagrams were
used in the expansion of (G);,, itself.

Bearing in mind the inequalities Egs. (11.20) and (11.21), the lowest order approxi-
mation ZﬁOA to X, is obtained by including only the diagram with the fewest number of

impurity stars and scattering lines,
OA /; _
YO (ik,) = ’f = Ny = lmp/dru (11.42)

i.e. a constant, which upon insertion into Dyson’s equation Eq. (11.41) yields

1
ikn, _(£k+n1mp O).

GLO (ik,) = (11.43)

But this just reveals a simple constant shift of all the energy levels with the amount
Nimplo- This shift constitutes a redefinition of the origin of the energy axis with no
dynamical consequences. In the following it is absorbed into the definition of the chemical
potential and will therefore not appear in the equations.

11.5.2 1% order Born approximation

The simplest non-trivial low-order approximation to the self-energy is the so-called first
order Born approximation given by the 'wigwam’-diagram

PR
kﬁk/ 1mpz‘uk k”2 ]{7 _ék/ (1144)

DA (ik,) =
k!

where we have used that u_, = ui“( since u(r) is real. We shall see shortly that E}{BA =
Re ElchA + ¢ Im EII{BA moves the poles of (Gy)

the propagator acquires a finite life-time. By Eq. (11.40) we see that
propagations with any number of sequential wigwam-diagrams:

1157, N i i*\ + ,}a{\ ,}'A‘f + ,}A{\ ,}'}: /}A\: +--- (11.45)

A (DA (AR AR A
—— -t I I Ittt 4 ¥ <t Tt g E=

= —=g= away from the real axis, i.e.
ngA

imp
is the sum of

In the evaluation of le(BA we shall rely on our physical insight to facilitate the math.
We know that for the electron gas in a typical metal ep ~ 7 eV ~ 80 000 K, so as
usual only electrons with an energy ¢, in a narrow shell around e, ~ p play a role. For
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Figure 11.4: (a) The functions ny |y [* and (w —ey +p)/[(w — &) +p1)* +1°] appearing in
the expression for Re E}{BA (ik,). (b) The functions n,__|u, |* and |k,,|/[(w — &) + 1)? +1?]

imp

appearing in the expression for Im Ell(BA (ik,,).

T < 800 K we have kT /e < 1072, and for applied voltage drops Vey; less than 70 mV
over the coherence length [, < 10~° m (the typical size we are looking at), i.e. applied
electrical fields less than 7000 V/m, we have eVey/ep < 1072, Thus we are only interested
in Ell(BA(ikn) for

k| ~ kg and lik, — w +isgn(k,)n| < ep. (11.46)

Here we have also anticipated that at the end of the calculation, as sketched in Fig. 10.1,
we need to perform an analytical continuation down to the real axis, either from the upper
half-plane, where k,, > 0, as tk,, — w + in, or from the lower half-plane, where k,, < 0, as
ik, — w —n.

Furthermore, as we shall study in great detail later, the electron gas redistributes itself
to screen out the external charges from the impurities, and as a result u, _,, varies in a
smooth and gentle way for 0 < |k — k'| < 2kp.

With this physical input in mind we continue:

1
ElBAw—i—isgn k,)n) = n, E U ]2 - 11.47
k ( ( ) ) imp - ’ k—k| (w —{k,)+lsgn(kn)77 ( )
2 w =& .
= Moy 1| | o —isgn(k,) m0(w — &,
> gl e — ek w6

Since |uk_k,\2 vary smoothly and |w —§,,| < ep & pu we get the functional behavior shown
in Fig. 11.4. Since (w — &)/ ((w — &.)? + %) is an odd function of w — &, and the width
n is small, we have® Re lecBA (ik,) ~ 0; For the imaginary part of B4 we obtain the
usual delta function for n — 0. Finally, since the spectral function for the unperturbed
system forces w to equal &, we obtain:

Ty

. . . 1
EII{BA (ik,) = —im sgn(k,,) Znimp\uk_k,]2 0(& — &) = —isgn(k,) 5 (11.48)
k/

3Strictly speaking, we only get vanishing real part if the slope of |uk7k,\2 is zero near p. If this is not
the case we do get a non-zero real part. However, since |u, _,, |2 is slowly varying near u we get the same
real part for all k and k' near kp. This contribution can be absorbed into the definition of .
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where we have introduced the impurity scattering time 7, defined as

1
— =2 > il iol? 6(& — o) (11.49)
k K’/

This result can also be found using Fermi’s golden rule. Now we have obtained the 1st
order Born approximation for G, (ik,,) in Eq. (11.41) and the analytic continuation ik, — 2z
thereof into the entire complex plane:

1

1 Z*ﬁﬁ’ Imz>0

k" 2T
GiBA(ik,) = — GiBA(z) = K (11.50)
Y ik — g+ i) ik T et mz<0.

k

We see that giBA (z) has a branch cut along the real axis, but that it is analytic separately
in the upper and the lower half-plane. This is a property that will play an important role
later, when we calculate the electrical resistivity of disordered metals. Note that this
behavior is in accordance with the general results obtained in Sec. 9.2 concerning the
analytic properties of Matsubara Green’s functions.

We close this section by remarking three properties summarized in Fig. 11.5 related
to the retarded Green’s function GR1BA (w) = G'BA(w 4+ 4n). First, it is seen by Fourier

transforming to the time domain that GE71BA () decays exponentially in time with 7 as
the typical time scale:
d —i(w+in)t ,
G () = / () e e (11.51)
21w — & +1i/27,

Second, exploiting that w, 7 T« €, it is seen by Fourier transforming back to real space
that GRIBA (1 W) decays exponentially in space with lj = UpTy as the typical length scale:

ik-r
GRIBA (1, o) 5/ dk eflr _ md(ep) cikglr| o= Irl/2hc (11.52)
(2m)? w — & +1i/27 kg lr|

Thirdly, the spectral function All(BA (w) is a Lorentzian of width 27, :

1/7,

AIBA () = _9 Ty G1BA N
ST S e i

(11.53)

In conclusion the impurity averaged 1st Born approximation has resulted in a self-
energy with a non-zero imaginary part. The poles of the Matsubara Green’s function
QlchA (ik,) are therefore shifted away from the real axis, resulting in a both temporal and
spatial exponential decay of the retarded Green’s function. This is interpreted as follows:
the impurity scattering transforms the free electrons into quasiparticles with a finite life
time given by the scattering time 7, and a finite mean free path given by lx = vp7.
The finite life time of the quasiparticles is also reflected in the broadening of the spectral
function. The characteristic sharp d-function for free electrons, Ax(w) = 27d(w — &), is
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Figure 11.5: (a) The impurity averaged Green’s function (G, (ik,,)) The imaginary

imp”
part of the self-energy is related to the scattering time 7, and hence also to the elastic
scattering length | = vp7 . (b) In the Born approximation the spectral function Ay (w) is

a Lorentzian centered around &_= 0 with a width 1/27,.

broadened into a Lorentzian of width 1/27, . This means that a particle with momentum
k can have an energy w that differs from §_with an amount h/27,.

This calculation of self-averaged impurity scattering constitutes a first and very im-
portant example of what can happen in a many-particle system. Note in particular the
important role played by the self-energy, and the fact that it can have a non-zero imaginary
part. The results is obtained in the 1st order Born approximation, where the self-energy
is approximated by a single diagram. But what happens if we take more diagrams into
account? The surprising answer is that in the low impurity density limit, Nimp <K Tlel NO
qualitative difference arises by taking more diagrams into account. Only at higher impurity
densities where scattering events from different impurities begin to interfere new physical
effects, such as weak localization, appear. Let us see how this conclusion is reached.

11.5.3 The full Born approximation

A natural extension of the 1st Born approximation is the full Born approximation, which
is exact to lowest order in n;, .. It is defined by the following self-energy EEBA (ik,,), where
any number of scattering on the same impurity is taken into account, i.e. more dashed
lines on the wigwam-diagram:

3¢
3¢
3¢

FBA __ /N 7\ VARRS
X = | + RN + RN + AN +
: / \ /1N /1 v\
o0 <=0 [ o o o )
k k k k k k k k

e - -
=

w}

o%

¢
k
X

/N
(=9

=3¢

Bl

ol

In the parenthesis at the end of the second line we find a factor, which we denote ¢, .,

that is not diagonal in k but with a diagonal that equals the self-energy ¢, , = EEBA. In
scattering theory ¢,, , is known as the transition matrix. When this matrix is known all
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consequences of the complete scattering sequence can be calculated. An integral equation
for the transition matrix is derived diagrammatically:

/7 \
tkhkz(zkn) = ! + AR + : \ +
51(:,1(2 k, k, k, k,
)?{ kg ? }?( /W\ /*\
= ! + Y < X ! + FARN + //:\\ + e
/7
5k.1,k2 k, K’ 5k’,k2 i k, A “k2
0
= Myptiody 1o Tt g0 Gl b - (11.55)
k/

This equation can in many cases be solved numerically. As before the task is simplified
by the fact that we are only interested at electrons moving at the Fermi surface. The real
part of the diagonal element tk,k(ikn)» the one yielding the self-energy, is almost constant
for |k| ~ kg and is absorbed into the definition of the chemical potential ;. We are then
left with Im tk7k(ikn), and by applying the optical theorem,* Im by =Im Y th, gﬁ,tk,,k,
we obtain

te w2
Im %4 (ik,) = Im by (ik,) = Tm ) z]l;ki
k/ n k/
—sgn(k teael? 0w — &). 11.56

This has the same form as Eq. (11.48) with [¢, ,,|? instead of nimp|uk7k,\2, and we write

1 1
S0t k) = —isgn(k,) s—,  with — =21 Y |t 0> 6(& — &) (11.57)
27'k Tk o 3

By iteration of Dyson’s equation we find that GFBA is the sum of propagations with any
number and any type of sequential wigwam-diagrams:

= - A + /;?E\ + X )?‘ 4o (11.58)

DAY / 1\ /7 \
—~— it et i eidld-

11.5.4 The self-consistent Born approximation and beyond

Many more diagrams can be taken into account using the self-consistent Born approxima-
tion defined by substituting the bare G with the full G in the full Born approximation

‘Eq. (11.55) states (i): ¢t = u 4 uG’t. Since u' = u the Hermitian conjugate of (i) is (ii): u =
—t7(G°)Tu +t7. Insert (ii) into (i): ¢t = u + (7G%t — t7(G°) uG’t). Both u and t7(G°)TuG’t are Hermitian
so Im tex = Im (k\tfgoﬂk) =Im ) ,, t;k,gﬁ,tk/ -
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Egs. (11.54) and (11.55) yields:

ESCBA . )?{ n * n /ﬁf\ + //;W:\\ g
k " 7\ / \ AV ERNRN
[ ] =g o=d—g— o—g—
= nimpuoék,k + Z Uy _yr gk/ tk/’ka (1159)
k/

~
-

a self-consistent equation in EiCBA since G, = (ik, — & — EE,CBA)_l. We again utilize
that ¢, , is only weakly dependent on energy for k| = kp and w < e, and if furthermore
the scattering strength is moderate, i.e. |E§CBA| < e we obtain almost the same result
as in Eq. (11.56). Only the imaginary part 3, of EiCBA = Ef + 1%, plays a role, since

the small real part Ef can be absorbed into pu.

[ty ser|”
Zi{flmtkkflmzﬁ —sgn(k, —2%) Zytkk,y S(w—&). (11.60)
K’ Kk’ Kk’

The only self-consistency requirement is thus connected with the sign of the imaginary
part. But this requirement is fulfilled by taking Im XS¢BA(ik ) oc —sgn(k,,) as seen by
direct substitution. The only difference between the full Born and the self-consistent
Born approximation is in the case of strong scattering, where the limiting d-function in
Eq. (11.60) may acquire a small renormalization. The final result is

1 1
SCBA . . .
200 (ik,) = —isgn(k,) R, with E A 2T Ek, ‘tk,k/‘2 0w — & )- (11.61)

By iteration of Dyson’s equation we find that GS5°BA is the sum of propagations with
any number and any type of sequential wigwam-diagrams inside wigwam-diagrams but
without crossings of any scattering lines:

"
=S.C1LA: + (A + /;?\{\ + PARANN + ..

+ [ A W S A 70N +- (11.62)
XX ISP
-
x
7\ //)?{‘\
+ ok kN o+ 4 N + -
/A VA RN //)?{' }A{\
PN NN /7 /| '\\iﬁ
B B me e ma o o

We have now resummed most of the diagrams in the diagrammatic expansion of <gk>imp
with the exception of wigwam-diagrams with crossing lines. In Fig. 11.6 are shown two
different types of irreducible diagrams of the same order in both Nimp and wuy,. Also
sketched is the phase space () available for the internal momenta k; and k, in the two
cases. At zero temperature the energy broadening around the Fermi energy e, is given by



196 CHAPTER 11. FEYNMAN DIAGRAMS AND EXTERNAL POTENTIALS

(a) P& Pimp {b) Pmp  3Pimp
/7 N\ /7 \ 7\
/ \ VR PR
/ \ \
4 Pimp \ // \ / \\
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Figure 11.6: (a) The non-crossing wigwam diagrams, one inside the other, where k; and k,,
can take any value on the spherical shell of radius k and thickness Ak ~ 1/I. The phase
space is Q, o (47kaAk)?. (b) The crossing wigwam diagram has the same restrictions for
k, and k, as in (a) plus the constraint that [k+k,—k,| ~ k. For fixed k, the variation of
k, within its Fermi shell is restricted to the intersection between this shell and the Fermi
shell of k+k, —k;, i.e. to a ring with cross section 1/ 12 and radius ~ kp. The phase space
is now Qp o (47kpAk)(2mkpAk?). Thus the crossing diagram (b) is suppressed relative
to the non-crossing diagram (a) with a factor 1/kpl.

|X| = h/7 which relaxes |k, |, |ky| = kg a bit. In k-space the broadening Ak is given by
B2 (kp + Ak)?/2m =~ e + h/7 which gives Ak ~ 1/vpT = 1/1, i.e. the inverse scattering
length. This means that k; and k, are both confined to a thin spherical shell of thickness
1/l and radius k.

In Fig. 11.6(a), where no crossing of scattering lines occurs, no further restrictions
applies, so the volume of the available phase space is €, = (47rk% /D% In Fig. 11.6(b),
where the scattering lines crosses, the Feynman rules dictate that one further constraint,
namely |k + k; — k,| = kp. Thus only one of the two internal momenta are free to be
anywhere on the Fermi shell, the other is bound to the intersection between two Fermi
shells, i.e. on a ring with radius ~ kp and a cross section 1/{? as indicated in Fig. 11.6(b).
So Qp = (4nkp/l)(27ky/12). Thus by studying the phase space available for the non-
crossed and the crossed processes we have found that the crossed ones are suppressed by a
factor Q,/Q, ~ 1/(kgl). Such a suppression factor enters the calculation for each crossing
of scattering lines in a diagram. Since for metals 1/kp ~ 1 A we find that

1

— <1, forl>1A. (11.63)
kgl

In conclusion: all cases where the scattering length [ is greater than 1 A we have by
the various Born approximations indeed resummed the perturbation series for (G, (iky, )y,
taking all relevant diagrams into account and obtained ¥, (ik,,) = —i%f"). It is interest-

k

ing to note that in e.g. doped semiconductors it is possible to obtain a degenerate electron
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gas with a very low density. In these systems 1/kp or the Fermi wavelength is much
larger than in metals, and the condition in Eq. (11.63) is violated. In this case one may
therefore observe deviations from the simple theory presented here. One example is the
observation of weak localization, which is an increase in the resistivity due to quantum
interference between scattering events involving several impurities at the same time. The
weak localization effect is studied in Sec. 15.4.

11.6 Summary and outlook

In this chapter we have introduced the Feynman diagrams for elastic impurity scattering.
We have applied the diagrammatic technique to an analysis of the single-particle Matsub-
ara Green’s function for electron propagation in disordered metals. The main result was
the determination of the self-energy Yy (ik,) in terms of the scattering time 7,

. . 1 . 1
ZEBA (ik,) = —isgn(k,) —, with — =27 Ity k,|2 0(& — &)
27—k Tk k/ 9y

and the scattering-time broadened spectral function

1BA _ 1/7'1<
AN (w) = FETREEEye

The structure in the complex plane of the Green’s function was found to be:

1

1 W, Im z >0
k' 2r
giBA(ikn) _ ngA(Z) _ k
. sgn(kn) s ., K 1
ik — & + 2% ikn—z P Imz < 0.

These results will be employed in Chap. 15 in the study of the residual resistivity of metals.

The theory presented here provides in combination with the Kubo formalism the foun-
dation for a microscopic quantum theory of resistivity. The technique can be extended
to the study of quantum effects like weak localization (see Sec. 15.4) and universal con-
ductance fluctuations (see Fig. 11.2). These more subtle quantum effects are fundamental
parts of the modern research field known as mesoscopic physics. They can be explained
within the theoretical framework presented here, by taking higher order correlations into
account. For example is weak localization explained by treating crossed diagrams like the
one in Fig. 11.6(b), which was neglected in calculation presented in this chapter.
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Chapter 12

Feynman diagrams and pair
interactions

It is in the case of interacting particles and fields that the power of quantum field theory
and Feynman diagrams really comes into play. Below we develop the Feynman diagram
technique for a system of fermions with pair interactions. The time-independent Hamil-
tonian H|, of the unperturbed or non-interacting system is

Hy=%" /dr W (r) H,y W (r), (12.1)
g
while the interaction Hamiltonian W is given by

1
W= 5 Z /drler \PT(Ulaﬁ)‘I’T(Usz@) W(og,19; 01,11) ¥(09,19)¥ (0, 11).  (12.2)

01,09

We have specialized to the case where no spin flip processes occur at the vertices, this
being the case for our coming main examples: electron-electron interactions mediated by
Coulomb or by phonon interactions. The total Hamiltonian H governing the dynamics of
the system is as usual given by H = Hy+W. The main goal of this chapter is to derive the
Feynman rules for the diagrammatic expansion in orders of W of the full single-particle
Matsubara Green’s function Eq. (10.33a)

GOy, 1), Tys Ogs Ty, Ty) = —<TT\I!(ob,rb,Tb)\IfT(aa,ra,Ta)>. (12.3)

12.1 The perturbation series for §

12.2 infinite perturbation series!Matsubara Green’s func-
tion

The field operators in Eq. (12.3) defining G are of course given in the Heisenberg pic-
ture, but using Eq. (10.16) we can immediately transform the expression for G into the

199
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interaction picture. With the short-hand notation (o, r,,7) = (1) we obtain

o _Tr(e—ﬁHTT\y(b)xpT(a)) ) _<TT[U(ﬂ,O)il(b)\iﬁ(a)}>O. o

Tr (e_ﬁH> <0(57 O)>0

The subscript 0 indicates that the averages in Eq. (12.4) are with respect to e ?Ho rather
than e #H asin Eq. (12.3). The expansion Eq. (10.12) for U is now inserted into Eq. (12.4):

i (_nll)n/oﬁdﬁ ..-/Oﬂdm <T‘r [W(ﬁ) W (T,) ¥ (D) ‘i’T(a)]>0

G(b,a) = _n=0 = Cor 3 5
Z o /0 dry /0 dr, <T7- [W(Tl) . ..W(Tn)}>0

n=0

(12.5)

Here we need to calculate T-integrals of W(T) But one precaution must be taken regarding
the ordering of the four operators in the basic two-particle interaction operator. According
to Eq. (12.2) the two creation operators must always be to the left of the two annihilation
operators. To make sure of that we add an infinitesimal time = 07 to the time-arguments
of WT(1) and WT(2), which gives the right ordering when the time-ordering operator T, of
Eq. (12.4) acts. The 7-integrals of W (r) is therefore

/0 dr; W(r /dj /d] TGP Wy (5 (), (12.6)

where we have defined j;, [dj, and W; j as
J+ = (0,1, 7;,4m), /d] = /dr/ dr;, Wiy =Wi(r;r,)d(r;—7,). (12.7)

It is only in expressions where the initial and final times coincide that the infinitesimal
shift in time of W' plays a role. Next insert Eq. (12.6) for W into Eq. (12.5) for G:

G(b,a) = (12.8)

_Z % /dldl/..dndn' Wiy W (T, | 9190, 0,0, 0000, 0, 0,00 )
n=0

o0 l R . . R ~ ~ .
Z 2 /dldl’..dndn'W171/..Wn7n/<TT{\I/J{\I/J{,\Ill,\lll...\IIIL\I/L,\I/ \I/n]

The great advantage of Eq. (12.8) is that the average of the field operators now in-
volves bare propagation and thermal average both with respect to H,. In fact using
Eq. (10.65), we recognize that the average of the products of field operators in the numer-

ator is the bare (2n+1)-particle Green’s function Q(()%H)(b, 1,1,.,n/; a,1,1',..,n') times



12.3. THE FEYNMAN RULES FOR PAIR INTERACTIONS 201

(—1)?"*! = —1, while in the denominator it is the bare (2n)-particle Green’s function
QS%)(l,l’,..,n/; 1,1, ..,n/) times (—1)?® = 1. The resulting sign, —1, thus cancels the
sign in Eq. (12.8). Now is the time for our main use of Wick’s theorem Eq. (10.79): the
bare many-particle Green’s functions in the expression for the full single-particle Green’s
function are written in terms of determinants containing the bare single-particle Green’s
functions G°(1, 5):

G(b,a) = (12.9)

n!

< 1\n n
5 2) [t ndn’ Wy W, | 9°00) Q1) GL) . GOV )

n=0

Q’O(?;L’,a) Go(n',1) G%°(n',1") go(n",n’)
Go(1,1) ¢°%1,1) ... G%1,n))
Go(1’,1) G°(1,1) ... 691, n))

— (—3)"

S22 /d1d1’..dndn’WLl/..WW
n.

n=0

G'(n’,1) GO°(n/,1") ... GO/, n)
This voluminous formula is the starting point for defining the Feynman rules for the
diagrammatic expansion of G in terms of the pair interaction W. We have suppressed,

but not forgotten, the fact that the initial time 7; in G%(1, ) according to Eqs. (12.6)
and (12.7) is to be shifted infinitesimally to 7; + 7.

12.3 The Feynman rules for pair interactions

We formulate first a number of basic Feynman rules that are derived directly from Eq. (12.9).
However, it turns out that using these basic rules leads to a proof that the denominator
cancels out. This in turn leads to the formulation of the final Feynman rules to be used
in all later calculations.

12.3.1 Feynman rules for the denominator of G(b,a)

The basic Feynman rules for n’th order term in the denominator of G(b,a) are

Fermion lines: joeo—a—ej1 = G°(j2, 1), 7, — 7 + 1.

Interaction lines: jo~~~ej’ =W, ;.

Vertices: jo = [dj 6,in yout, i.e. sum over internal variables, no spin flip.
Jj g

Draw (2n)! sets of n interaction lines je~~~ej’.

For each set connect the 2n vertices with 2n fermion lines: one entering

and one leaving each vertex. This can be done in (2n)! ways.

A~~~ o~
NNV )
T N —

(12.10a)
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But this is not all, because what about the sign arising from the expansion of the de-
terminant? Here the concept of fermion loops enters the game. A fermion loop is an
uninterrupted sequence of fermion lines starting at some vertex j and ending there again
after connecting to other vertices, e.g. jlo , jlojz, or jl.ﬁ.jg. The overall sign
coming from the determinant is (—1)¥, where F'is the number of fermion loops in the
given diagram. An outline of the proof is as follows. The product of the diagonal terms
in the determinant is per definition positive and in diagram form it consist of n factors
6 @ ,1.e. F' = 2nis even. All other diagrams can be constructed one by one simply
by pair wise interchange of the endpoints of fermion lines. This changes the determinan-
tal sign of the product since sgn[..G°(j1,41)..G% (42, 75)..] = —sen[..G°(j1, 75)..G° (ja, 51)--],
and at the same time it changes the number of fermion loops by 1, e.g. Abecomes
ﬁ O Thus we obtain the last Feynman rule

(6) Multiply by £(—3)"(~1)F, F being the number of fermion loops,
and add the resulting (2n)! diagrams of order n.

(12.10b)

For all n there are (2n)! terms or diagrams of order n in the expansion of the deter-
minant in the denominator <ﬁ(ﬁ, 0))o of G(b,a) in Eq. (12.9). Suppressing the labels, but
indicating the number of diagrams of each order, this expansion takes the following form
using Feynman diagrams:

<U(6,0)>0 =1+ | O+ . (12.11)
(O ) >
+ + + oo+ +..
L M O\O @ 24 terms
+ | O+ 4 +o +
- O‘\"O 720 terms

+ ...

12.3.2 Feynman rules for the numerator of G(b,a)

The numerator (T, [U(3, 0)\1'(b)\iﬁ(a)]>0 of G(b,a) differs from the denominator by the
presence of the two external field operators W (b) and W' (a) that act at the external space-
time points (b) and (a). This raises the dimension of the n’th order determinant from 2n
to 2n+1. Consequently, only Feynman rules (4) and (5) given for the denominator have
to be changed to give the rules for the numerator:
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(4) Draw (2n+1)! sets of n lines je~~~wj" and 2 external vertices ea and eb.
(5") For each set connect the 2n+2 vertices with 2n+1 fermion lines: one leaving
a, one entering b, and one entering and leaving each internal vertex j.

(12.12)
Using these rules we obtain the diagrammatic expansion of the numerator:
(T108,0% () (@)]) = (12.13)
b -~ eb b b b b b
+| A~ + -@ + + + +
a - eaqa a a a a a 6 terms
~eb b b b
- OO - <> + ..+ - - +
o |00 OO
o Y a a a 120 terms

12.3.3 The cancellation of disconnected Feynman diagrams

It looks like we are drowning in diagrams, but in fact there is a major reduction at
hand. We note that in Eq. (12.13) two classes of diagrams appear: those being connected
into one piece with the external vertices a and b, the so-called connected diagrams (e.g.
the last second-order diagram), and those consisting of two or more pieces, the so-called
disconnected diagrams (e.g. the first second order diagram). We furthermore note that the
parts of the diagrams in Eq. (12.13) disconnected from the external vertices are the same
as the diagrams appearing in Eq. (12.11) order by order. We also note that a diagram
containing two or more disconnected parts can be written as a product containing one
factor for each disconnected part. A detailed combinatorial analysis (given at the end of
this section) reveals that the denominator in G cancels exactly the disconnected parts of
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the diagrams in the numerator leaving only the connected ones:
b b

( . +...><1+omo+...)

a a

G(b,a) =
<1 + O~ + .

= }V\Q } 1 g %::0 | (12.14)
connected

Being left with only the connected diagrams we find that since now all lines in the diagram
are connected in a specific way to the external points a and b the combinatorics of the
permutations of the internal vertex indices is particularly simple. There are n! ways to
choose the enumeration j of the n interaction lines je~~~®j’, and for each line there are
2 ways to put a given pair of labels j and j'. We conclude that all 2" n! diagrams with the
same topology relative to the external points give the same value. Except for the sign this
factor cancels the prefactor 2;(—3), i.e. we are left with a factor of (—1) for each of the
n interaction lines. In conclusion, for pair interactions the final version of the Feynman

rules for expanding G diagrammatically is:

1) Fermion lines: joo—a—ej; = G°(jo, 1), T, — T

Interaction lines: joe~~~eoj’ = —W;

Vertices: jo = [dj §,in oous i.e. sum over internal variables, no spin flip

A~ N~
W N
— — — —

N

At order n draw all topologlcally different, connected diagrams containing n
interaction lines je~~#j’, 2 vertices ea and eb, and 2n+1 fermion lines, so that
one leaves ea, one enters ob, and one enters and leaves each internal vertex ej.
(5) Multiply each diagram by (—1)F, F being the number of fermion loops.

(6) Sum over all the topologically different diagrams.

(12.15)

Pay attention to the fact that only the topology of the diagrams are mentioned. Thus
they can at will be stretched, mirror inverted and otherwise deformed. No notion of a
time-axis is implied in the imaginary time version of the Feynman diagrams.

For completeness we give the following proof of the cancellation of the disconnected
diagrams, but the reader may skip it since the essential conclusion has already been given
above. The proof goes through eight steps. We study the numerator of Eq. (12.9). (1)
Since all internal vertices have one incoming and one outgoing fermion line, the external
vertices a and b are always connected. (2) If vertex j somehow is connected to a, so is j’
due to the interaction line W j,. (3) In a diagram of order n, a is connected with  W-lines,
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bR R

Figure 12.1: Examples of irreducible, (a) and (b), and reducible, (c) and (d), Feynman
diagrams in the expansion of G(b,a) in the presence of pair- mteractlons.

where 0 < r < n. The number of disconnected W-lines is denoted m, i.e. m =n—r. (4) In
all terms of the expanded numerator the integral factorizes into a product of two integrals,
one over the 2r variables connected to a and one over the 2m variables disconnected from
a. (5) The r pairs of vertex variables j and j’ connected to a can be chosen out of the
available n pairs in T,(%lr), ways, each choice yielding the same value of the total integral.

(6) The structure of the sum is now:

0o 1 1 n
Z* — ) I[,1, . n,n] (12.16)
| < ) 9 9 ey 1l
—n 2
1 A\ n! mn 1/ I 1 1y ,
_gnl <2> TZ_(:)T"(H—T) 1, ]Con [r+1, (r+1)",..,n,7"]giscon
= ; 74( 2> I[l 1, /]COH";) ﬁ <2> I[’r’—i—l7 (7’_’_1),7 . (74_‘_m)’ (T‘—i—m)/]discon,

(7) In the connected part all r! permutations of the vertex variable pairs (7, j') yield the
same result, and so does all the 2" ways of ordering each pair, if as usual Wj ; = W ;.
(8) The disconnected part is seen to be (U(f,0)),. We thus reach the conclusion

. . . . s (2r41)x (2r+1)
<TTU(57 0) v (b) \IJT(Q)>O - <U(/87 O)>O Z[_W(L 1,)]...[—W(7’, TI)] Det |:g0} conj:ected "
r=0 topological diff.
(12.17)

12.4 Self-energy and Dyson’s equation

In complete analogy with Fig. 11.3 for impurity scattering, we can now based on Eq. (12.14)
define the concept of irreducible diagrams in G(b,a) in the case of pair interactions. As
depicted in Fig. 12.1, such diagrams are the ones that cannot be cut into two pieces by
cutting a single fermion line. Continuing the analogy with the impurity scattering case
we can also define the self-energy (I, j) as
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The sum of all irreducible diagrams in G(b, a)
without the two external fermion lines G%(j,a) and G°(b,1)

o, I 1 l
RS S 2 <
J J

= i (12.18)

From Egs. (12.14) and (12.18) we obtain Dyson’s equation for G(b, a)

G(b,a) = 2-‘:.61

b a b N a b PN a
= o—-at—eo | 0—4—@7—4—0 + 0—4—@—4—@—4—0 + ...
= L_.a + L—L@?x <£_<_.a + i«—@-<—.“ + )

_ b a n b Z@Z a
= G%b,a) + /dl/djgo(b,l)E(l,j)g(j,a). (12.19)

Note how Dyson’s equation in this case is an integral equation. We shall shortly see that
for a translation-invariant system it becomes an algebraic equation in k-space.

12.5 The Feynman rules in Fourier space

For the special case where Hj describes a translation-invariant system and where the
interaction W; ;» only depends on the coordinate differences r; — r;- and 7; — T]/- it is a great
advantage to Fourier transform the representation from (r, 7)-space to (q, ig,, )-space. Our
main example of such a system is the jellium model for Coulomb interacting electrons
studied in Sec. 2.2. In terms of the Fourier transform W(q) = 4mel/q® the Coulomb
interaction W (r7;r’,7’) is written
W(rr;r'r’) = LV Z W (q) elia =) =ian(r=m"] (12.20)
a,iqn

It is important to realize that the Matsubara frequency ig,, is bosonic since the Coulomb
interaction is bosonic in nature: two fermions are annihilated and two fermions are created
by the interaction, i.e. one boson object is annihilated and one is created. Furthermore,
we note that due to the factor 6(7 —7') in Eq. (12.7) the Matsubara frequency iq,, appears
only in the argument of the exponential function.

Likewise, using Eq. (10.39) we can express the electronic Green’s function G2 (r7,r'7’)
for spin o in (k, ik, )-space as



12.5. THE FEYNMAN RULES IN FOURIER SPACE 207

Go(rT;1'7") = ﬁlv > Gk, ik,,) el ) =ikn (=] (12.21)
k,ik

where GY(k, ik,) = 1/(ik, — &) depends on k and ik,, but not on o. Here § =¢ — p.
In the case of the Coulomb interacting electron gas in the jellium model we thus see
that both the Green’s function G2 and the interaction W depend only on the space and
imaginary time differences r —r’ and 7 — 7/. It follows from Eqs. (12.20) and (12.21) that
it saves some writing to introduce the four-vector notation k = (k,ik,), 7 = (r,7), and
ik-7 = ik-r — 1k, 7. Using this notation we analyze the Fourier transform of the basic
Coulomb scattering vertex

where the (r,7)-space points 71, 72, 73, and 7 are indicated as well as the wave vectors /N-c,
P, and ¢ to be used in the Fourier transform. On top of their usual meaning the arrows
now also indicate the choice of sign for the four-momentum vectors: k flows from 7 to
7, p from 7 to 79, and ¢ from 7 to 73. Inserting the Fourier transforms of Eqgs. (12.20)
and (12.21) into Eq. (12.22) yields with this sign convention

/df Go (72, 7) Go (7, 71) W (F3; 7)

1 _ - [ (Fo— )R- (Fei1 )+ (7 —F
- /dr L Zgg(p) GO (k) W (q) P Tz=m)+k(r=r)+-(Fs=7)]
kpd

= G 2 G80) Qo) W(@) PR [ g T
kpg

B <mlz> >G5 (k=) G3(k) W (@) ¢! 2 o, (12.23)
kq

From this follows that in Fourier space the four-momentum (k,ik,,) is conserved at each
Coulomb scattering vertex: k= P+ ¢. Since each vertex consists of two fermion lines
and one interaction line, the momentum conservation combined with the odd values of
the fermion Matsubara frequencies leads, in agreement with our previous remarks, to even
values for the Matsubara frequencies of the interaction lines. The momentum conserva-
tion rule for each of the 2n vertices also leads to 2n delta function constraints on the 2n
internal fermion momenta and the n interaction line momenta, and whence the number
of independent internal momenta equals n, i.e. the order of the diagram. For each in-
dependent momentum a factor 1/5Y remains from the corresponding Fourier transform.
The topology of the diagram in (r,7)-space is not changed by the Fourier transform. We
therefore end up with the following Feynman rules for the n-order diagrams in the expan-
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sion of G, (k,ik,), where (k,k,) is to be interpreted as the externally given four-vector
momentum.

(1) Fermion lines with four-momentum orientation: e = GO(k,ik,).
o,ik,

(2) Interaction lines with four-momentum orientation: e~n~e~0 = —W (q).
q, 19y,
(3) Conserve the spin and four-momentum at each vertex,

i.e. incoming momenta must equal the outgoing, and no spin flipping.

(4) At order n draw all topologically different connected diagrams containing n
oriented interaction lines W (§), two external fermion lines G2 (k, ik,,), and 2n
internal fermion lines G2 (p;, ip;). All vertices must contain an incoming
and an outgoing fermion line as well as an interaction line.

(5) Multiply each diagram by (—1)f", F being the number of fermion loops.

6) Multiply G%(k, ik, ) in the ’same-time’ diagrams and by etn?,
o n v
7)  Multiply by = for each internal four-momentum p; perform the sum
By

po”

(12.24)

Note how the two 'same-time’ diagrams in rule (6) are the only ones where it is relevant
to take explicitly into account the infinitesimal shift 7, — 7, + 7 mentioned in Egs. (12.6)
and (12.7). The factor e follows directly from the Fourier transform when this shift is
included.

In (k, ik, )-space the fourth Feynman rule concerning the conservation of four-momentum
at the scattering vertices simplifies many calculations. Most noteworthy is the fact that
Dyson’s equation becomes an algebraic equation. Due to four-momentum conservation a
four-momentum l;:j entering a self-energy diagram, such as the ones shown in Eq. (12.18),
must also exit it, i.e. k = l;:j. The self-energy (with spin o) is thus diagonal in k-space,

So(k k) =6 Bo(k),  So(k) = So(k, k). (12.25)
Dyson’s equation Eq. (12.19) is therefore an algebraic equation,

Go(k) = Go(k)+G(k) Zo(k) G, (k)

(12.26)
o= — o= | H—@aﬂm,
. o Go(k,ik,) 1
with ghejsalution — a n = ) 12.27
ga@ 3 n) 1— gg(k, an) Eg(k7 ’ikn) ikn — fk — Eg(k7 ’ikn) ( )

As in Eq. (11.41) the self-energy ¥, (k, ik, ), induced here by the Coulomb interaction W,
appears as a direct additive renormalization of the bare energy &, = ¢, — u.

12.6 Examples of how to evaluate Feynman diagrams

The Feynman diagrams is an extremely useful tool to gain an overview of the very compli-
cated infinite-order perturbation calculation, and they allow one to identify the important
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processes for a given physical problem. When this part of the analysis is done one is
(hopefully) left with only a few important diagrams that then need to be evaluated. We
end this chapter by studying the explicit evaluation of three simple Feynman diagrams in
Fourier space using the Feynman rules Eq. (12.24).

12.6.1 The Hartree self-energy diagram

To evaluate a given diagram the first task is to label the fermion and interaction lines
with four-momenta and spin obeying the conservation rules at each vertex, rule (3) in
Eq. (12.24). We start with the so-called Hartree diagram GZ (which is zero in the presence
of a charge compensating back-ground), where we in accordance with Eq. (12.18) strip off
the two external fermion lines to obtain the self-energy %¥:

GO (k, ik,) .y
GH (k,ik,) = = 2 OP P (12.28)
G (k, ik,,)

The four-momentum transfer along the interaction line is zero, while the four-momentum
(p,ip,,) and the spin ¢’ in the fermion loop are free to take any value. The self-energy
diagram is a first order diagram, i.e. n = 1. It contains one internal four-momentum,
(p,ip,,), yielding a factor of 1/8V, one internal spin, ¢/, and one fermion loop, i.e. F' = 1.
The Feynman rules therefore lead to the following expression for the Hartree self-energy
diagram Eq. (12.28):

YH(k,ik,) = e~ = ; ZZZ [—W(0)] gg,(p,ipn) eiPnn

iPn,

2W (0 d etPni
B 5( )/ (2:)3 S~ ipn — &p
:2W(0)/(2d:)3 ng(&) = W(0) % (12.29)

Note the need for Feynman rule Eq. (12.24)(6) for evaluating this specific diagram. The
spin sum turns into a simple factor 2. The Matsubara sum can easily be carried out using
the method of Sec. 10.4.1. The evaluation of the p-integral is elementary and yields N/2.

According to Eq. (12.27) the self-energy is the interaction-induced renormalization of
the non-interacting single-particle energy. This renormalization we have calculated by
completely different means in Sec. 4.2 using the Hartree-Fock mean field approximation.
We see that the diagrammatic result Eq. (12.29) exactly equals the Hartree part of the
mean field energy in Eq. (4.25b). In other words we have shown that the tadpole-shaped
self-energy diagram is the diagrammatic equivalent of the Hartree mean field approxima-
tion.

12.6.2 The Fock self-energy diagram

We treat the Fock diagram GI and Fock self-energy ¥Z similarly:
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Z;{_—Il)p gg(k72kn)
Gl (k,ik,) = = VN (12.30)

Go (k, ik,) @,
P, Pn, 0
Once more the external fermion lines are written explicitly as two factors GO (k,ik,,),
leaving the Fock self-energy ©f to be determined. The four-momentum transferred by
the interaction line is (k — p, ik, —ip,,). This diagram is a first order diagram, i.e. n = 1.
It contains one internal four-momentum, (p,ip, ), yielding a factor 1/8V. However, in
contrast to Eq. (12.28) the internal spin ¢’ is now forced to be equal to the external spin
o. Finally, no fermion loops are present, i.e. F' = (. The Feynman rules therefore lead to
the following expression for the Fock self-energy diagram Eq. (12.30):

EF k, ik, ) w BV ZZZ ] ,g ,(p,ip,,) eiPn

Zp n

—1 ipnﬂ
LR ko) Z

B (2m)3 ipn — &p
—/(26[:):,) W (k—p) np(&y). (12.31)

Note that also for this specific diagram we have used Feynman rule (6). The spin sum
turned into a simple factor 1. The Matsubara sum can easily be carried out using the
method of Sec. 10.4.1. The evaluation of the p-integral is in principle elementary. We see
that this self-energy diagram exactly equals the Fock part of the energy in Eq. (4.25b)
calculated using the Hartree-Fock mean field approximation. We have thus shown that
the half-oyster self-energy diagram! is the diagrammatic equivalent of the Fock mean field
approximation.

12.6.3 The pair-bubble self-energy diagram

Our last example is the pair-bubble diagram G| which, as we shall see in Chap. 13, plays
a central role in studies of the electron gas. We proceed as in the previous examples:

Go(k, ik, ) q,1q,
GP(k,ik,) = = 5;2’;; . Zfﬁ’i‘q’/ (12.32)
n " Un n T Wy
Q0(k,ik,) B
Removing the two external fermion lines G2 (k, ik, ) leaves us with the pair-bubble self-

energy diagram ¥, We immediately note that this diagram is of second order, i.e. n = 2,
containing one fermion loop, i.e. F' = 1. At the first vertex the incoming momentum

LA full oyster diagram can be seen in e.g. Eq. (12.11)



12.7. SUMMARY AND OUTLOOK 211

(k,ik,,) is split, sending (q,ig,) out through the interaction line, while the remainder
(k—q, ik, —iq,,) continues in the fermion line. At the fermion loop, (q, g, ) is joined by the
internal fermion momentum (p, ip,,) and continues in a new fermion line as (p+q, ip,,+ig,,)-
At the top of the loop the momentum (q,1ig,) is sent out through the interaction line,
where it ultimately recombines with the former fermion momentum (k —q,ik, —ig,).
We have thereby ensured that the exit momentum equals that of the entrance: (k,ik,,).
The internal degrees of freedom are (q,1ig,), (p,ip,), and o', the former two yielding a
prefactor 1/(3V)2. The Feynman rules lead to the following expression for the pair-bubble
self-energy Eq. (12.32):

q

q
-1
= g 2 2 [~ W@ G0.i,) G (b aip, +ia,) G5 (k- ik, —ig,)
o'pq ipnign
1 dq 2170/, - 0 ) )
= gZ/(QW)sw(Q) I%(q, iq,) Gy (k—q, ik, —iq,), (12.33)
iqn,

where we have separated out the contribution I1°(q, g, ) from the fermion loop,

0 . _ . ;2 dp 1 1
11°(q, ig,) = O =3 %/(%)3 o T = 6] o —6) (12.34)

The loop contribution I1°(q,igq,) is traditionally denoted the pair-bubble, and we shall
study it in more detail in the coming chapters. Here we just note that the spin sum
becomes a factor 2, and that the Matsubara sum over ¢p,, can easily be carried out using
the method of Sec. 10.4.1. The evaluation of the p-integral is in principle elementary.
Inserting the result for I1°(q,ig,) into the pair-bubble self-energy diagram Eq. (12.32)
leads to a bit more involved Matsubara frequency summation over g, and momentum
integration over q. However, the calculation can be performed, and we shall return to it
later.

12.7 Summary and outlook

In this chapter we have established the Feynman rules for writing down the Feynman
diagrams constituting the infinite-order perturbation expansion of the full single-particle
Green’s functions G (b,a) or G, (k,ik,) in terms of the pair-interaction W. Our main
example is the Coulomb interaction.

The Feynman diagram technique is a very powerful tool to use in the context of
perturbation theory. It enables a systematic analysis of the infinitely many terms that
need to be taken into account in a given calculation. Using the Feynman diagrammatic
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analysis one can, as we shall see in the following chapters, identify which sub-classes of
diagrams that give the most important contributions. We have already given explicit
examples of how to evaluate some of the diagrams that are going to play an important
role. Indeed, we show in Chap. 13 that the diagrams analyzed in Eqgs. (12.31) and (12.34)
are the ones that dominate the physics of the interacting electron gas in the high density
limit. We shall learn how these diagrams determine the ground state energy of the system
as well as its dielectric properties such as static and dynamic screening.



Chapter 13

The interacting electron gas

In Sec. 2.2 we studied the Coulomb interaction as a perturbation to the non-interacting
electron gas in the jellium model. This was expected to be a valid procedure in the
high density limit, where according to Eq. (2.35) the interaction energy is negligible.
Nevertheless, the second order perturbation analysis of Sec. 2.2.2 revealed a divergence in
the contribution E((ﬁr) from the direct processes, see Eq. (2.49).

In this chapter we reanalyze the Coulomb-interacting electron gas in the jellium model
using the Feynman diagram technique, and we show how a meaningful finite ground state
energy can be found. To ensure well-behaved finite integrals during our analysis we work
with the Yukawa-potential with an artificial range 1/« instead of the pure long range
Coulomb potential, see Eq. (1.103) and the associated footnote,

—alr—r 4rre?
eolr—r'| W(q) = fT(Ox?' (13.1)

2
W(r—r1)= “

v — 1/l
The range 1/« has no physical origin. At the end at the calculation we take the limit
a — 0 to recover the Coulomb interaction. For example, with the Yukawa potential we

can obtain a finite value for Ec(li) in Eq. (2.49) if « is finite, but the divergence reappears
as soon as we take the limit o« — 0,

(2) 2 1 1
EY d —_—— ~ =1 — . 13.2
dir X /0 q q CEEEr qq n(a) — ( )

The main result of the following diagrammatic calculation is that the dynamics of the
interacting system by itself creates a renormalization of the pure Coulomb interaction into
a Yukawa-like potential independent of the value of «, which then without problems can
be taken to zero. The starting point of the theory is the self-energy ¥ (k,ik,,).

13.1 The self-energy in the random phase approximation

To construct the diagrammatic expansion of the self-energy ¥_(k,ik,,) in (k, ik, )-space
we use the Feynman rules Eq. (12.24). In analogy with Eq. (12.18) the self-energy is given
by the sum of all the irreducible diagrams in G, (k, ik,,) removing the two external fermion

213
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lines gg (k,ik,). We recall that due to the charge compensating back ground in the jellium
model the Hartree self-energy diagram vanishes, ¥ (k, ik, ) = o~~q) =0. Thus:

For each order of W we want to identify the most important terms, and then resum
the infinite series taking only these terms into account. This is achieved by noting that
each diagram in the expansion is characterized by its density dependence through the
dimensionless electron distance parameter r; of Eq. (2.37) and its degree of divergence in
the cut-off parameter a.

13.1.1 The density dependence of self-energy diagrams

Consider an arbitrary self-energy diagram Z((,n)(k, ik,) of order n:

) ) n interaction terms
> (k, ik,) = x /dk1 .../dkn wWO..w() 6°0...¢°0) . (13.4)
N———’

2n — 1 Green’s fcts

n internal momenta

We then make the integral dimensionless by measuring momenta and frequencies in powers

of the Fermi momentum ky and pulling out the corresponding factors of k;. We have

ko< ky, € k%, and % x k% Furthermore, [dk; o %szn f% x k:ff?’ = k:i?, while
—2 g

the following kp- and thus rg-dependence:

x kp 2. The self-energy diagram therefore has

n n 2n—1
E‘(’n)(k’ik”)“<k3> (kFQ) <’“F2> = Y (13.5)

where in the last proportionality we have used rg = (9#/4)%/(%]{:1;) from Eq. (2.37). We
can conclude that for two different orders n and n’ in the high density limit, r, — 0, we
have

n<n = (zg")(k,ikn)

> (zgw(k,mn) , for 74 — 0. (13.6)

Egs. (13.5) and (13.6) are the precise statements for how to identify the most important
self-energy diagrams in the high density limit.
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13.1.2 The divergence number of self-energy diagrams

The singular nature of the Yukawa-modified Coulomb potential Eq. (13.1) in the limit
of small ¢ and « leads to a divergent behavior of the self-energy integrals. The more
interaction lines carrying the same momentum there are in a given diagram, the more
divergent is this diagram. For example (taking v = 0) two lines with the momentum
q contributes with W (q)? which diverges as ¢~* for ¢ — 0 independent of the behavior
of any other internal momentum p in the diagram. In contrast, two lines with different
momenta q and q — p contributes with W (q)W(q — p), which diverges as ¢~* only when
both ¢ — 0 and p — 0 at the same time, i.e. in a set of measure zero in the integral over
q and p.

In view of this discussion it is natural to define a divergence number 5((,") of the self-
energy diagram Egn)(k, ik,) as

(13.7)

[

RO the largest number of interaction lines in
»() (k,ik,) having the same momentum q.

Consider two diagrams Ef,”’” and 25,”’2) of the same order n. With one notable excep-
tion, it is in general not possible to determine which diagram is the larger based alone
on knowledge of the divergence number. The exception involves the diagram with the
maximal divergence number, i.e. when all n momenta in the diagram are the same. In the
limit @ — O this diagram is the largest:

st =n = |2 (k, ik,

> ‘25,"@ (k, ik, )

{ for o — 0 and any (13.8)

n-order diagram X(™2),

13.1.3 RPA resummation of the self-energy

Using the order n and the divergence number §, we now order the self-energy diagrams
in a (n,d)-table. According to Egs. (13.6) and (13.8) the most important terms are those
in the diagonal in this table where 6 = n. The first few diagrams (without arrows on the
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interaction lines for graphical clarity) are

Yo k)| n=1] n=2 =3 n=4

3
TG I
RRRNTANT

-

It is clear that the most important diagrams in the high density limit are those having a
low order. For each given order the diagrams with the highest divergence number are the
most important. The self-energy in the random phase approximation (RPA) is an infinite
sum containing diagrams of all orders n, but only the most divergent one for each n:

q q q
g
3 i i g i ’
SRPA (L) = K 4 F Lk (.j ; k (g + ...
P t () g
q q q (

13.10)

Below we are going to analyze parts of the diagrams individually. This is straightfor-

ward to do, since the Feynman rules Eq. (12.24) are still valid for each part. An important

part of the self-energy diagrams in Eq. (13.10) is clearly the pair-bubble I1°(q, iq,,) = O

already introduced in Sec. 12.6.3. It plays a crucial role, because it ensures that all inter-

action lines W (q) carry the same momentum q. To make the fermion-loop sign from the
pair-bubble appear explicitly we prefer to work with x, = —I1°, i.e.

(13.9)

o ) 2 dp 1 1
o = —xo(@ig,),  Xola ig,) = BZ/(%)g o i =) (o=

7‘p77.
(13.11)
In fact, this x, is the same correlation function as the one introduced for other reasons in
Sec. 10.7.
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By introducing a renormalized interaction line —IWWRPA(§) = [Aar. we can, omitting
interaction line arrows, rewrite the RPA self-energy as

SRPA _ A } +:§+? +:;$ + ... = (13.12)

or, pulling out the convergent Fock self-energy d:—\m as

WRPA

In the following we study the properties of the renormalized Coulomb interaction (q)-

13.2 The renormalized Coulomb interaction in RPA

The renormalized Coulomb interaction WRPA (q, ig,,) introduced in Eqs. (13.12) and (13.13)
can be found using a Dyson equation approach,

—WRPA(q,iqn) = AARAR = ~nv + D—i—? —l—F +

bt
—m+ﬁx% (13.14)

In (q, g, )-space this is an algebraic equation with the solution

AN _W
Wi (q,iq,) = ~n = = (@) . (13.15)

, _VQ 1 —W(a) xo(a, ign)

Note the cancellation of the explicit signs from W and x, in the denominator. We can
now insert the specific form Eq. (13.1) for the Yukawa-modified Coulomb interaction, and
let the artificial cut-off parameter o tend to zero. The final result is

2
dmeg

WERPA(q,4q,) — :
" a0 g2 — dmed xo(a,ign)

(13.16)
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WRPA (q,ig,,) thus has a form similar to W(q), but with the important difference that the
artificially introduced parameter « in the latter has been replaced with the pair-bubble
function —47re(2) Xo(4, ig,) having its origin in the dynamics of the interacting electron gas.
Note that the pair-bubble is a function of both momentum and frequency. From now on
we no longer need a finite value of «, and it is put to zero in the following.

In the static, long-wave limit, q — 0 and ig,, = 0 + 7, we find that WERPA appears in
a form identical with the Yukawa-modified Coulomb interaction, i.e. a screened Coulomb
interaction

47‘(’63

N ’
a—0 ¢+ k2

where the so-called Thomas-Fermi screening wavenumber, ks has been introduced,

WERPA (¢, 0) (13.17)

k2 = —4mel x,(0,0). (13.18)

In the extreme long wave limit we have

-1
X0(0,0)
In the following section we calculate the pair-bubble x(q,ig,), find the value of the

Thomas-Fermi screening wavenumber kg, and discuss a physical interpretation of the ran-
dom phase approximation.

WERPA(0,0) = (13.19)

13.2.1 Calculation of the pair-bubble

In Eq. (12.34) the pair-bubble diagram is given in terms of a p-integral and a Matsubara
frequency sum. The sum was carried out in Eq. (10.85) using the recipe Eq. (10.54):

N dp np(€piq) — nr(&p)
Xo(a, 4, —2/(%)3 gpj;igp—z'qnp : (13.20)

The frequency dependence of the retarded pair-bubble X(])% can now be found by the
usual analytical continuation ig, — w + in. We still have to perform the rather involved
p-integral. However, it is a simple matter to obtain the static, long-wave limit ¢ — 0
and ig,, = 0, and thus determine Xé?‘(q, 0). In this limiting case {ptq — Spr and we can
perform a Taylor expansion in energy

ong

R . dp Epra =) 75 B [_8%]
a0 o [hs e e = - fag i) |5

~ —d(ep), forkgT < ep. (13.21)

In the static, long-wave limit at low temperatures Xéz(q, 0) is simply minus the density
of states at the Fermi level, and consequently, according to Eq. (13.19), WRPA (g — 0,0)
becomes

WP (g —0,0) =

TEnt (13.22)
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The Thomas-Fermi screening wavenumber kg is found by combining Eq. (13.18) with
Egs. (2.31) and (2.36),

k2 = —4med xg(0,0) = dm el d(ep) = —-L (13.23)
a, being the Bohr radius. This result is very important, because it relates the screen-
ing length 1/ks to microscopic parameters of the electron gas. It is therefore useful for
numerous applications. For metals ks ~ 0.1 nm™'.

We now turn to the more general case, but limit the calculation of x,(q,w +1i7) to the
low temperature regime kpT < ep. Finite temperature effects can be obtained by using
the Sommerfeld expansion or by numerical integration. In the low temperature limit an
analytical expression is obtained by a straightforward but rather tedious calculation. In
the p-integral the only angular dependence of the integrand is through cos 6, and we have

dp dp o ! 1 2
A= 0, = — dA, e — &, =— —2pg)N). (13.24
cos /(%)3 /0 2P /_1 bp—a —&p = 5, (" —2pg)). (13.24)

In the low temperature limit the Fermi-Dirac distribution is a step-function, and the
real part of X, is most easily calculated by splitting Eq. (13.20) in two terms, substituting
p with p — q in the first term, and collecting the terms again:

Re xo(q, w +i) P/dep 2/1d)\ () ! + L
e xolq,w+in) = — 5D n :
0 o 2m* 7 )T TP o (P 2pg ) w5 (2 42pgN) —w
(13.25)
The integrand is now made dimensionless by measuring all momenta in units of kp and

all frequencies and energies in units of ey, such as

q w
r = — and g = —, (13.26)
2kp dep

and then the A-integral followed by the p-integral is carried out using standard logarithmic
integrals'. The final result for the retarded function Xé? is

Re vl (quw) = —2d(ep) (; PEACTD) fo(x’ _x°)> , (13.27a)
where ,
f(z,a0) = [1- (= ~2)’| m . (13.27b)

The imaginary part of x,, in Eq. (13.20) is

kg d 1
Im x(q, w + in) —/O ;pQ/_ldA np(Eprq) — 1p(Ep)] 0(€prq — Sp—w).  (13.28)

!Useful integrals are fdxﬁ = LIn(az +b) and [dzIn(az + b) = L[(az + b) In(az + b) — ax].
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Using §(f[z]) = >_,, 6(x — x0)/[f'[wo]|, where zg are the zeros of f[z], the M-integral can
be performed. A careful analysis of when the delta-function and the theta-functions are
non-zero leads to

%1—(%}—93)2}7 for |z — 2% < g < z + 22
Im Xé?‘(q,w) = —d(ep) 50, for 0 < 2o < x — 22 (13.29)
0, for other zg > 0.

13.2.2 The electron-hole pair interpretation of RPA

We have learned above that the RPA results in a screened Coulomb interaction. To gain
some physical insight into the nature of this renormalization, we study the pair-bubble
diagram a little closer in the (q, 7)-representation. Choosing 7 > 0 in Eq. (10.83) we arrive
at

%0(@7>0) ==Y [ 555 (00l cholo (chrar(r) vl (13.30)

Consequently we can interpret x,(q,7 > 0) as the sum of all processes of the following
type: at 7 = 0 an electron is created in the state |po) and a hole in the state |p 4+ qo),
which correspond to an electron jumping from the latter state to the former. At the later
time 7 the process is reversed, and the electron falls back into the hole state. In the
time interval from 0 to 7 an electron-hole pair is thus present, but this corresponds to
a polarization of the electron gas, and we now see the origin of the renormalization of
the Coulomb interaction. The RPA scheme takes interaction processes into account thus
changing the dielectric properties of the non-interacting electron gas. The imaginary part
of XOR(q,w), describes the corresponding dissipative processes, where momentum q and
energy w is absorbed by the electron gas (see also the discussion in Sec. 8.5).

In the remaining sections of the chapter we study how the effective RPA interaction
influences the ground state energy and the dielectric properties (in linear response) of the
electron gas.

13.3 The ground state energy of the electron gas

We first show how to express the ground state energy in terms of the single-particle Green’s
functions G(k, ik, ). That this is at all possible is perhaps surprising due to the presence
of the two-particle Coulomb interaction. But using the equation of motion technique
combined with an “integration over the coupling constant” method we obtain the result.

Let A be a real number 0 < A < 1, and define
H, =Hy— uN + AW, (13.31)

where H), is the kinetic energy and W the Coulomb interaction Eq. (2.34). For A = 0
we have the non-interacting electron gas while for A = 1 we retrieve the full Coulomb
interacting electron gas. According to Eq. (1.119) the thermodynamic potential Q =
U—-TS — uN is given by
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Q(\) = —; In Tr [ B(H, MN“W)] (13.32)

By differentiating with respect to A we find

o0 1 Tr [ —AW e AlHo—1N+AW)]
oN 3 Tr [ e AHy—uN+AW)]

— (W), (13.33)

By integration over A from 0 to 1 the change in ) due to the interactions is found:

Q1) — Q0) = /0 d; (AW, (13.34)

The subscript \ refers to averaging with respect to H,. At T = 0 we have AE = A(),
whence the ground state energy E of the system can be calculated as

LA
—_ 0 :
B=E'+linm | = W), (13.35)

The expectation value (A\W), can be related to G2 (k, ik, ) through the equation of motion
for G2 (k, 7) using Eqs. (5.31) and (10.61b)

1 A
0. 5 %;ga(k,f)

= 3(r)+ 5 ST [Hy, e, )(7) )
1%

ko
1 A
:5(7)—1—?2 .95k, 7) =2 Z W WT, ck, (T )ck,+qa,(7') ck_qg(r) cle>>\
ko k/o’q
(13.36)
We now let 7 = 0~ = —n and note that the last term is nothing but the interaction part
(AW of the Hamiltonian. Furthermore, using Fourier transforms we can at 7 = —n write

Gk, —n) = % > ik, 9o (k,ik,) e and 6(—n) = % > ik, €. We therefore arrive at the
following compact expression,

> (ik, — ) Gk, ik,) €51 = —— " e 4 2(AW),. (13.37)
ﬁ ikpnko ﬂ iknko
Collecting the sums on the left-hand side yields
ﬁ > [ )92 (k,ik,) — } el = 2(AW),. (13.38)

ik, ko

We now utilize that 1 = [G2]7*G2 and furthermore that [G}]™! = ik, — &, — £ to obtain

W), =5 W;;y Jik,)) G (k, ik,) eFnm (13.39)
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and when this is inserted in Eq. (13.35) we finally arrive at the expression for the ground
state energy

0 - . A . iknm
E = E’+ lim QWZZ/ k,ik,) G2 (k,ik,) ekn", (13.40)

This expression allows for an diagrammatic calculation with the additional Feynman rule
that lim7_,g fol% must be performed at the end of the calculation. Moreover, it is a
remarkable result, because it relates the ground state energy of the interacting system to
the single-particle Green’s function and the related self-energy.

To improve the high-density, second-order perturbation theory of Sec. 2.2 we include
in Eq. (13.40) all diagrams up to second order and, through RPA, the most divergent
diagram of each of the higher orders. Since the self-energy ¥ contains diagrams from first
order and up, we do not have to expand the Green’s function G beyond first order:

G AR

Gk, ik,) ~ e—a—e (13.42)

Note that only the second diagram in Eq. (13.41) needs to be renormalized. This is
because only this diagram is divergent without renormalization. Combining Eq. (13.40)
with Egs. (13.42) and (13.41) we obtain to (renormalized) second order:

ol KB
_ /O”l; [@+@+% . (13.43)

Note the similarity between the three diagrams in this expression for E — EY and the ones
depicted in Fig. 2.6b, Fig. 2.8a, and Fig. 2.8b. We will not go through the calculation of
these diagrams. The techniques are similar to those employed in the calculation of the
pair-bubble diagram in Sec. 13.2.1. The RPA renormalization of the interaction line in
the second diagram in Eq. (13.43) renders the diagram finite. Since the Thomas-Fermi
wavenumber kg replaced « as a cut-off, we know from Eq. (13.2) that this diagram must
be proportional to log ks and hence to logr;. We are now in a position to continue the
expansion Eq. (2.43) of E/N in terms of the dimensionless distance parameter s,

FE (2.211 0.916
N _
rs—0

L

N 2

0.0622 1 —0.094 | Ry. 13.44
N 2 - + ogry ) y ( )

This expression ends the discussion of the ground state energy of the interacting electron
gas in the jellium model. By employing the powerful quantum field theoretic method,
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in casu resummation of the Feynman diagram series for the single-electron self-energy
and Green’s function, we could finally solve the problem posed by the failed second order
perturbation theory.

Having achieved this solution, we will also be able to study other aspects of the inter-
acting electron gas. In the following we focus on the dielectric properties of the system.

13.4 The dielectric function and screening

Already from Eq. (13.15) it is clear that the internal dynamics of the interacting electron
gas lead to a screening of the pure Coulomb interaction. One suspects that also external
potentials ¢ext Will be screened similarly; and indeed, as we shall see below, this is in fact
the case. As in Sec. 6.4 we study the linear response of the interacting system due to the
perturbation H' caused by ¢ext,

H = /dr [—e p(r)] Pext(r, 1), (13.45)

where p(r) is the particle density and not, as in Sec. 6.4, the charge density. Since the
unperturbed system even with its Coulomb interacting electrons is translation-invariant,
we write all expressions in Fourier (q,w)-space. The external potential ¢ext(q,w) creates
an induced charge density —epinq(q,w). Through the Coulomb interaction this in turn
corresponds to an induced potential

bmalrt) = [ T o (@) = 5 W) e pualas)]. (1346)

dey|r — 1/

We divide with e? since W(q) by definition contains this factor. Next step is to use
the Kubo formula, which relates [—e ping(r,w)] with the external potential and with the
retarded density-density correlator

[~ pinalq,w)] = (—€)® Cf(q, —q,w) fext (@ w) = € XT(qw) Pext(quw).  (13.47)

Collecting our partial results we have

Pina(a,w) = W(q) X (q,w) gext(aq,w), (13.48)

where xf(q,w) is the Fourier transform of the retarded Kubo density-density correlation
function x*(q,t —t'), see Eqs. (8.75) and (8.76),

XMa,t =) = CJl(at, —at') = —if(t — t') %( [p(at), p(—=at')]),: (13.49)

Here the subscript ’eq’ refers to averaging in equilibrium, i.e. with respect to H = Ho+ W
omitting H’'. Using Eq. (13.48) the total potential ¢it(q,w) can be written in terms of
the polarization function y%,

¢t0t(qa w) = ¢ext(q7w) + ¢ind(qa W) = [ 1+ W(OI) XR(qa w) ] ¢ext(q’w)‘ (1350)
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When recalling that ¢ot corresponds to the electric field E, and ¢eyt to the displacement
field D = ¢,eE, we see that the following expression for the dielectric function or electrical
permittivity € has been derived:

o) 14+ W(q) x*(q,w). (13.51)

So upon calculating xf(q,w) we can determine £(q,w). But according to Eq. (10.30) and
the specific calculation in Sec. 10.7 we can obtain x®(q,w) by analytic continuation of the
corresponding Matsubara Green’s function

X (aq,w) = x(a,ig, — w +1in), (13.52)

where x(q, ig,) is the Fourier transform in imaginary time of x(q, 7) given by Eq. (10.81):

x(a7) =~ 5 (T, pla.) pl-a,0)),,, (13.53)

We will calculate the latter Green’s function using the Feynman diagram technique.
From Eq. (1.96) we can read off the Fourier transform p(+q):

’O(q) = ZCLU'CPJqu" p(_q) = ZCLJrqacka‘ (13'54)
po ko

Hence x(q,7) is seen to be a two-particle Green’s function of the form

1

x(q,7) = — §< T. Z CLU, (T)Cp1qor (T) CL+chkg>eq
po’ko
1 T + connected
= V _<pq=0>eq <pq=0>eq+ Z <TT Cp+q0'/ (T)Ckacpo“ (T + n)ck-i-qa (77)>eq
po’ko
(13.55)

Here, as in Eq. (12.6), 7 = 0" has been inserted to ensure correct ordering, and we have
divided the contributions to x into two parts. One part where the two density operators
are disconnected from one another, and the other part where they mix. The disconnected
part is zero since the expectation of the charge density in the neutralized and homogeneous
jellium model is zero. The second term has a structure similar to the simple pair-bubble
diagram with an external momentum q flowing through it.

It is now possible to apply the Feynman rules Eq. (12.24) directly and to write the
diagrammatic expansion in (q, ig, )-space of x(q,ig,) = x(¢). We only have to pay special
attention to rule (4), where it for the single-particle Green’s function is stated that the
diagrams must contain two Green’s functions with the external momentum k. This rule
was a direct consequence of the definition of G(k, 7),

Gk1)= —(Toe (N)el) = ot . —de (13.56)
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Likewise for x(q,7), except this is a two-particle Green’s function with two operators at
each of the external vertices instead of just one. One straightforwardly gets the following
vertices corresponding to p(q) and p(—q):

P k
x(q,7) ~ (T, CI)U/ (T)epyqor(T) ckaclT(+qa> = < . > (13.57)
k

p+q +q

The initial (right) vertex absorbs an external four-momentum ¢ while the final (left) vertex
reemits g. We must then have that x(q) is the sum of all possible diagrams that connect
the two p-vertices and that involve any number of Coulomb interaction lines.

In analogy with the self-energy diagrams in Sec. 12.4, we define the irreducible diagrams
in the y-sum as the ones that cannot be cut into two pieces by cutting any single interaction

line e~~ne :

_Xiﬂ”(g) = the sum of all irreducible diagrams in —y/(q)
DY k
_ %/ (13.59)
P+ % +q
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Hence we can resum x(§) in terms of x''*(§) and obtain a Dyson equation for it,

—x(q) = (@)
- <>+ o>+ <o~~~ +
> o>+
- DD+ O~<BD> = - X"@W@x@. (1360

with the solution

. _ _ X"(@)
—x(a) = B> = - = WG (13.61)

With this result for x(q,ig,) we can determine the dielectric function,

1 X" (q,iq,) _ 1

(@ i) DT o (ig) — W@ o gig) 0
or more directly
) . . €2
e(aq,igq,) = 1—W(q) x"(q,iq,) = 1— J Xlrr(q, iq,). (13.63)
0

Note it is €2 and not 6(2) that appears in the last expression. In RPA x*"(q, iq,) is approx-
imated by the simple pair-bubble

X(aiq,) =GP — —XEpalaiq,) = € = —xo(a,ig,),  (13.64)

RPA (

and the full correlation function x(q, ig,,) is approximated by x q,14q,,),

Q) Xo(q> ZQTL)

> et
" (q,ig,) = (e = = 1_W>E°~(q’ ) (13.65)
11—«

This results in the RPA dielectric function e®P(q, ig,,)
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2
. . € .
a,iq,) = 1—Wi(a)xe(a,ig,) = 1— @Xo(q,zqn)- (13.66)
0
The entire analysis presented in this section leads to the conclusion that the external
potentials treated in linear response theory are renormalized (or screened) in the exact
same way as the internal Coulomb interactions of the previous section,

6RPA(

RPA ext 9 n
O q’ an RPA ¢9Xt q’ an 52 .

(13.67)

This conclusion can be summarized in the following two diagrammatic expansions. One is
the internal electron-electron interaction potential represented by the screened Coulomb in-
teraction line WRPA, The other is the external impurity potential Egs. (11.25) and (11.30)
represented by the screened electron-impurity line uRPA,

—WERPA(q,ig,) = RAAS = m+cv~.(:)v~4+wowowo+

(13.68)

WP (q) = &= = = == o~ g+ enlp- et oD

(13.69)

13.5 Plasma oscillations and Landau damping

We now leave the static case and turn on an external potential with frequency w. The goal
of this section is to investigate the frequency dependence of the dielectric function &(q, w).
We could choose to study the full case described through X(])% (q,w) by Egs. (13.27a)
and (13.29), but to draw some clear-cut physical conclusions, we confine the discussion to
the case of high frequencies, long wave lengths and low temperatures, all defined by the
conditions

vpq < w (or & <K x9), q < kg (orz < 1), kT < ep. (13.70)

In this regime we see from Eq. (13.29) that Im X(I){ = 0. To proceed we adopt the following
notation

_ dp Xdp 5 [
A = cos 9, /(27{_)3 = A mp /1d)\, §p+q — é.p ~ ’qu)\. (1371)

Utilizing this in Eq. (13.20) and Taylor expanding ny as in Eq. (13.21) we obtain

A (13.72)

ReXOR(q, ~ /dpp d(ep —€p / dX
We rewrite the delta-function in energy-space to one in k-space, and furthermore we
introduce a small dimensionless variable z:
op—k v
d(ep —ep) = M, p— kg, vp—o U, 2= TF ) « 1. (13.73)
vp w

w — Vpg\’
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This in inserted in Eq. (13.72). The variable A is substituted by z, and the smallness of
this new variable permits the Taylor expansion z/(1 — 2) = z + 2% + 23 + 2%,
1 5,1 w qvp/w z

Re 2 N —— —_— d
Xo(@w) ® 5 Fop qup Joquge’ 1

1 kw1 1 1 1 +avp/w
NiFi‘; [722+723+7z4+7z5] F
272 qugp 2 3 4 5 —qup/w
2
n q [ 3, qup 2}
= — =11 —(— 13.74
m w? + 5( w ) ’ ( )

where in the last line we used vy = kp/m and 37%n = k‘% Combining Egs. (13.66)
and (13.74) we find the RPA dielectric function in the high-frequency and long-wavelength

limit to be

W2 3 qUs\ 2
P qw) = 1- 51+ £ (£5)7], (13.75)

where the characteristic frequency w,,, well known as the electronic plasma frequency, has

been introduced,
2
wy =y —. (13.76)

13.5.1 Plasma oscillations and plasmons

The plasma frequency is an important parameter of the interacting electron gas setting
the energy scale for several processes, e.g. it marks the limit below which metals reflects
incoming electromagnetic radiation, and above which they become transparent. Typical
values are w ~ 106 Hz, putting it in the ultra-violet part of the electromagnetic spectrum.
It is determined by the electron density n and the effective band-mass m of Eq. (2.16). The
former parameter can be found by Hall effect measurements, while the latter can be de-
termined from de Haas-van Alphen effect?. Using the observed parameters for aluminum,
n =1.81 x 10* m~2 and m = 1.115 my, we obtain w)! = 2.27 x 10'® Hz =15.0 eV.

A very direct manifestation of the plasmon frequency is the existence of the collective
charge density oscillations, the plasma oscillations. Theoretically, the existence of these
oscillations is proved as follows. Consider the relation D = ¢ ¢;E or the related one,
dext(q,w) = e(q,w) ¢rot(q,w). Note that e(q,w) = 0 in fact allows for a situation where
the total potential varies in space and time in the absence of any external potential driving
these variations. We are thus about to identify an oscillatory eigenmode for the electron
gas. Let us calculate its properties in RPA from Eq. (13.75).

3
qw)=0 = wQ%wQ—l—f(qu)Q = w(g) =w,+

ERPA( 2 -

3 v% 9
— = q-. 13.77
0 o, ¢ (13.77)

2The de Haas-van Alphen effect is oscillations in the magnetization of a system as the function of an
applied external magnetic field. The Fermi surface can be mapped out using this technique as described
in Ashcroft and Mermin, Solid State Physics, chapter 14. For the determination of the electron band mass
m in aluminum see N.W. Ashcroft, Philos. Mag. 8, 2055 (1963) regarding aluminum.
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(a) (b)
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w

Figure 13.1: (a) Observation of plasmons in high-energy electron transmission spec-
troscopy on a 258 nm wide aluminum foil, by Marton et al. Phys. Rev. 126, 182 (1962).
The initial energy is F; = 20 keV, and the final energy E is measured at zero scattering
angle on the other side of the foil. The energy loss E; — E clearly reveals loss in quanta
of AE. The energy quantum AFE was found to be 14.8 ¢V in good agreement with the
plasma frequency determined by other methods to be 15.0 eV. (b) A sketch of a typical
microscopic process, here with the emission of three plasmon during the traversal.

Recall that in the high frequency regime Im X(If and consequently Im ¢ is zero, so no
damping occurs. Thus by Eq. (13.77) it is indeed possible to find oscillatory eigenmodes,
the plasma oscillations. They have a simple quadratic dispersion relation w(q) starting
out from w,, for ¢ = 0 and then going up as ¢ is increased.

But how could one be convinced of the existence of these oscillations? One beautiful
and very direct verification is the experiment discussed in Fig. 13.1. If some eigenmodes
exist with a frequency ~ w,, then, as is the case with any harmonic oscillator, they must
be quantized leading to oscillator quanta, denoted plasmons, with a characteristic energy
of w,. In the experiment high energy electrons with an initial energy F; = 20 keV are shot
through a 258 nm wide aluminum foil. The final energy, E, is measured on the other side
of the foil, and the energy loss E; — Ey can be plotted. The result of the measurement
is shown in Fig. 13.1(a). The energy loss clearly happens in quanta of size AE. Some
electrons traverse the foil without exciting any plasmons (the first peak), others excite
one or more as sketched in Fig. 13.1(b). On the plot electrons exciting as many as seven
plasmons are clearly seen. Note that the most probable process is not the plasmon-free
traversal, but instead a traversal during which two plasmons are excited. The value of the
energy loss quantum was measured to be AE = 14.8 eV in very good agreement with the
value of the plasma frequency of 15.0 eV for bulk aluminum.
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hw
Ip= 4. A B
ter Im Xo (qa w)
propagating | y
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Figure 13.2: A gray scale plot of Im Xé%(q,w). The darker a shade the higher the value.
The variables are rescaled according to Eq. (13.26): « = ¢q/2kg and 29 = w /4ep. Note that
Im Xé% (q,w) # 0 only in the gray scaled area, which is bounded by the constraint functions
given in Eq. (13.29). Also shown is the plasmon branch with its propagating and damped
parts. The parameters chosen for this branch are those of aluminum, e = 11.7 eV and
w, =15.0 eV.

13.5.2 Landau damping

Finally, we discuss the damping of excitations, which is described by the imaginary part
Im Xé%(q,w). The pure plasma oscillations discussed above are examples of undamped
or long-lived excitations. This can be elucidated by going to the retarded functions in
Eq. (13.67)

RPA R Pext (q, w)
Dot (AwW) = 2 . — (13.78)
1= =52 Xold,w + i)
0
In the case of a vanishing imaginary part Im x, we find a pole on the real axis:
AR ¢ext (q, w)
ot aw) = . 13.79
tot ( ) 1— 6522 Rexé%(q,w)jLin ( )

If, however, ImXOR # 0 we end up with a usual Lorentzian peak as a function of w, signaling
a temporal decay of the total potential with a decay time proportional to Im X(])DL’

¢ext<qaw)
qQw) = _ . (13.80)
1— 622 Rexé%(q,w)—i—z e? Imxg”(q,w)

2
€ €04

RPAR
d)tot (

In Eq. (13.29) we have within RPA calculated the region the (¢, w )-plane of non-vanishing
Im X(])% , and this region is shown in Fig. 13.2. The physical origin of the non-zero imag-
inary part is the ability for the electron gas to absorb incoming energy by generating
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electron-hole pairs.  Outside the appropriate area in (g,w)-space, energy and momen-
tum constraints prohibit the excitation of electron-hole pairs, and the electron gas cannot
absorb energy by that mechanism.

Another way to understand the effect of a non-vanishing Im X(I)% is to link it to the
conductivity o of the electron gas. It is well-known that the real part of o is associated
with dissipation (Joule heating), when a current J is flowing. But from Eq. (6.47) it
follows that

1
e? Im Xé? = a (Re J)-q, (13.81)

whereby it is explicitly confirmed that a non-vanishing Im XOR is associated with the ability
of the system to dissipate energy.

Finally we remark that in Fig. 13.2 is shown the dispersion relation for the plasmon
excitation. It starts out as a bona fide excitation in the region of the (g,w)-space where
the RPA dissipation is 0. Hence the plasmons have infinite life times for small ¢. However,
at some point the dispersion curve crosses into the dissipative Im y, # 0 area, and there
the plasmon acquires a finite life time. In other words for high ¢-values the plasmonic
excitations are not exact eigenmodes of the system, and they are damped out as a function
of time. In the literature this damping mechanism is denoted Landau damping.

13.6 Summary and outlook

In this chapter we have used the Feynman rules for pair-wise interacting particles to
analyze the Coulomb-interacting electron gas in the jellium model. The main result was
the RPA resummation of diagrams to all orders in perturbation theory valid in the high
density limit. In particular we found the self-energy

SRPA (K, ik,) = A X }{:{)JF?JF ;; : + ... =

This result was used to calculate the ground state energy of the electron gas

E—E° _@ N N (2211
N B T2

We also used the RPA analysis to study the dielectric properties of the electron gas. One
main result was finding the screening of the Coulomb interaction both for the internal
interaction and for external potentials, here expressed by their Dyson’s equations

—WRPA(q,iqn) = ARAARARS =— WN—F'W\O\V‘A’AQ
}e{ = .--_*+'W\O==*

0.916
+ 0.0622 log Ty — 0.094) Ry.
Ts

URPA(

qQ = e
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Explicit expressions for the dielectric function e(q,w) was found in two cases, (i) the
static, long-wave limit and (ii) the high frequency, long-wave limit,

k2 4k
eRfPA(Q,0) = 1+ — where k2= - -E
q T G

2

RPA “p 3 (qVp\2
€ ,w > qu :1——[1 - (— ]
(4w > qup) o 15 ()
Finally, we studied the plasma oscillations of the electron gas found from the condition
ERPA(q, w) = 0, and found the dispersion relation involving the plasma frequency W)

The RPA analysis has already given us a good insight in some central physical proper-
ties of the electron gas. Moreover, it plays a crucial role in the studies of electron-impurity
scattering, electron-phonon interaction, superconductivity, and of many other physical
phenomena involving the electron gas.



Chapter 14

Fermi liquid theory

The concept of Fermi liquid theory was developed by Landau in 1957-59 and later refined
by others'. The basic conclusion is that a gas of interacting particles can be described by
a system of almost non-interacting “quasiparticles”. These quasiparticles are approximate
excitations of the system at sufficiently short time scales. What we mean by “sufficiently
short” of course has to be quantified, and this condition will set the limits for the appli-
cability of the theory.

The Fermi liquid theory is conceptually extremely important, because it explains why
the apparently immensely complicated system of for example interacting electrons in a
metal can be regarded as a gas of non-interacting particles. This is of course an enormous
simplification, and it gives the theoretical explanation of why all the results that one gets
from the widely used free electron model work so well.

The quasiparticle concept furthermore gives the theoretical foundation of the semi-
classical description. The quasiparticle distribution function satisfies a kinetic equation,
which may include scattering from one state to another for example due to impurity scat-
tering. This equation is known as the Landau transport equation, and it is equivalent
to the well-known Boltzmann equation from kinetic gas theory. In this description the
potential is allowed to vary in space due to some external perturbation or due to inter-
actions with the inhomogeneous density of quasiparticles. Using the Landau transport
equation we shall see that the collective modes derived in the previous chapter also come
out naturally from a semi-classical description and, furthermore, the conductivity, which is
calculated from microscopic considerations in Chap. 15, also is easily understood in terms
of scattering of quasiparticles.

14.1 Adiabatic continuity

The Fermi liquid theory is based on the assumption that starting from the non-interacting
system of particles one can analyze the interacting case by applying perturbation theory.
This is in fact a rather stringent criterion, because it means that one cannot cross a phase

!See for example the collection of reprints in the book: D. Pines The Many-body problem, Addison-
Wesley (1961,1997).

233
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boundary line. This is because a phase transition, such as for example the ferromagnetic
transition discussed in Chap. 4, cannot be reached by perturbation theory starting from
the paramagnetic phase.?

If the excitations of the non-interacting system are connected to the excitations of
the interacting system by a one-to-one correspondence (at least on short time scales as
explained below) the two cases are said to be connected by “adiabatic continuity”. If you
imagine that we start from the non-interacting system excited in some state and then
turn on the interaction adiabatically, i.e. so slowly that the occupation numbers are not
changed, then we would end up in a corresponding excited state of the interacting system.
What we really are claiming is that the excited states of the interacting system can be
labelled by the same quantum numbers as those we used to label the non-interacting
system by.

As a simple example of adiabatic continuity we now consider a particle trapped in a
one-dimensional potential. The one-dimensional potential will have a number of bound
states with discrete eigenenergies and a continuum of eigenenergies corresponding to the
delocalized states. We now imagine changing the potential slowly. As an example consider
a potential of the form

V(z,t) = —Vo(t) exp (—x2/2$3) , (14.1)

where the depth of the well is time dependent, and let us suppose that it is changing
from an initial value Vj; to a final value Vjo. If this change is slow the solution of the
Schrodinger equation

2

iOh(z,t) = H(t)(z,t) = (;’m + V(m,t)) W(z, 1), (14.2)
can be approximated by the adiabatic solution

Yadia 1) Yy oy (@) exp (=B 1) (14.3)

where ¢y ) (x) is the solution of the static (or instantaneous) Schrodinger equation, with
energy EVO ®

H() Yy (@) = By, Yy (@)- (14.4)
Note that both wvo(t) () and Evo(t) depend parametrically on the time through Vj(t). The
accuracy of the solution in Eq. (14.3) is estimated by inserting Eq. (14.3) into Eq. (14.2),
which yields

10 adia(x, t) = Ev0<t>¢adia($,t) n (3¢adia($,t)> <8V0(t)

Vo(t) ot )ZH%dia(x,t). (14.5)

Thus we have an approximate solution if the first term dominates over the second term.
Thus apparently our conclusion is that if the rate of change of Vj(¢) is small enough
the solution for the new value of Vj = V2 can be found be by starting from the solution

2This fact you can understand from the concept of broken symmetry explained in Sec. 4.3. The phase
with broken symmetry can only occur if the ensemble of states in the statistical average is truncated.
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with the old value of Vj = Vy1 and “adiabatically” changing it to its new value. For
example if the first excited state is a bound state, it will change to a somewhat modified
state with a somewhat modified energy, but most importantly it is still the first excited
state and it is still a bound state. This may sound completely trivial, but it is not, and it
is not always true. For example if the real solution during this change of Vj from Vj; to
Vo2 changes from a bound state to an un-bound state (if Vjo is small enough there is only
one bound state), then it does not matter how slowly we change Vj. The two states can
simply not be connected through small changes of Vj, because one is a decaying function
and one is an oscillatory function. This is an example where perturbation theory to any
order would never give the right answer. The important message is, however, that if we
avoid these transitions between different kinds of states, adiabatic continuity does work.
In the following this idea is applied to the case of interacting particles.

14.1.1 The quasiparticle concept and conserved quantities

The principle of adiabatic continuity is now utilized to study a system of interacting
particles. It is used to bring the excitations of the interacting case back to the well-known
excitations of the non-interacting case, thus making computation possible. In doing so
we gain the fundamental understanding that the interacting and the non-interacting cases
have a lot in common at least under some restricting circumstances. This turns out to be
realized in many systems. The following arguments are meant to be the full theoretical
explanation for the applicability of Fermi liquid theory, but rather to give a physical
intuition for the reason why the quasiparticle picture is valid.

When calculating physical quantities, such as response functions or occupation num-
bers we are facing matrix elements between different states, for example between states
with added particles or added particle-hole pairs. Since we are dealing with the low energy
properties of the system, let us consider states with single particles or single electron-hole
pairs added to the groundstate

(ko)) = e, |G).  [(ko)y: (Ko D) = el or|G).  ete. (146)

where |G) is the groundstate of the interacting system. The first term inserts a particle
while the second term creates both a particle and hole. If we now imagine letting time
evolve according to a Hamiltonian where the interaction is gradually switched off at a rate

¢
He = Ho + Hie ', >0, (14.7)

then according to Eq. (5.18) the time evolution with the time dependent Hamiltonian is

ko) (t) = e *HOlT, exp <—i/0 dt’HC(t’)> ko) = Uc(t,0)|ko). (14.8)

If, under the conditions of adiabaticity, we can bring the states (|(ko),), |(ko)p; (ko')n),
etc) all the way back to the non-interacting case, then the matrix elements are identical
to those of the non-interacting case. For example

(K"}, (ko)) = (Ko UL (40U 0)| (ko)) — (Kol (ko)pho.  (14.9)

—00



236 CHAPTER 14. FERMI LIQUID THEORY

There are two important assumptions built into this construction:

1. The adiabatic procedure is valid when the energy of the state is large com-
pared to the rate of change, i.e. ex, > (, or, since typical excitation energies
are of order of the temperature, this is equivalent to assuming kg7 > (.

2. The interactions do not induce transitions of the states in question, or in
other words the life-time 7 of the state is long compared to ¢!, that is
Tiife > ¢

This apparently leaves an energy window where the idea makes sense, namely when
we can choose a switch-off rate ¢ such that

Tip < ¢ < kpT. (14.10)

The last condition can in principle always be met at high enough temperatures, whereas
the first one is not necessarily possible. Below we shall see that it is indeed possible to make
the approximations consistent, because the life-time turns out to be inversely proportional
to the square of the temperature, Tli_f; o T?. Thus there is always a temperature range at
low temperature where Eq. (14.10) is fulfilled.

Next we discuss the properties of the state with an added particle, |(ko),). It is clear
that the state where the interaction is switched off U (o0, 0)|ko) has a number of properties
in common with the initial state |(ko),), namely those that are conserved by the Hamil-
tonian: (1) it has an excess charge e (compared to the groundstate), (2) it carries current
—ehk/m, and (3) it has excess spin 0. Here —e and m are charge and mass of the electrons,
respectively. These properties are all conserved quantities because the corresponding op-
erators (1) the total charge @ = —eN, (2) the total current J. = —e >, vi.ny,, and (3)
the total spin S = >, ~on,  all commute with the Hamiltonian. Most importantly, the
adiabatic continuity principle can also be used to calculate the distribution function, and
therefore the distribution function <CL,U,CkJ> = ((K'o')pl(ko)p) — ((K'o')pl(ko)p)o is a
Fermi-Dirac distribution function. This leads us to the definition of quasiparticles:
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Quasiparticles are the excitations of the interacting system corresponding to
the creation or annihilation of particles (for example particle-hole pair state
|(ko)p; (K'0’)p)). The quasiparticles can be labelled by the same quantum num-
bers as the non-interacting case, provided that the corresponding operators com-
mute with the Hamiltonian. For a translation-invariant system of electrons inter-
acting through the Coulomb interaction, the quasiparticles quantum numbers are
thus k and o and they carry charge —e and velocity vy = hik/m. The quasiparticle
concept only makes sense on time scales shorter than the quasiparticle life time.
The quasiparticle are thus not to be thought of as the exact eigenstates. At low
temperatures there are only a few quasiparticles, and they therefore constitute a
dilute gas. Finally the quasiparticles are in equilibrium distributed according to
the Fermi-Dirac distribution function.

In the following we make use of the quasiparticle concept to calculate the screening
and the transport properties of an electron gas.

14.2 Semi-classical treatment of screening and plasmons

In Chap. 12 we saw how the collective modes of a charged Fermi gas came out of a
rigorous diagrammatical analysis. Here we shall rederive some of this using a less rigorous
but maybe physically more appealing approach. Consider a uniform electron gas which is
subject to an external potential ¢ (r,t). We can include the external potential as a local
change of the potential felt by the charged quasiparticles.?> Now, if the local potential of
the quasiparticles is space and time dependent so is then the density of quasiparticles,
because they will of course tend to move towards the low potential regions. This in turn
changes the electrical potential because the quasiparticles are charged and therefore the
total potential ¢, is given by the sum of the external potential ¢, and the induced
potential ¢, ;. The induced potential is caused by the excess or deficit of quasiparticles.
Thus we write the resulting local potential ¢, (r,t) as

Dot (T3 1) = Pext (T5 1) + Ping (1 ). (14.11)

The induced potential ¢, ; created by the induced density pinq, which in turn depends on
the total potential, must be determined self-consistently.

3Note that we are here invoking a new concept namely local equilibrium, because otherwise we could
not talk about a local potential. Clearly, this only makes sense on length scales larger than a typical
thermalization length. The thermalization length is the length scale on which thermal equilibrium is
established.
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14.2.1 Static screening

First we consider linear static screening. To linear order in the local total potential and
at low temperatures the induced charge density is given by

Pind(T) = %Z [nF (&x + (=€)t (r)) — 1 (fk)}
k
~ —(—e)cbtot(r)% > <—%§§f“>> ~ —(—€)yor (r)d(ef), (14.12)

k

where &y is quasiparticle energy measured relative to the equilibrium chemical potential
and d(e ) is the density of states at the Fermi level. From this we get the induced potential
in real space and in g-space as

a®) = = [ W )pna(e) & Gal@) = W (@pa(a) = W (@6 (@)dlr),

- (14.13)
which when inserted into (14.11) yields
nls) = Ga(5.0) = W(Dep)on(@) = () =y, (1410
and hence
e(a) =1+ W(q)d(ep), (14.15)

in full agreement with the conclusions of the RPA results Egs. (13.66 ) and (13.67) using
& = —d(ep) from Eq. (13.21).

14.2.2 Dynamical screening

In the dynamical case, we expect to find collective excitations similar to the plasmons
found in Sec. 13.5. In order to treat this case we need to refine the analysis a bit to allow
for the time it takes the charge to adjust to the varying external potential. Consequently,
the induced charge density at point r at time ¢ now depends on the total potential at some
other point r’ and at some other (previous) time #’. The way to describe this is to look
at the deviation of the distribution function ny of a quasiparticle with a given momentum
p = hk (below we as usual use & = 1). This depends on both r and ¢, so that

nkg = nk(t)(r, t). (14.16)

The dynamics are controlled by two things: the conservation of charge and the change
of momentum with time. The first dependence arises from the flow of the distribution
function. Because we are interested in times shorter than the life time of the quasiparticles,
the number of quasiparticles in each state is conserved. The conservation of particles in
state k is expressed in the continuity equation

e+ Ve jk =0, (14.17)
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where the current carried of quasiparticles in state k is given by jk = vink = (hk/m)n,
and hence we get
Or(nk) + k- Vink + vk - Veng =0, (14.18)

which is known as the collision-free Boltzmann equation?.

The second dependence follows from how a negatively charged particle is accelerated
in a field, i.e. simply from Newton’s law

P = —(=€)Vrdyo(r, ). (14.19)

Again it is convenient to use Fourier space and introducing the Fourier transform nk(q, w).
Using Eq. (14.19) we find

(—z’wﬂ'q-vk)nk(q,w)——ie<q-vknk>¢mt<q,w>—v:e<q-vksk>( g’g“)¢tot<q, )

(14.20)
To linear order in the potential ¢;,; we can replace the nx on the righthand side by the
equilibrium distribution nY = ng(&) and hence we find

q-Vidk onp(&k)
= — — . 14.21
mlae) = ST (L)) (g (,0) (14.21)
From this expression we easily get the induced density by summation over k
q-Viék onr (&)
ind (4, — — , , 14.22
) = 5 30 T (STEE) Cengla 2

where the factor 2 comes from to spin degeneracy. This is inserted into Egs. (14.13) and
(14.11) and we obtain the dielectric function € = ¢ /o in the dynamical case

e(q) = Z wq_qu«Ssk <— 8”5 g(fk)> . (14.23)

At w = 0 we recover the static case in Eq. (14.15), because Vi &k = vk. At long wavelengths
or large frequencies qv < w, we find by expanding in powers of ¢ that

clq) ~1— V‘;(f) % S (- v’ <_8”§£(fk)) - (%)2 (14.24)

which agrees with Eq. (13.75) in Sec. 13.5. Note that q drops out because W (q) oc ¢—2.

We have thus shown that in the long wavelength limit the semi-classical treatment,
which relies on the Fermi liquid theory, gives the same result as the fully microscopic theory,
based on renormalization by summation of the most important diagrams. We have also
gained some physical understanding of this renormalization, because we saw explicitly how
it was due to the screening of the external potential by the mobile quasiparticles.

“Here r and ¢ are independent space and time variables in contrast to the sometimes used fluid dynamical
formulation where r = r(t) follows the particle motion.
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14.3 Semi-classical transport equation

Our last application of the semi-classical approach is the calculation of conductivity of
a uniform electron gas with some embedded impurities. This will in fact lead us to the
famous Drude formula. Historically, the Drude formula was first derived in an incorrect
way, namely by assuming that the charge carriers form a classical gas. We know now that
they follow a Fermi-Dirac distribution, but amazingly the result turns out to be the same.
In Sec. 15 we will furthermore see how the very same result can be derived in a microscopic
quantum theory starting from the Kubo formula and using a diagrammatic approach.

As explained in Chap. 10, the finite resistivity of metals at low temperatures is due
to scattering against impurities or other imperfections in the crystal structure. These
collisions take momentum out of the electron system, thus introducing a mechanism for
momentum relaxation and hence resistivity. A simple minded approach to conductivity
would be to say that the forces acting on a small volume of charge is the sum of the
external force and a friction force that is taken to be proportional to the velocity of the
fluid at the given point. In steady state these forces are in balance and hence

2 2
mv €°“NTy_rol Ne“Typ—rel
- =0 = J=—-env :$E = o= %, (14.25)
p—relax

—(—e)E+

where o is the conductivity and 7j,_rclax is the momentum relaxation time.

Microscopically the momentum relaxation corresponds to scattering of quasiparticles
from one state |ko) with momentum sk to another state |k’o’) with momentum hk’. For
non-magnetic impurities, the ones considered here, the spin is conserved and thus o = o’.
The new scattering process thus introduced means that the number of quasiparticles in
a given k-state is no longer conserved and we have to modify Eq. (14.17) to take into
account the processes that change the occupation number ny. The rate of change is given
by the rate, I'(k'c«— ko), at which scattering from the state |ko) to some other state |k’c’)
occurs. It can be found from Fermi’s golden rule

T(K'o— ko) = 21 |[{K'o|Vimp|ko)|* 6(&x — &), (14.26)

where Vi, is the impurity potential. The fact that the scattering on an external potential
is an elastic scattering is reflected in the energy-conserving delta function. The total
impurity potential is a sum over single impurity potentials situated at positions R; (see
also Chap. 11)

Vimp(r) = > _u(r — Ry) (14.27)

i

We can then find the rate I" by the adiabatic procedure where the matrix element (k'o|Vipp ko)
is identified with non-interacting counterpart (k'c|Vimp ko), , where |ka)g = e’**/v/V, and
we get

2

27 —ik/-r ik-r
F(k/0'<— kO') = Fk’a,ko‘ = W Z/dre k U(I‘ — Rj)€+ k 5(51( — gk/). (1428)
J
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Of course we do not know the location of the impurities exactly and therefore we perform
a positional average. The average is done assuming only lowest order scattering, i.e. leav-
ing out interference between scattering on different impurities. Therefore we can simply
replace the sum over impurities by the number of scattering centers, Ninp = nimpV, and
multiplied by the impurity potential for a single impurity u(r). We obtain

2

Nim
6(&k — &) = Vka”k' (14.29)

Nimp

v

/ dr ei(k*k/)'ru(r)

Fk’,k =27

Now the change of ny due to collisions is included in the differential equation Eq. (14.17)
as an additional term. The time derivative of ny becomes

) d 0
nk(t) (r’ t) B (dtnk> flow—force " <atnk> collisions ’ <1430)

where the change due to “flow and force” is given by the left hand side in Eq. (14.18).
The new collision term is not a derivative but an integral functional of ny

0 Nim
(8nk> = — P Z [nk(l - nk’)Wk/,k — nk/(l - nk)Wka/] . (1431)
t collisions v K’

The first term in the sum represents the rate for being scattered out of the state k and the
second term represents the rate for being scattered into to state k from the state k’. The
total rate is obtained from the Fermi golden rule expression (14.29) times the probability
for the initial state to be filled and the final state to be empty. Because Wy = Wy ,
we have

0 Nim
<a”k> = =) W (e — o). (14.32)
t collisions v K’

and the full Boltzmann transport equation in the presence of impurity scattering now
reads

8t(nk) + k - Vkng + v - Veng = —ni;;p Z Wk’,k (nk — nk/) . (14.33)
k/

The Boltzmann equation for impurity scattering is rather easily solved in the linear
response regime. First we note that p = —cE, and therefore to linear order in E the
term Viyn, multiplying k can be replaced by the equilibrium occupation, which at zero
temperature becomes Vind = Vil(kr — k) = —kd(kp — k), where k is a unit vector
oriented along k. Let us furthermore concentrate on the long wave-length limit such that
Venk =~ 0. By going to the frequency domain, we obtain

—iwny + eB - ko(kp — k) = —% > Wie e (e — mer) (14.34)
k/

Without the ny/-term on the right hand side this equation is simple to solve, because the
right hand side is then of the form 7 'ny similar to —iwny on the left hand side. This
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hints that we can obtain the full solution by some imaginary shift of w, so let us try the
ansatz

ni(w) = eE - k6 (kp — k), (14.35)

iw—1/7tr

where the relaxation time 7% needs to be determined. That this is in fact a solution is
seen by substitution

—iw N o
—¢cE -k — E . -k _
W — 1/7-tr€ 6(kF k) +e 5(I€F k‘)
o —€ Nimp ) ~ RN ).
BRIy lZwIWk,k(k&kF B-Ko(ke k) B (1436)

Since Wy k includes an energy conserving delta function, we can set k = k' = kp and
remove the common factor §(kp — k) to get

—w N N —e nlmp N
——eE-k E-k— E Wi x(k — k) E. 14.37
w — 1/7"“6 te — 1/ Y N k' k ) - ( )
F

which is solved by

1 .

cos Oy — = nl{)np Z Wi x(cos Ok — cos by). (14.38)
T k'=kp

Here 6y is angle between the vector k and the electric field E. For a uniform system the

result cannot depend on the direction of the electric field, and therefore we can put E

parallel to k, and get

- % 3" Wies(l = cos by pe)- (14.39)

7-tr
k'=kp

The time 7' is known as the transport time, because it is the time that enters the
expression for the conductivity, as we see by calculating the current density

2
J= _VG NkVk
Kk
ey [ b g] &
V iw — 1/7'“ m
262 5 1 )
(27T —iw + 1/Ttrm dkk (kr — k) /_1 d(cos ) cos™ 0
2¢°E 1 2
== X — (14.40)

“iw+ 1/ (27)2m T3 T (miw + /77 m

where we have used the relation between density and kg, n = k%./372. The result for the
conductivity is
1 ne-T

=00T——; = 14.41
c=oor— o= (14.41)
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which agrees with Eq. (14.25) found by the simplified analysis. The reason that the two
approaches give the same result is that we can treat the quasiparticle as independent,
and the analysis that was applied in the fluid dynamical picture in Eq. (14.25) is indeed
applicable to each quasiparticle separately.

Often one uses an even simpler approximation for the collision term, namely the so-
called relaxation time approximation. In this approximation the collision is replaced by

_ 0
(%k) _ Mk (14.42)
ot collisions 70

where nﬂ is the equilibrium distribution function, and 7y is the relaxation time. This
approximation in fact gives the correct answer if the relaxation time is identified with the
transport time 79 = 7%. At first sight, it is tempting to think of the 7y as the time for
scattering out of the state k, i.e. the life time of the state k. This would however only give
the first term in the right hand side of Eq. (14.32) and it is therefore incorrect. The life
time, which was also calculated in Eq. (11.49 ), is given by the first Born approximation

1

Tife

Nimp
= — Wi k. 14.43
v Ek/ Kk ( )

This time expresses the rate for scattering out of a given state k, but it does not tell us
how much the momentum is degraded by the scattering process. This is precisely what the
additional cosine-term in Eq. (14.39) accounts for. If the quasiparticle scatters forward,
i.e. cosf =~ 1, the state k is destroyed but the momentum is almost conserved and such
a process therefore does not effect the conductivity. On the contrary when the particle is
scattered backward, i.e. cosf =~ —1, there is a large change in momentum, corresponding
to a large momentum relaxation. Therefore the transport time is precisely the momentum
relaxation time defined in the simple fluid dynamical picture in Eq. (14.25).

14.3.1 Finite life time of the quasiparticles

Above we first assumed that the quasiparticles have an infinite life time. Then we included
some finite life time induced by scattering against impurities. But we never included
scattering of quasiparticle on other quasiparticles. Here we investigate the validity of this
approach by studying the rate of quasiparticle-quasiparticle scattering. Clearly there is a
mechanism for quasiparticle scattering against quasiparticles because they are charged and
therefore interact through the Coulomb interaction. The interaction between the particles
is screened by the other particles and we should use the RPA result for the interaction.
The Coulomb interactions thus introduces a two-particle scattering where momentum and
energy are exchanged, but of course both total momentum and total energy are conserved
in the scattering event. If two particles in states |ko;k’c’) scatter, the final state will
be a state |k + qo;k’ — qo’), such that the initial and the final energies are the same
€k + €k = Ektq T Ek/—q OF counting from the chemical potential {x + {xr = Ektq + Ek/—g-
The rate for quasiparticle-quasiparticle scattering can be calculated using Fermi’s golden
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rule

Fk+q0,k'—qa’;k’a’,ka =2m Kk—l—qa, k/_qU,’WRPA (Q) |k/0/7 k0'> ‘2 (5(§k +&k/ _§k+q_ gk/fq)v

(14.44)
where WRPA(q) is the RPA screened Coulomb interaction. From this rate we can obtain
the total rate for changing the state of a given quasiparticle in state |ko) by the Coulomb
interaction. To find that we must multiply I' with the probability that the state |k’c’) is
occupied and that final states are unoccupied and sum over all possible k/ and q. The
result for the “life-time” 7y of the state |ko) is then given by

screened interaction
in f'_‘ _\
b 2

_/\27’('2

X {nknk/ [1 — nk+q] [1 — nk/,q]

6§ (&k + & — xtq — Si—q)

gRPA q 0

scattering out of state k

—[1 =1 - nk/]nk+an/_q}. (14.45)

scattering into state k

The expression (14.45) can be evaluated explicitly for a particle in state k added to a filled
Fermi sea, i.e. nx = 1 and np = 0(kp — p) for p equal to k', k' — q, or k+ q. But for
now we just want the energy dependence of the life-time. A simple phase space argument
gives the answer, see also Fig. 14.1. We look at situation with a particle above the Fermi
surface & > 0. Suppose then we have integrated out the angle dependence, which takes
care of the delta function. At 7" = 0 this gives the condition that {x + & — &kq > 0.
Then we are left with two energy integrals over & = ¢ < 0 and &_q = &” > 0. We then
have

1 0 00
f~W2d 3 de’ de"e 1N
WElden) [ ag [T ageta e~ ¢

Tk ‘
= WPl [ de (6+€) 6+ )

2
= W2 [d(er))? %k for T < &, (14.46)
This is a very important result because it tells us that the life-time of the quasiparticles
diverges as we approach the Fermi level and thus the notion of quasiparticles is a consistent
picture. At finite temperature the typical excitation energy is kg7 and & is replaced by

kT ,
— xT? forT > &, (14.47)
Tk

The conclusion from this analysis is: the life-time of the quasiparticles based on Fermi’s
golden rule diverges at low temperatures and therefore the condition for the adiabatic
approach expressed in Eq. (14.10) holds as long the temperature is much smaller than the
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Maximum phase space = (4mk%&)?

Figure 14.1: The two-particle scattering event that gives rise to a finite life time of the
quasiparticles. Both momentum and energy have to be conserved. This together with
the Pauli principle cause the phase space available for the scattering to be very limited,
which is illustrated on the right hand figure. The dashed circle indicates the energy of the
initial state. Since the particle can only loose energy, the other particle which is scattered
out of state k’ can only gain energy. Furthermore, because of the Pauli principle the final
states of both particles have to lie outside the Fermi surface and therefore the phase space
volume for the final state k + q (white area) and for the initial state k' (gray area) both
scale with § giving rise to a maximum total phase proportional to 512(.

Fermi energy. Because the Fermi energy in for example metal is in general a fairly large
energy scale, the condition in fact holds for even moderately elevated temperatures. As
illustrated in Fig. 14.1 the physical reason for the smallness of the scattering rate is that
although the Coulomb scattering matrix elements are big there is not much phase space
available for scattering due to the Pauli principle.

14.4 Microscopic basis of the Fermi liquid theory

14.4.1 Renormalization of the single particle Green’s function

The Fermi liquid theory relies on the assumption that the excitation created by adding
a particle to the system, can be described by a free particle with a long life time. These
were the quasiparticles. The function that measures precisely the density of states for
adding particles is the retarded Green’s function G®. If the retarded Green’s function of
the interacting system turns out to be similar to that of free particles, the quasiparticle
picture therefore has real physical meaning. This is what we are going to show in this
section and thereby give a microscopic foundation of the Fermi liquid theory.

We consider the one-particle retarded Green’s function, which in general can be written
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as
1

R _
G (ko,w) = £ — SR (ko,w)

(14.48)

where &, = k2/2m —p is the free electron energy measured with the respect to the chemical
potential u, and where ER(k,w) is the irreducible retarded self-energy. To calculate the
self-energy we should in principle include all possible diagrams, which of course is not
doable in the general case. Fortunately, important conclusions can be drawn from the
first non-trivial approximation, namely the RPA which in Chap. 12 was shown to give
the exact answer in the high density limit. Let us first write the general form of G by
separating the self-energy in real and imaginary parts

1
w— €k + ReZE(k,w)] —iIm R (k,w)

GR(ko,w) = (14.49)

We then anticipate the quasiparticle picture by looking at k-values close to the %: #, meaning
close to the renormalized Fermi-energy. The renormalized Fermi wave number kp is defined
by the condition that the real part of the energy vanishes §; + Re Y(kp,0) = 0. At small
energies and for k close to kp, we can expand (G~ in powers of k — kp and w, which
leads to

GR(k,w) ~ [w — wdyRe 2P — (k — kp)Oi(€ + Re 2R) — iIm ER] o

=z [w — &t 27;@] 1 (14.50)
where
z1-1- 2 Re S(kp,w)| (14.51)
Ow w=0
€ = (k- /?:F)Z;k (6 +ReZ(k,0)),_z, » (14.52)
= —2ZIm X" (k,w). (14.53)

Ti(w

The imaginary part of Y1 (k,w) is not expanded because we look at its form later. The
effective energy £y is usually expressed as

& = (k= kp)kp/m*, (14.54)

where the effective mass by Eq. (14.52) is seen to be

)
T _z(1+ 2 ZRex(k,0)
m* kp ok

) ) . (14.55)
k=kp

In Sec. 14.3.1 we saw that the life-time goes to infinity at low temperatures. If this also
holds here the spectral function therefore has a Lorentzian shape near k = kr. For a very
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Alk,w) = Aplk,w) + A'(k,w)
A

> dw
— Ak =7
o 2T aplk, w)

1

Aglkyw)=— &

\J

Figure 14.2: The spectral function A(k,w) as resulting from the analysis of the RPA
approximation. It contains a distinct peak, which is identified with the quasiparticle.
This part called Ay, however only carries part of the integrated spectral weight and the
rest must therefore be contained in the background function A’ stemming from other types
of excitations.

small imaginary part we could namely approximate Im X% ~ —», and hence Eq. (14.50)
gives

Alk,w) = —2Im G (k,w) ~ 21 Z6(w — &). (14.56)

This shows that with a small imaginary part, the Green’s function and the spectral function
has a sharp peak at w = ék. The peaked spectral function therefore resembles that of a
free gas and the pole is identified as the quasiparticle that was defined in the Fermi liquid
theory. However, because the general sum rule

/OO d—wA(k,w) =1, (14.57)

oo 2m

is not fulfilled by Eq. (14.56), the integral only amounts to Z, the quasiparticle peak
cannot be the whole story. There must be another part of the spectral function, which we
denoted A’, that has an integrated weight given by 1 — Z. See Fig. 14.2. Therefore we
instead write

Alk,w) =21Z6(w — &) + A'(k,w), (14.58)

where the remaining contribution A’ not associated with the pole, contains more compli-
cated many body excitations not describable by a free electron like peak. The constant
Z is called the renormalization constant and it is a measure of the quasiparticle weight.
Typically Z is found from experiments to be between 0.7 and 1 for ry; < 3, where 7
= (3/4ma3n)~'/3 is the parameter often used to parameterize the density of electron
gases. The renormalization constant shows up for example in the distribution function
n(k), where the jump at the Fermi level is a direct measure of Z, see Exercise 13.2. For
a discussion on the measurements of Z using Compton scattering see e.g. the book by
Mahan.
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We still need to show that the assumption of a large 7 is valid and we now turn to
evaluating the imaginary part of the self-energy.

14.4.2 Imaginary part of the single particle Green’s function

We base our analysis on the most important diagram, the RPA self-energy m, in
Eq. (13.12). In the Matsubara frequency domain it is given by

. 1 1 Wi(q) . .
RPA :
Yo ko, iky,) = =3 E v E SPA (g Z,wn)go(k + q, 03 iky + iwy). (14.59)

W q

where W/eRPA is the screened interaction. As usual we perform the Matsubara summation
by a contour integration

. dz 1 w .
EEPA(kU, iky) = — /C %nB(Z)g Z W((((?z)go(k +q,0;ikn + 2), (14.60)
a )

where C is a suitable contour that encloses all the bosonic Matsubara frequencies z = iw,.
The integrand in analytic everywhere but in z = {4 — ik, and for z purely real. If we
therefore make a contour which is like the one in Fig. (10.3) C = C; 4 C2 then we include
all the Matsubara frequencies except the one in origin (note that the points shown in
Fig. (10.3) are the fermionic Matsubara frequencies). Therefore we include a loop around
the origin so that the contour C = C; + C2 + C3 shown in Fig. 14.3 includes all boson
Matsubara frequencies z = iw,. The small loop C3 shown in Fig. 14.3 is now seen to
cancel parts of the counters C; and Cp so that they are modified to run between | — oo, —J]
and [0, oo[ only, and this is equivalent to stating that the integration are replaced by the
principal part, when letting 6 — 07. As seen in Fig. 14.3 we, however, also enclose the
pole in z = {4 — iky,, which we therefore have to subtract again. We now get

W(a) ,
X |:€RPA(q7w +in) Go(k+q,0;ik, +w) — (n — —77)]
! ~ W(a) ]
Ty — ihn [ — . 14.61
v g B(Ek+q ) ERPA(Q, Ecrq — i) ( )
In the last term we should use that ng (§k+q —iky) = _”F(karq) because ik, is a fermion

frequency. Now that we have performed the Matsubara sum, we are allowed to get the
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Figure 14.3: The contour C = C; + Cs + C3 used for integration for a the Matsubara sum
that enters the RPA self-energy in Eq. (14.60). The poles from the boson frequencies are
shown by black dots, while the that of Gy is the white dot. The contour C3 which picks
up the contribution from the pole z = 0 cancels the parts of C; and Cy given by the small
loops.

retarded self-energy by the substitution ik, — € + in which leads to

[e.e]
SRPAR (15 ) = —Z/ @,

« (20) Tm LRPA (qiu - m)] W(Q)GE(k + q, 01 +w)
1 Wi(a)
Y g nF(EkJrQ) |:ERPA((1, g —€ — “7):| ) (14'62)

because [aRpA(q,w +in)] = [ERPA(q,w — zn)]* The imaginary part of the self-energy
becomes

Im SRPA (ko 2) = Z n5(Ek+q — €) + np(fktq)] Im [ RPA(
q

W(q) ]

q, §k+q —€+ 2‘77)
(14.63)

where we used that —Im Gf(k + q, 076 +w) = (e + w — €x1q) and then performed the

w-integration. Since we are interested in the case where a particle with &y is scattered, we

evaluate the imaginary part in € = £ and find

2

1 —2 W
= —2Im XRPA (ko &) = v ; (18 (Ekrq — &) + 1F (Ekrq)] SRPAR (g, éziq — &)
x Im X (d, Expq — Ex)- (14.64)

The imaginary part of the polarization function follows from Eq. (13.20)

Im X (q, Exerq — k) = V [’nF(fk/) —np(éw_q)] 0(& — Gr—q — Extq + &) (14.65)
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(here we shifted k' — k' —q as compared with Eq. (13.20)) and when this is inserted back
into Eq. (14.64), we obtain

le = —2Im X" (ko) = —47” [n8(&rq = &) + 1 (Gra)] [ (&) = (0]

qk’
Wi(q)

2
ERPAR(q, Ecrq — &) 0w — &'—q — Ek+q T+ Ek)-

(14.66)

X

Let us study the occupation factors in this expression and compare with the Fermi’s golden
rule expression Eq. (14.45). For the first term in the first parenthesis we use the identity

np(e1 — €2)[np(e2) — nr(e2)] = nr(e)[l —nr(e2)l,

combined with {x — §xyq = —&k + & —q- For the second term we use the obvious identity

np(e1)[l —np(e)] — nr(e2)[l —np(ea] = np(e1) —np(e)

and np(—e) = 1 —np(e). All together this allows us to write the occupation factors in
Eq. (14.66) as

—np (&)1 = np(Eerq)] [1 — nre(lw—g)] — [ = nr(&e)] nr(Eerq)nr(fe—q)  (14.67)

At low temperature the first term is due to the energy conservation condition non-zero for
&k > 0, while the last term is non-zero for £ < 0. The first term thus corresponds to the
scattering out term in Eq. (14.45), while the second term corresponds to the scattering
in term. If we furthermore approximate {x — {k+q ~ 0 in eRPA we now see that the life
time in Eq. (14.66) is equivalent to the Fermi’s golden rule expression Eq. (14.45). We
have thus verified that the imaginary part of the retarded Green’s function indeed goes to
zero. At least when employing the RPA approximation for the self-energy, but the RPA
approximation in Chap. 12 was shown to be exact in the high density limit. An explicit
calculation of Eq. (14.66) was done by Quinn and Ferrell® who got

IRRVEY & (&)2

™ = Wu}p (1468)

°F

Going beyond RPA, it can in fact be shown that the imaginary part vanishes to all orders
in the interaction. This was done by Luttinger® who proved that the imaginary part of any
diagram for the self-energy goes to zero as £2 or faster. The derivation is rather lengthy and
we do not give it here. It is however not hard to imagine that more complicated scattering
events than the simple one depicted in Fig. 14.1 will have even more constrains on the
energies. Hence after integration, they will result in higher powers of . This concludes
our analysis of the single particle Green’s function. The analysis indeed confirmed the
physical picture put forward by Landau in his Fermi liquid theory.

®J. J. Quinn and R. A. Ferrell, Phys. Rev 112, 812 (1958).
5J.M. Luttinger, Phys. Rev. 121, 942 (1961).
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14.4.3 Mass renormalization?

In the previous section we saw how the assumption of weakly interacting quasiparticles was
justified by the long life time of the single particle Green’s function. We also found that the
effective mass of the quasiparticle was renormalized due to the interactions. This seems to
contradict the postulate of the Fermi liquid theory that the current of the quasiparticles
is independent of interactions, i.e. it is given by k/m and not k/m*. The bare velocity
of the quasiparticles was important for obtaining the Drude formula for the conductivity,
o = ne’r" /m. How come the renormalized mass m* appears in the Green’s function
whereas the physically observable conductivity contains the bare mass m? The answer to
this question in found by studying how the conductivity is calculated diagrammatically.
The conductivity is as we remember from the Kubo formula related to the current-current
correlation function. The calculation has to be done in a consistent way such that the
diagrams included in the irreducible self-energy is also included in the diagrams for the
two-particle correlation function. When the same type of diagrams are included both
in the self-energy and in the lines that cross the two-particle “bubble” then the mass
renormalization exactly cancels. In Chap. 15 we shall see an explicit example of this by
calculating diagrammatically the finite resistance due to impurity scattering starting from
the fully microscopic theory. See also Exercise 14.4

14.5 Outlook and summary

We have developed the semi-classical Fermi liquid theory of interacting particles. The
theory is valid whenever perturbation theory is valid, i.e. when the interaction does not
induce a phase transition. Miraculously, the interacting system of particles can be de-
scribed by a gas of non-interacting particles. These particles we call quasiparticles and
they can be labelled by the same quantum numbers of those of the non-interacting system,
provided that the corresponding operators also commute with the full Hamiltonian. For
a translation-invariant system the quantum numbers are k and o.

On long length and time scales we can use a semi-classical approach to study various
properties. This approach is based on the Boltzmann equation

Ay (n1e) + k - Vieny + vic - Venye = (8"“) . (14.69)
ot collisions
This equation is extremely useful since it in many situations gives a sufficiently accu-
rate description of the physics. It has been widely used to explain numerous transport
phenomena in gases and solids. One can include both electric and magnetic fields driv-
ing the system out of equilibrium. The driving fields enter through the Lorentz force as
p = Ik = (—e)(E + v x B). On the right hand side of Eq. (14.69) we have included colli-
sions due to impurities and particle-particle collisions . One can also include for example
particle-phonon scattering in solids and thus explain the temperature dependence of the
different transport coefficients.
Landau’s phenomenological theory was shown to be justified by a rigors microscopic
calculation, using the random phase approximation result for the self-energy. The result
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of this analysis was that even in the presence of interactions does the Fermi surface persist
and near the Fermi surface the imaginary part of the single particle Green’s function
rapidly vanish as

Im X8 (kp, €) o« max(e?, T?). (14.70)
This explains why the Fermi liquid theory works: when the imaginary part goes to zero
the single particle Green’s function is identical to that of a free particle.



Chapter 15

Impurity scattering and
conductivity

We now return to the problem of calculating the resistance of a metallic conductor due
to scattering against impurities. The basic physics of impurity scattering was discussed
in Chap. 10, where we saw how the single-particle Green’s function acquired a finite life
time after averaging over the positions of the impurities. In Chap. 13 the conductivity
was calculated within the Boltzmann equation approach. We now rederive the Boltzmann
equation result starting from a microscopic quantum approach. The advantage of this
microscopic approach, besides giving a first principle justification of the Boltzmann equa-
tion, is that it can be extended to include correlation and coherence effects that cannot be
described in the semiclassical Boltzmann approach. In order to get familiar with the tech-
niques, we therefore start by deriving the semiclassical result. Then we go on to include
the quantum mechanical effect known as weak localization, which is due to interference
between time reversed paths. Weak localization involves coherent scattering on many
impurities, and it can therefore not be explained semiclassically.

In 1979 the weak localization correction to resistivity was observed experimentally in
large 2D samples at low temperatures. It was explained theoretically later the same year,
and an extended research was initiated on the role of quantum coherence in transport
properties. A few years later another low-temperature interference effect, the so-called
universal conductance fluctuations, was discovered in small (~ pm) phase-coherent struc-
tures. This discovery started the modern field of mesoscopic physics. To understand these
smaller systems one must take into account the finite size of the conductors, which is the
topic in Chap. 15. In this chapter we deal with extended systems and discuss the most
important disorder-induced quantum corrections. The leading quantum correction is pre-
cisely the weak localization effect, at least in two dimensions. In one dimension, things
are more complicated because there all states are localized and one cannot talk about
a conductivity that scales in a simple fashion with the length of the system. In three
dimensions, the situation is again different in that at some critical amount of impurity
scattering there exists a metal-insulator transition known as the Anderson localization.
This is however outside the scope this book.

253
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Based on the physical picture that emerged from the Fermi liquid description in
Chap. 13, we assume in the first part of this chapter that we can describe the electrons as
non-interacting. In the second part of the chapter we include electron-electron interactions
together with impurity scattering and explicitly demonstrate that the non-interacting ap-
proximation is valid. This means that we shall see how the mass renormalization discussed
in Sec. 14.4.3 is cancelled out. Furthermore, we shall see that in order to obtain meaning-
ful results, it is absolutely imperative to include vertex corrections to the current-current
correlation bubble diagrams. These corrections cannot be treated evaluating only single-
particle Green’s functions. They are thus genuine two-particle correlation effects, which
can be described by diagrams where interaction lines “cross” the bubble diagrams.

15.1 Vertex corrections and dressed Green’s functions

Let us start by the Kubo formula for the electrical conductivity tensor 0,5 given in
Eq. (6.25) in terms of the retarded current-current correlation function Eq. (6.26). Here
we shall only look at the dissipative part of the conductivity, and therefore we take the
real part of Eq. (6.25)

2
e
Reo,s(r, r';w) = —;Imﬂfﬁ(r,r',w). (15.1)

Note that the last, so-called “diamagnetic”, term of ¢ in Eq. (6.25) drops out of the real
part. In the following we therefore only include the first, so-called “paramagnetic”, term
in Eq. (6.25), denoted oV. For a translation-invariant system we consider as usual the
Fourier transform

2
ie
Ugﬁ(q;w) = jﬂgg(q,w)- (15.2)

The dc-conductivity is then found by letting! ¢ — 0 and then w — 0. The dc-response at
long wavelengths is thus obtained as

Re oop = —€? Tim ;g% % Im 155 (q, w). (15.3)
In this chapter we consider only homogeneous translation-invariant systems, i.e. the con-
ductivity tensor is isotropic and therefore diagonal, 0,3 = 0 0. In particular we have
no magnetic field and take A = 0. In the computation we can choose « to be the x direc-
tion. Note that the system is translation-invariant even in the presence of impurities after
performing the position average described in Chap. 10.
As usual we calculate the retarded function starting from the corresponding Matsubara
function. The Matsubara current-current correlation function is

1

5 (el 7) Ja(=a, 7)) (15.4)

H:px(qa T = 7—,)

'If in doubt always perform the limit ¢ — O first, because having a electric field E(q,w) where w = 0
and ¢ finite is unphysical, since it would give rise to an infinite charge built up.
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In the frequency domain it is

Maala i) = 5 [ dlr =) (ha a0 ), (155

where the time-ordering operator T, is omitted, because 7 > 7. We can now express
Jz(q,7) in terms of J;(q,ig,) and obtain

1 /8 e
H:Da:(q7 an) - _9 / d(T - 7— an(T T Z Z q7 lQZ q7 qu)) e—’quTe—’Lqu .
0 /8 iq MIm
(15.6)
The integration with respect to 7 leads to iq, = iq;. Finally, since the result cannot depend
on 7', we must have iq, = —i¢,,, and whence
. 1 .
Hx:]c((la @Qn) = Vﬁ < (Cb ZQn)Jr(_q’ _'LQn)> . (15-7)
This we conveniently rewrite using the four-vector notation § = (igy,, Q)
- 1 - -
Hmm(Q) - _76 <Jx(Q)Jm(_Q)> . (15'8)

In order to begin the diagrammatical analysis we write the current density J,(¢) in
four-vector notation

R B ) 1 1
72() = / e Skl ()

= 2m/8 Z % 2k+ q) Cko’(Zk )ck+q0'(1’k + ZQn)

111

%59ZZ(ka+qx)cI,(l~c)co(l;:+d)a (15.9)
];: o

which we draw diagrammatically as a vertex

k
J(q) = < (15.10)
k+q

The vertex conserves four-momentum, and thus has the momentum ¢ = (ig,,q) flowing
out from it to the left.

We can now draw diagrams for the current-current correlation function using the Feyn-
man rules. The procedure is analogous to that for the charge-charge correlation function
in Chap. 12, however, here we include both the impurity lines e - =3 from Chap. 10 and
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the Coulomb interaction lines e~~~@ from Chap. 12. We obtain

o2 (q) = (15.11)

We can perform a partial summation of diagrams to all orders by replacing each Green’s
function Gy by the full Green’s function G. In doing so we have in one step resummed
Eq. (15.11) and are left with bubble diagrams where the only interaction and impurity
lines to be drawn are those connecting the lower and upper electron Green’s functions.
Eq. (15.11) then becomes

Here the double lines represent full Green’s functions expressed by Dyson’s equation as in
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Eq. (12.19)

= Go(k) + Go(k)S" (k)G (k), (15.13)

where X" = @ is the irreducible self-energy. For example in the case where we include
impurity scattering within the first Born approximation and electron-electron interaction
in the RPA approximation, the irreducible self-energy is simply

IBA + RPA:  S"(k) =€ =~ ,,’f*\\ + ﬁ (15.14)

where RPA means the following screening of all impurity and interaction lines

RAARARS = o ~r~e | M~OMW (15.15)
ezz==Xx = e--¥ -+ mO:::* (15.16)

The next step is to organize the diagrams according to the lines crossing the bubbles from
the upper to the lower fermion line in a systematic way. These diagrams are denoted
vertex corrections. To obtain a Dyson equation for II,, we first introduce the irreducible
line-crossing diagram A consisting of the sum of all possible diagrams connecting the
upper and lower fermion line, which cannot be cut into two pieces by cutting both the

upper and the lower line just once?,

: \‘* /// “
. 4
AT = = %4— + X+ * (15.17)
AN %
é

2We do not include diagrams like the terms 9, 10 , and 11 in Eq. (15.12). Diagrams of this type are
proportional to ¢~2 and thus they vanish in the limit ¢ — 0.
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Using A" we see that we can resum all diagrams in I, in the following way

- O - LD TR
< B I A )

- / dk' To (K K + )G(E)G(E + )T (K + ¢, k), (15.18)

W),

where the unperturbed vertex is

. 1
Poa(k,k +) = 5~ (2ks+4z), (15.19)
and the “dressed” vertex function is given by an integral equation, which can be read off
from Eq. (15.18)

T (k+q,k) = ’o - o + % (15.20a)

=To.(k+q, k) + /dq’Ai”(l%, G )G k+T)G(k+G +)To(k+7 +G, k+q),
(15.20b)

YYN14

The notation for the arguments of the I" functions is I' = I'( “out going”, “in going”).

The question is now which diagrams to include in A™. We have seen examples of
how to choose the physically most important self-energies, both for the impurity scat-
tering problem in Chap. 10 and for the case of interacting particles in Chap. 12. In the
present case once the approximation for ¥ is chosen, the answer is simply that there
is no freedom left in the choice for the vertex function I'. If we include certain diagrams
for the self-energy we must include the corresponding diagrams in the vertex function.
This follows from a general relation between the self-energy and the vertex function. This
relation, called the Ward identity,? is derived using the continuity equation. Consequently,

3The Ward identity reads
iqolo(k+q.k) —iq-T(k+q.k) =G "(k+ @) +7 (),

where the function I'y is the charge vertex function, and I' is the current vertex function. For more details
see e.g. R.B. Schrieffer, Theory of Superconductivity, Addison-Wesley (1964).
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not fulfilling this identity is equivalent to a lack of conservation of particles. Therefore
a physically sensible approximation must obey Ward’s identity, and one uses the term
“conserving approximation” for the correct choice for the vertex function. For a deriva-
tion and discussion see for example the book by Schrieffer. Here we simply follow the
rule as dictated by the Ward identity: if an irreducible diagram is included in X" the
corresponding diagrams should also be included in A,

If we consider the first Born approximation and RPA for X' as depicted in Eq. (15.14),
we get for AT

AT = ~ &+ § =W, (15.21)

and in this case the integral function for I' becomes
To(k+3, k) = Tox(k+q, k) + / dg W(§)G(k+q)G(k+q +@Ts(k+7 +q k+q), (15.22)

where

W(Cj) = WRPA(@) + Nimp EP:LP(E()@ EP:LISA_(Ci)q)

(15.23)

This particular approximation is also known as the ladder sum, a name which perhaps
becomes clear graphically if Eq. (15.21) for A™ is inserted into the first line of Eq. (15.18)
for I, and if for clarity we consider only the impurity scattering lines:

15.2 The conductivity in terms of a general vertex function

Having the expressions for both the single-particle Green’s function G and the vertex
function I', we can obtain from Eq. (15.18) a general formula for the conductivity. This
definition involves a summation over the internal Matsubara frequency. If we drop the
four-vector notation in favor of the standard notation, and furthermore treat the case
q = 0, the current-current function is

. 11 . . . . o
IT,.(0,ig,) = -3 > 5 > Tou(k,k)G(k, ik, )G (k ik, + ign)Ts(k, Kiik,, + ign, ik,,).
ik k

(15.25)
The Matsubara sum over ik,, is performed in the usual way by a contour integration over
z = ik,. The presence of two G’s in the summand leads to two branch cuts; one along
z = ¢ and one along z = —ig, +¢, with € being real. Therefore we first study a summation
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Figure 15.1: The contour used in the frequency summation in Eq. (15.26).

of the form

. 1 o .
Sor(ign) = 3 Z f(ik,, ik, +iqn)
ik,
dz .
=— | —nr(2)f(z,2z+ig), (15.26)

c 21
where the integration contour C is the one shown in Fig. (15.1) made of three contours
leading to four integrals over ¢

Surlign) == [ 5 Ene (@) +ine +ign) = fle — in.e +ig.)]

- / e i) [f(e —ique i) — fe—igne— )] (1527)

oo 2T

At the end of the calculation we continue iq, analytically to w + in, and find

Szb;“r(w) = /OO ;—;np(e) [fRR(6,8+w) — fAR(s,e +w)

+ AR (e —w,e) — fA%e — w, &), (15.28)

with the convention that fAR(E, ¢’) means that the first argument is advanced, € — in, and
the second argument is retarded, i.e. € + i1, and so on. If we shift the integration variable
€ — € + w in the two last terms, we obtain

@) = [ o npe) ~ nile + )] AR e+ )

oo 2T

_/oo de [nF(a)fRR(a,e—i-w) —np(e—i-w)fAA(e,a—i—w)}. (15.29)

oo 2T

Since we are interested in the low frequency limit, we expand to first order in w. Fur-
thermore, we also take the imaginary part as in Eq. (15.3). Since (fAA)* = fRR we
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find

Im SE,(w wIm/oo ;; < k(e )> [F4R(e,e) — fRB(c,e)]. (15.30)

Oe

At low temperatures, we can approximate the derivative of the Fermi-Dirac function by a

delta function O (&)
ngle

— ~ 15.31

(-2 st (15.31)

and hence w
Im Sjp(w) = o —Re [£44(0,0) — F47(0,0)]. (15.32)
T
By applying this to Eq. (15.25) and then inserting into Eq. (15.3) one obtains
2
Re0yy = 2Re%§ Z To.0(k, k) [GA(k 0)GE(k, 0)IFA(k, k; 0, 0)

— GA(k,0)G(k,0)I44(k, k; 0,0) |, (15.33)

where we have included a factor of 2 due to spin degeneracy. This is how far one can go
on general principles. To proceed further, one must look at the specific physical cases and
then solve for the vertex function satisfying Eq. (15.20b) and insert the result into (15.33).
In the following we consider various cases. We will consider only cases where the disorder
is weak and for this case it is shown in the next section that the product GEG4 exceeds
GAGA by a factor of order 1/7Ep, where 7 is the scattering time for impurity scattering.
Hence in the weak disorder limit, we may replace the general formula in Eq. (15.33) by
the first term only.

15.3 The conductivity in the first Born approximation

The conductivity was calculated in Sec. 14.3 using a semiclassical approximation for the
scattering against the impurities. The semiclassical approximation is similar to the first
Born approximation in that it only includes scattering against a single impurity and ne-
glects interference effects. Therefore we expect to reproduce the semiclassical result if we
only include the first Born approximation in our diagrammatical calculation. The starting
point in this section is non-interacting electrons scattering on impurities. The RPA part
of the self-energy in Eq. (15.14) is not included in this section. Later we discuss what
happens if interactions are included.

The vertex function is now solved using the first Born approximation, i.e. the first
diagram in Eq. (15.21). In this case, again taking q = 0, the integral equation Eq. (15.22)
becomes

1
Pa(k, Kiiky + 60, iky) = Dok, J) + 5 iy [WBPAQ) P Gk + o ik,)  (15.34)
q/
x G(k + ik, +iq,)T+(k + d', k+q';ik, + iq,,ik,),
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where the second term in Eq. (15.23) has been inserted and where uRPA = 4 /eRPA. The
Green’s functions G are, as we learned from the Ward identity, also those obtained in
the first Born approximation. Note that there is no internal Matsubara sum because the
impurity scattering conserves energy. Since we do not expect the dynamical screening
to be important for the elastic scattering, we set the frequency in e®PA(q,0) to zero.
Remembering that I', is a component of a vector function I' and that the unperturbed
vertex is I'g(k,k) = k/m, we define for convenience a scalar function vy(k,e) defined
as I'(k,e) = k~y(k,e)/m. In doing so we in fact use that the system is isotropic which
means that only the vector k can give the direction. When inserting this into Eq. (15.34),
multiplying by (1/k?)k-, and shifting the variable ' to ' = k/ — k, we get

1
Yk ek, + gy i) = 1+ 55> i [u A (K — K)|*G(K, ik,)
k/

/

k -k
x G(K ik, + iqn)?fleA(k’, K':ik, +iq,,ik,),  (15.35)

In the formula Eq. (15.33) for the conductivity both Tf4 and T2 appear (or rather
TRER — (TA44)*. They satisfy two different integral equations, which we obtain from
Eq. (15.35) by letting ig, — w + in and ik, — e + in, and subsequently taking the
dc-limit w — 0. We arrive at

2 ) (K',e), (15.36)

1
,YRX(k’g) =1+ 9 Znimp ‘URPA(k/ . k)|2 GX(k/,ﬁ)GR(k/,g)
K’

where X = A or R. One immediately sees that the small factor nim, tends to kill the
sum, and in the weak scattering limit one should expect the solution of this equation to
be simply 7#X(k,e) ~ 1. It is immediately seen that this is a consistent solution for the
imaginary part of both 774 and %% but it turns out that for the real part of v#4 a factor
1/nimp is contained in the Green’s function. The lesson we learn here is that we have to
be rather careful with products of Green’s function carrying the same arguments, because
in the limit of small nimp, Im GX tends to a delta function, and the product of two delta
functions has to be defined with care. Let us look more carefully into the products GAGE
and GEGP, which also appear in Eq. (15.33). This first combination is

1 2
GA(k,2)GR(k,e) = |GR(k,)|" =
( 76) ( ?E) ‘ ( 76)‘ E_gk_ER(k76)
1 I 1
= m
ImXE(k,e) e — & — XE(k,e)
1
=——— Ak, e)=7Ak 15.37
—2Im2R(k,E) ( ?5) T ( ?6)? ( )
where A = —2Im G* is the spectral function, and where as before the life-time 7 is defined
by 771 = —2Im X% (k, ¢). For the case of weak impurity scattering the scattering rate 7=

is small, whence the spectral function is approximately a delta function. In the case of
small nim, we therefore get

GAk, )Gl (k, &) ~ 216 (e — &). (15.38)
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Because T nlmp, the product nlmpGAGR in Eq. (15.36) is finite in the limit njn, — 0.

The combination G®G® on the other hand is not divergent and in fact nlmpGRGR — 0
as Nimp — 0. That GEG™ is finite is seen as follows

e—¢& L ?
1
—6)'+(3)
2 12
e — _ (L
= (€~ &) (27) 5 +i(e — &) Alk,e). (15.39)
2 112
(-8)*+ ()
The last term clearly goes to zero when 7 is large and when A is approximated by a delta
function. The first term is a peaked function at € — ¢, = 0, but the integrated weight is in
fact zero as can be checked by performing an integration over €. From these arguments it
follows that the terms with GEG' can be omitted and only terms with GEG# are kept. As
explained above, we use the first Born approximation for the self-energy. In the following
we therefore approximate 7 with the first Born approximation life time 7

T R Ty = 2mnimp Y [ulk — K) 20 (6 — &o). (15.40)
k/

Because all energies are at the Fermi energy, this life time is independent of k.
The conductivity Eq. (15.33) then becomes

1
_ 9,2 RA .
Re oy, = 2¢*Re 55 Z To..(k, k)06 (&) TE4 (k, k; 0, 0)

2
= 2¢27, Re—Z—é ks Ly (1, k; 0,0) = %T@"}/RA(RZF,/?F;O,O) (15.41)

The remaining problem is to find 74 (k, k;0,0) for |k| = kp. The solution follows from
the integral equation Eq. (15.35)

kk

~vEAK) =1 L2 anmp |uRPA (K — k)| m08(éw) = A RA K. (15.42)

Since this equation has no dependence on the direction of k, and since the lengths of both
k and k' are given by kp, ¥4 depends only on kp. But kp is constant, and we get

2 k’

AR =14 v ;nimp ’uRPA ‘ o( fk/ TO’yRA. (15.43)

The solution is thus simply

1
RA

= 15.44

ot T on’ (15.44)

where

/
anmp ‘URPA ’ 5 fk’ k = (TO)_l - (Ttr)_l. (15.45)
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Here the transport time 7% is defined as

L1/
e o ()
/| =k

This expression is precisely the transport time that we derived in the Boltzmann equation
approach leading to Eq. (14.39). When inserted back into Eq. (15.44) v#4 becomes

ARAZ T (15.47)

Finally, the conductivity formula (15.41) at zero temperature is

eZTtr 1 627,L7_‘cr
= =N 56K =
o m2 Y zk: (&k) T m

(15.48)

We thus find full agreement with the semiclassical result obtained in the previous chap-
ter. This is what we expected, and thereby having gained confidence in the mathematical
structure of the theory, we can go on to calculate various quantum corrections to the
Drude formula; corrections not obtainable in the Boltzmann approach.

15.4 The weak localization correction to the conductivity

The Born approximation includes only scattering on one impurity at a time. We saw in
Chap. 10 that there was in practice only little difference between the first Born and the
full Born approximation. The reason is that even the full Born approximation depicted
in Eq. (11.54), which does take into account multiple scattering does so only for multiple
scatterings on the same impurity. Quantum effects such as interference between scattering
on different impurities can therefore not be incorporated within the Born approximation
scheme. In Sec. 11.5.4 it was hinted that such interference processes are represented by
crossing diagrams as in Fig. 11.6. In this section we shall study in detail why that is.

As the temperature is lowered we expect quantum mechanical coherence to become
more important because the phase coherence length £, increases with decreasing tem-
perature. When the coherence length /4 exceeds the mean free path f,, for impurity
scattering, scattering on different impurities can interfere. Here the coherence length
means the scale on which the electrons preserve their quantum mechanical phase, i.e. the
scale on which the wave function evolves according to the one-particle Schrodinger equa-
tion. If an electron interacts with another electron or with a phonon through an inelastic
scattering event its energy changes, and hence the evolution of its phase. Due to these
processes the phase of the electron wave acquires some randomization or “dephasing”,
and its coherence length becomes finite. At low temperatures the dominant dephasing
mechanism is electron-electron scattering, and as we know from Chap. 13 the scattering
rate for these processes is proportional to T2. Hence Ly o T—2 can become very large
at sufficiently low temperatures. At liquid helium temperature, 4.2 K, and below, typical
coherence lengths are of the order 1-10 pm, spacing 10*-10° atomic lattice spacings.
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Figure 15.2: (a) A sketch of the electrical resistivity pg;(T") of a disordered metal as a
function of temperature. As in Fig. 11.1 the linear behavior at high temperatures is due
to electron-phonon scattering, but now at low temperatures we have added the small
but significant increase due to the quantum interference known as weak localization. (b)
Experimental data from measurements on a PdAu film by Dolan and Osheroff, Phys. Rev.
Lett. 43, 721 (1979), showing that the low-temperature weak localization correction to
the resistivity increases logarithmically as the temperature decreases.

If the coherence length £, is longer than the mean free path /g, but still smaller than the
sample size £, most of the interference effects disappear. This is because the limit £, < £
effectively corresponds to averaging over many small independent segments, the so-called
self-averaging illustrated in Fig. (11.2). However, around 1980 it was found through the
observation of the so-called weak localization, shown in Fig. 15.2, that even in the case
of large samples, {yp < £y < L, one very important class of interference processes survive
the self-averaging. Naturally, as discovered around 1985, much more dramatic quantum
effects appear in small samples in the so-called mesoscopic regime (see also Chap. 7) given
by £ ~ {4. In this regime all kinds of quantum interference processes become important,
and most notably cause the appearance of the universal conductance fluctuations shown
in Fig. (11.2).

In the following we study only the weak localization phenomenon appearing in large
samples and not the universal conductance fluctuations appearing in small samples. To
picture how averaging over impurity configurations influences the interference effects, we
follow an electron after it has been scattered to a state with momentum k by an impurity
positioned at R;. When the electron hits the next impurity at position Ry it has acquired
a phase factor €'? = ¢ (R1~-R2)  Termg describing interference between the two scattering
events will thus contain the factor e ®1=R2) and it is therefore intuitively clear that
these terms vanish when one averages over Ry and Ry. Only the interference processes
which are independent of the impurity positions survive self-averaging.

Interference generally means that the amplitude for two paths ¢; and ¢y are added as
t1 +to, so that when taking the absolute square [t1 +t2|? = |t1|2+|t2|? +2[t1ta| cos(p1 — p2),
the cross-term expresses the interference. The relative phase ¢1 — ¢o determines whether
the contributions from the two paths interfere constructively or destructively. If we can
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R,

Figure 15.3: Hlustration of the two interfering time-reversed paths discussed in the text.

find two paths where the relative phase is independent of the position of the impurities, the
cross term would thus survive the impurity average. This is indeed possible, and two such
paths are shown in Fig. 15.3. The key observation is that for each path that ends in the
starting point after a specific sequence of scattering events, there is a corresponding reverse
path which scatters on the same impurities but in the opposite order. Most remarkably,
these two paths pick up exactly the same phase factor, and thus their relative phase ¢1 — ¢o
is always zero independent of the actual positions of the impurities. Thus for two such
time-reversed paths there is always constructive interference. As a consequence there is
an enhanced probability for returning to the same point, and the electrons therefore tend
to be localized in space, hence the name “weak localization”?.

Having realized that the interference between time reversed paths survive impurity
averaging, we now want to calculate the resulting correction to the conductivity. In order
to do so we need to identify the corresponding diagrams. First we recall the Dyson equation
for the single-particle Green’s functions in an external potential, which was derived in
Chap. 10. Here the external potential is given by the impurity potential, Ujnp. Writing it
in the frequency domain and making analytic continuation, ik, — € + 7, we have for the
retarded Green’s function

GR(r,v',e) = GE(r,v', e) + /dr”GOR(r,r”, ) Uimp (£ )GE (X", 1 €). (15.49)

If we for simplicity assume Uimp(r) = >, Upd(r — R;), i.e. short range impurities located
at the positions {R;}, we have

GR(r,v' ) = Gi(r, v/, ) + Y Gi(r, R, UG (R, 1 ). (15.50)

Let us look at a specific process where an electron scatters at, say, two impurities located
at R; and Rs. To study interference effects between scattering at these two impurities
we must expand to second order in the impurity potential. The interesting second order

“The term “strong localization” is used for the so-called Anderson localization where a metal-insulator
transition is induced in three dimensions at a critical strength of the disorder potential.
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terms (there are also less interesting ones where the electron scatters on the same impurities
twice) are

GEA(r, v e) = Gl (r, Ry, )\ UsGE(R1, Ry, ) UgGE(Ra, 1’ €)
+ G (r, Ry, ) UgGE (R, Ry, €) UsGE(Ry, ¥, €). (15.51)

These two terms correspond to the transmission amplitudes ¢ and ¢o discussed above and
illustrated in Fig. 15.3. The probability for the process is obtained from the absolute square
of the Green’s function, and because we want to find the correction §|r|? to the reflection
coefficient, we set r = r’ at the end of the calculation. First the quantum correction due
to interference to the transmission from r to r’ is

S|t(r,r')[?  Re [G§(r, R,, ) UsGE(R, Ry, ) UsGE(Ro, T, €)

X (G?(r,Rg,e)UoG§<R2,R1,e)UoG§<R1,r’,e>)*]. (15.52)

Now reflection is described by setting r = r’. Doing this and averaging over impurity
positions Ry and Ry we find the quantum correction d|r|? to the reflection. In k-space
one gets

<5|r|2>imp = <5|t(1‘ - r/)’2>imp

1
x Re 77 Y GHQ-Pp1,OUGHQ — P2, w) VoG (Q — p3s )
P1P2pP3Q

x Gy (p1,€)UoGy (P2, €)UoGy (p3, €)- (15.53)

This formula can be represented by a diagram similar to the last one in Eq. (15.61) with the
upper lines being retarded and the lower lines being advanced Green’s functions. Notice
however that contrary to the usual diagram for conductance the Green’s function and the
lower and upper branch run in same direction. If we however twist the lower branch such
that the Green’s function run in opposite directions while the impurity lines cross, the
diagram looks like conductivity diagram if we furthermore join the retarded and advanced
Green’s function like this

(15.54)

This hints that the interference term coming from time reversed paths can be summed
by taking diagrams of this form into account. These crossed diagrams were not included
in the Born approximation, which we used to derive the Boltzmann equation result, and
in fact they were shown in Sec. 11.5.4 to be smaller than the Born approximation by
a factor 1/kpf. Nevertheless, at low temperatures they do play a role as the leading
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quantum correction. If we continue this line of reasoning we should include also diagrams
where paths scattering on more than two impurities interfere with their time reversed
counter parts. It is straightforward to see that the corresponding diagrams are of the
same type as (15.54) but with more crossing lines. This class of diagrams are called the
mazximally crossed diagrams. We have now identified which diagrams we need to sum in
order to get the leading quantum correction to the conductivity. Most importantly, this
is a contribution which does not disappear upon self-averaging.

Let us return to the Kubo formula for conductance, and let us sum the maximally
crossed diagrams. We write the current-current correlation function as II = ITI8 4+ ITWE
where IT? is the Boltzmann result derived in the previous section, and where

(15.55)

rx

(15.56)

The full electron Green’s functions in these diagrams are as before the full Green’s function
with an appropriately chosen self-energy. Since we include crossed diagrams in the vertex
function we should in principle also include these in the self-energy. However, they can
safely be ignored, since they only give a small contribution, down by a factor 1/kpvpTo (see
the discussion in Fig. 11.6). The crossed diagrams we are about to evaluate are also small
by the same factor, but as we shall see they nevertheless yield a divergent contribution.
This divergence stems from summing the interference of many time-reversed paths. This
sum is different from the ladder diagrams that we summed in the Born approximation.
There is however a trick which allows for a summation just like a ladder diagram. Let us
twist the diagram in Eq. (15.56) with for example three impurity lines so as to make the
impurity lines parallel,

mYL®) (g) = (15.57)
Then we see that the full series in Eq. (15.56) can be written as
k k'
5 (q) = S (15.58)
k+q K+
1 .

_ _(2m)2vl2 /d/; / dF (2hs + 42)G (WG + DCR T, DGFVG(F + §) (2K, + ¢,

where the box C is a sum of parallel impurity lines, i.e. analogous to the normal ladder sum
of Eq. (15.24), but now with the fermion lines running in the same direction. This reversed



15.4. THE WEAK LOCALIZATION CORRECTION TO THE CONDUCTIVITY 269

ladder sum, C, which couples two electron lines or two hole lines rather one electron line
and one hole line, is called a cooperon. The solution for the cooperon C is found from the
following Dyson-like equation

1 1 n 1 1 1 1 1 1
C = % ¥ 4+ K ¥ % + x x x X + ... (1559

—p=— —Pp=——p=—29 C—h——p=——p=—9
=

— K Kk + C e (15.60)
n n 1]

In order to simplify our calculation, we only study the case q = 0, and furthermore
we restrict the analysis to the case of short range impurities so that we can approximate
W(q) by a constant, Wy = n;|ug|?>. With these approximations, and denoting k +k’ = Q
the cooperon becomes

k K’ Q-p Q-p Q-p Q-p Q-p’' Q-p”
| e | =t =t
CRSl = & ok + & & &k + & Kk & &+ ... (156])
n n (1] (1] / n 1] n / 1] - n
k’/ k P p p p p p

Because the impurity scattering conserves Matsubara frequencies the upper fermion lines
all carry the frequency ik, + iq,, while the lower ones carry the frequency ik,. It is now
straightforward to solve the Dyson-equation for the cooperon ladder and obtain

L5, WoG(Q — p, ik + ign)G(p, ikn) Wo
— 532, WoG(Q — p, ikn + i) G(p, ikn)”

C(Qalkn +iQnaikn) = (15.62)

This can then be inserted into the expression for the current-current correlation function
VL in Eq. (15.58)

V0, ig,) = — e v2 3 ZZ (2k,) kn)G (K, ik, + igy)

iky Kk’
X C(k + K5k, +iqn, ikn)G (K ikn)G (K, iky, + iqn) (2KL). (15.63)

The Green’s function G is here the Born approximation Green’s function which after
analytic continuation is

1

R(k,e) = G(k, ik, n)=—
GF(k,6) = Gl ik — < Fin) = g

(15.64)

where [r0] ! = 2nWyd(ep). It is now simple to find the solution for the cooperon C.
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In the previous section we learned that only the GAGT term in Eq. (15.33) contributed
in the limit of weak scattering and therefore we should replace ik, + iw, by a retarded
frequency and ik, by an advanced frequency. Likewise, we obtain from (15.63) the weak
localization correction by the replacements ¢k, + iq, — € + w + in and ik, — € —in,
followed by inserting the result into Eq. (15.33). Taking the dc-limit w — 0 and the low
temperature limit 7' — 0, we have

o2r \m ) V2
KK’

2 71\* 1
Re oWk = 2 & <) S5 O (kak},) G (k,0)G (k, 0)CA% (K + K';0,0)GR (K, 0)GA (K, 0).
(15.65)
As in the previous section we have factors of GAGT appearing. However, here we cannot
replace them by delta functions, because k and k' are connected through CF4(k 4 k).
Instead we evaluate the cooperon as follows. After analytical continuation the cooperon

in Eq. (15.62) becomes

RA I 1S(®))
CH(Q) = - Q) (15.66)
(Q) = 353 [wl*G"(Q - p,0)G" (p,0) (15.67)

where we have introduced the auxiliary function ((Q). Using Eq. (15.64) ((Q) becomes

2k ! !
¢(Q) = niluol3; ; Can /20 6 — i)

(15.68)

To proceed further we must now evaluate the p-sum in {(Q). We begin by studying Q = 0,
in which case we have

o 1 1
) = mifudter) [t
o 1

= ni|u0|2d(5F)/ = ni|u0|2d(5p)27r7'0 =1, (15.69)

oo dfg? + (1/27)?
where we have used the definition of the life time 7y in the Born approximation. Combining
Egs. (15.66) and (15.69) it follows that Cf4 diverges in the limit of small @ and small
frequency. The dc conductivity is therefore dominated by the contribution from values of
@ near zero. Consequently, we study this contribution by expanding Eq. (15.68) for small
Q. Here small means small compared the width 7, L of the spectral function, i.e. we study
the limit Qupo < 1 or Q <K £y =1 /vpTo. Furthermore, by symmetry arguments the
term linear in @) vanish, so we need to go to second order in )

Q) ~ 1+ nifuol’ : — vt
Y S\ G rifen) G —if2z T T 2m

el 1 3 1 )
i Vzp:<—5P+z'/2m> &y —ijzn P Y (1570)
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where it is indeed seen that the term linear in Q is zero because vp is an odd function
of p. Now transforming the sum into integrations over ¢ and performing the angular
integrations, we find

-~ 1 [ 1 L1 @’
Q) ~1+2m)/_md5<_g+i/2m) —£—1i/279 <2m)

1 [® 1 3 1 Q%v,2
d E 15.71
+27T7'0 oo €<—§+i/27'0> —f—i/QTo Ndim ’ ( )

where Ngjm is the number of dimensions. Closing the contour in the lower part of the
complex £ plan, we find that

N omri 1 \? Q2 1\? Q%2
((Q)~1+ G- [(l/m) 5+ (W)) N |- (15.72)

To leading order in 7 L 78 dominates over 78, and we end up with

1
Q) ~1— —Q%*W =1-Dny@Q? (15.73)
Ndim
where )
lo=vgro, D=-ET0 (15.74)
Ndim

D being the diffusion constant. We emphasize that Eq. (15.73) is only valid for @ < ¢y L
With this result for ((Q) inserted into (15.66) we obtain the final result for the cooperon

Wo(l - Do@?) Wy 1

RA . _ _Y
C (Qvoao) = DT()Q2 ~ - DQ2

(15.75)

Because the important contribution comes from @ ~ 0, 6¢"V% in Eq. (15.65) becomes

271\* Wy 1 1
soWh=ax S (=) 22 ~ k)G (k,0)GA (k,0)—— GR(Q — k,0)GA(Q — k, 0).
o ) w2 (R)E0)G0) 553 6M(Q - k. 0)GHQ ~ k.0)
K,Q<ly
(15.76)
First we perform the sum over k. Since ) < £ ! and hence smaller than the width of the

spectral function, we can approximate Q — k by just —k and obtain

1 2R A R(_ A =d(e U s 2
vzk:kxc (k, 06k, 0)G*(~k, 0)G*(~k, 0) = d(er) 77 /_ood§<§2+< >2>

1/27
4k
= “F e p)rd. (15.77)
Ndaim
From this follows ) )
k 29 1 1
soWL = & (fr - . 15.
? 7 \m ) NgimV z:_ DQ? (15.78)
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We are then left with the Q-integration, which amounts to

Ngim—1
% 3y DlQQ_/ 1(2:)%““1);2“/ - dQQDQQ. (15.79)
Q<t;? Q<L Q<L
It is evident that this integral is divergent in the small () limit in both one and two di-
mensions. Physically this is because we have allowed interference between path of infinite
length, which does not occur in reality. In a real system the electron cannot maintain
coherence over arbitrarily long distances due to scattering processes that cause decoher-
ence. We must therefore find a method to cut-off these unphysical paths. To properly
describe the breaking of phase coherence between the time-reversed paths one should
include coupling to other degrees of freedom such as coupling to phonons or electron-
electron scatterings. Here we choose to do this in a phenomenological fashion instead. Let
us suppose that each path in the sum over paths in Eq. (15.61) has a probability of being
destroyed by a scattering event and that this probability is proportional to the length of
the path, or equivalently to the number of impurity scattering events involved in the path.
This can be modelled by including a factor e~ in the impurity potential so that instead
of Wy we write Wye™ 7. Clearly a path with n scatterings will then carry a factor e™"7.
The parameter ~y is then interpreted as the amount of decoherence experienced within a
mean free path, i.e. v = £y/ly. With this modification, the function {(Q) is changed into

((Q.w) ~e 7 (1-D7nQ?), (15.80)
and hence the cooperon gets modified as
Wo

RA
; = . 15.81
CMQi0.0) = T (15.81)
In the limit of large £y or small 7, we therefore have
W 1
cf4(Q;0,0) ~ —° (15.82)

T 1/79 + DQ?*
where 7, = {4 vp. This is a physical sensible result. It says that the paths corresponding to
a diffusion time longer than the phase breaking time cannot contribute to the interference
effect. If the phase coherence length becomes larger than the sample, the sample size £
must of course replace /4 as a cut-off length, because paths longer than the sample should
not be included. We can now return to (15.79) and evaluate the integral in one, two and
three dimensions, respectively
1

/ dQ 1 B /Wo 40 1 N
(2m)Nam 1/7, + DQ?  Jy 1/74 + DQ? 2

@
/T _ [ DT,
% %tan 1 ﬁ, 1D
D,
_ =l (14 52), 2D (15.83)

1 1 -1 [D7e
— tan =2, 3D
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which in the limit of large 74 gives us information about the importance of the quantum
corrections:

—(1s)"/?, 1D
5oL o _m(g)’ 2D (15.84)
0
()%, 3D

This is an important result, which states that due to the localization correction the conduc-
tivity decreases with increasing phase coherence time. Furthermore, in the one-dimensional
case it tells us that in one dimension the localization correction is enormously important
and may exceed the Drude result. In fact it can be shown that a quantum particle in a
one dimensional disordered potential is always localized. In three dimensions the situation
is more subtle, there a metal-insulator transition occurs at a critical value of the disorder
strength. Two dimensions is in between these two cases, and it is in this case that the
term “weak” localization makes sense, because here the correction is small. For the two
dimensional case we have )
-

SoWL ~ —# In (Ti) . (15.85)
This result is “universal” since, apart from the logarithmic factor, it does not depend on
the details of the material or the impurity concentration. That it is a small correction to
the Drude conductivity can be seen from the ratio

Sok 1
%0 _ n(22). (15.86)
09 wkply 70

A way to measure this effect is to change the phase coherence time 74 and to look at
the change of conductivity. The phase coherence can be changed in two ways. Foremost,
one can apply a magnetic field which breaks the time-reversal symmetry giving rise to
the fundamental interference between time-reversed paths. Secondly, decreasing the tem-
perature increases the phase coherence time Ty U 7%, and a logarithmic increase of the
conductivity is to be expected. Indeed dp x —do x In7y o —InT as is measured and
shown in Fig. 15.2.

15.5 Combined RPA and Born approximation

This section will be added in the next edition of these notes. See also Exercise 14.4
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Chapter 16

Green’s functions and phonons

In this chapter we develop and apply the Green’s function technique for free phonons and
for the electron-phonon interaction. The point of departure is the second quantization
formulation of the phonon problem presented in Chap. 3, in particular the bosonic phonon
creation and annihilation operators b q and by y introduced in Egs. (3.10) and (3.22)
and appearing in the jellium phonon Hamlltoman Eq. (3.4) and in the lattice phonon
Hamiltonian Eq. (3.23).

We first define and study the Green’s functions for free phonons in both the jellium
model and the lattice model. Then we apply the Green’s function technique to the electron-
phonon interaction problem. We derive the one-electron Green’s function in the presence
of both the electron-electron and the electron-phonon interaction. We also show how the
high frequency Einstein phonons in the free-phonon jellium model become renormalized
and become the usual low-frequency acoustic phonons once the electron-phonon interaction
is taken into account. Finally, we prove the existence of the so-called Cooper instability of
the electron gas, the phonon-induced instability which is the origin of superconductivity.

16.1 The Green’s function for free phonons

It follows from all the Hamiltonians describing electron-phonon interactions, e.g. H y‘%h

in Eq. (3.41) and H oh 10 Eq. (3.43), that the relevant phonon operators to consider are
not the individual phonon creation and annihilation operators, but rather the operators
AqX and AL/\ defined as

(16.1)

A = (bgp + 00 g1) Ay = (bla b g) = Ay

The phonon operator A Q) can be interpreted as removing momentum q from the phonon
system either by annihilating a phonon with momentum q or by creating one with mo-
mentum —q. With these prerequisites the non-interacting phonons are described by H,
and the electron-phonon interaction by He_pp as follows:

_ i 1
Hon = 3 Qg (bhabgs + 5)’ Heypn = Z D Iar Chraotio A (162)
q)A

ko q)\

275
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Since Hp, does not depend on time, we can in accordance with Eq. (10.5) define the
phonon operators Aq)\(T) in the imaginary time interaction picture!

~

Ap(r)y=emfon A e Hn, (16.3)

With this imaginary-time boson operator we can follow Eq. (10.17) and introduce the
bosonic Matsubara Green’s function D?\(q, 7) for free phonons,

DY (a,7) = —(T; AqA(T)ALA(o»O = —(T, A\(1)A_,(0)),, (16.4)

where T is the bosonic time ordering operator defined in Eq. (10.18) with a plus-sign.
The frequency representation of the free phonon Green’s function follows by applying
Eq. (10.25),

B .
DY (q,ig,) = / dr ¢ D(q,7),  wy, = 20 /. (16.5)
0

The specific forms for Dg (q,7) and Dg (q,1g,,) are found using the boson results of Sec. 10.3.1
with the substitutions (v,¢,,¢,) — (g, Q_,,b,y). In the imaginary time domain we find

q\’ “gA
—[ng(Q,) + 1] e %™ —ng(Q,,) er™ | for T > 0,
DY(q,7) = L RS (16.6)
—np(Qqy) e N — [nB(Qq)\) +1] %™ for 7 <0,
while in the frequency domain we obtain
‘ 1 1 20,
DY (q,iq,) = = : (16.7)

iGn — QqA - iGn + Qq)\ (ign)?* — (QqA)Q7

where we have used that ng(Qqx) = 1/[exp(8Qqn) — 1].

16.2 Electron-phonon interaction and Feynman diagrams

We next turn to the problem of treating the electron-phonon interaction perturbatively
using the Feynman diagram technique. For clarity, in this section we do not take the
Coulomb interaction between the electrons into account. The unperturbed Hamiltonian
is the sum of the free electron and free phonon Hamiltonians, He and Hypy,

1
Ho = Ha+ Hon = ey ey + 3 Qp (Phabar + 3 ) (16.8)
ko qA

When governed solely by Hj the electronic and phononic degrees of freedom are completely
decoupled, and as in Eq. (1.106) the basis states are given in terms of simple outer product
states described by the electron occupation numbers n, =~ and the phonon occupation
numbers N, Qn

[Whasis) = Moy Mgy ) INgo 3 s Nouaoo ) (16.9)

!This expression is also valid in the grand canonical ensemble governed by Hpn — uN. This is because
the number of phonons can vary, and thus minimizing the free energy gives 0F/IN = pu = 0.
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What happens then as the electron-phonon interaction H el—ph of Eq. (16.2) is turned
on? We choose to answer this question by studying the single-electron Green’s function
G,(k,7). In analogy with Eq. (12.5) we use the interaction picture representation, but
now in momentum space, and substitutes the two-particle interaction Hamiltonian W(T)
with the electron-phonon interaction P(r)

©  1\m B s A »
Z ( 71113 / dry / dr,, <TTP(T1) - P(7)846(7) éI“’(0)>
e = ! 0 0 , (16.10)

3 (_ni?m/oﬁdﬁ .../OﬂdTm <TT15(TI)...15(Tm)>O
m=0

where the W (7)-integral of Eq. (12.6) is changed into a P(7)-integral,

B . .
/ dr, P(r;) = i/de SO Gon o (7)1 (7)) A (7). (16.11)

0 ko q\

At first sight the two single-electron Green’s functions in Egs. (12.5) and (16.10) seems to
be quite different since W (7) contains four electron operators and P(7) only two. However,
we shall now show that the two expressions in fact are very similar. First we note that
because the electronic and phononic degrees of freedom decouple the thermal average of
the integrand in the m’th term of say the denominator in Eq. (16.10) can be written as a
product of a phononic and an electronic thermal average,

>

<TT an ()Ag s (M) (1), (7). 4 +qm0_(rm)éko_(7-m)>0 -
7)...A

(T A () Agynn ) (Tt g0 () (1) o (T )k (7))o (16:12)

0

It is clear from Eq. (16.1) that only an even number of phonon operators will lead to
a non-zero contribution in the equilibrium thermal average, so we now write m = 2n.
Next, we use Wick’s theorem Eq. (10.79) for boson operators to break down the n-particle
phonon Green’s function to a product of n single-particle Green’s functions of the form

. . 9 . .
ginigq],)\j <T7Aqi>\i (Ti)quAj (Tj)>0 = |ng‘)‘i| <TTAqi)\i (Ti)A*ini (Tj)>05qj,7qi5)\i7)\j
= —lgq,5,I* DX (@ i=7,)0q,,—q,0, . - (16.13)

Note how the thermal average forces the paired momenta to add up to zero. In the final
combinatorics the prefactor (—1)"/m! = 1/(2n)! of Eq. (16.10) is modified as follows. A
sign (—1)™ appears from one minus sign in each of the n factors of the form Eq. (16.13).
Then a factor (2n)!/(n!n!) appears from choosing the n momenta q; among the 2n to be the
independent momenta. And finally, a factor n!/2" from all possible ways to combine the
remaining n momenta to the chosen ones and symmetrizing the pairs, all choices leading
to the same result. Hence we end up with the prefactor (—1/2)"/nl. For each value of n
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the 2n operators P (7;) form n pairs, and we end with the following single-electron Green’s
function,

y /Oﬂdﬁ /Oﬁdrn (T,P(1) .. P(5)6p(7) €, (0) )

i (_le)n /Oﬁah'1 . ./OﬁdTn <TT75(7'1) . 75(Tn)>0

n=0

where the P(7)-integral substituting the original P(7)-integral of Eq. (16.10) is given by
the effective two-particle interaction operator

/OdTP /dT/dT ZZZZVQ (901> DX (a1, 73 7;)

kio1 kooo g

xcLlJqul( )CLQ I CALNSNCALSINCA) (16.15)

From this interaction operator we can identify a new type of electron-electron interaction
Vl o mediated by the phonons

2 0 A’r ~ ~
el el — 2V Z ZZ |gq)\‘ D q’ i )ckl—i—qal(T) ko— q,(72(Ti)CkQUQ(Ti)Cklal(Tj)‘

kio1 keoa qA
(16.16)
This interaction operator resembles the basic two-particle Coulomb interaction operator
Eq. (2.34), but while the Coulomb interaction is instantaneous or local in time, the phonon-
mediated interaction is retarded, i.e. non-local in time, regarding both the operators and
the coupling strength (1/V) | gq)\\Q D (q, 7,—17;)- The derivation of the Feynman rules in
Fourier space, however, is the same as for the Coulomb interactions Eq. (12.24):

(1) Fermion lines with four-momentum orientation: o—%—e= Go(k,ik,)
0,1k,

(2) Phonon lines with four-momentum orientation: (%?519\ = —%]qu‘Q D())\(q, iq,)
) n

(3) Conserve the spin and four-momentum at each vertex,

i.e. incoming momenta must equal the outgoing, and no spin flipping.

(4) At order n draw all topologically different connected diagrams containing n
oriented phonon lines —%] qu\Q Dg(q, iq,), two external fermion lines G2 (k, ik,,),
and 2n internal fermion lines G2 (Py, ipj). All vertices must contain an incoming
and an outgoing fermion line as well as a phonon line.

(5) Multiply each fermion loop by —1.

(6) Multiply by B% for each internal four-momentum p and perform the sum Zf)o‘)\'

(16.17)
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16.3 Combining Coulomb and electron-phonon interactions

We now discuss the effect of the long range Coulomb interactions between electrons and
ions and between electrons themselves. For simplicity we henceforth study only longitu-
dinal phonons and hence drop all reference to the polarization index A. In Fig. 3.1 we
have already sketched the ion plasma oscillation that occurs, if we consider the interaction
between the ions and the electron gas assuming the latter to be homogeneous and com-
pletely inert, i.e. disregarding all the dynamics of the electrons. A complete calculation is
rather tedious, but in Sec. 3.1 we studied the ion plasma oscillations in the jellium model
neglecting the electron dynamics. In the case of an ion density p?on = N/V we found the
dispersion-less jellium phonon modes in the long wave length limit,

Z2e2 N
Q. =0 = . 16.1
== (16.18)

The coupling constant for the electron-electron interaction mediated by these jellium
phonons is found by combining Egs. (3.44) and (16.18),

1 2_
v 9al” =5

1 /Ze?\2 Nh e ) 1
== Y- Q 16.1
<qe0) Qe 2 2@ (16.19)

which not surprisingly is proportional to the Coulomb interaction W (q). Note that we have
dropped A in the last equality in accordance with the convention introduced in Sec. 5.1.
The resulting, bare, phonon-mediated electron-electron interaction is

QQ

A (16.20)

1 .
v 194/° D°(a,igq,) = W(q)

To discuss the role of the electron dynamics we now add the electron-electron Coulomb
interaction Vg _q of Eq. (2.34) and study the full Hamiltonian H for the electronic and
phononic system,

H = He + Vool + Hpp + Hel—ph- (16.21)

16.3.1 Migdal’s theorem

When the electron-phonon coupling Hej_p, is added, the question naturally arises of
whether to study the influence of the electrons on the ions before that of the ions on
the electrons, or vice versa. The answer is provided by Migdal’s theorem. This theorem
is the condensed matter physics analogue to the well-known Born-Oppenheimer approxi-
mation of molecular physics. The latter states that it is a good approximation to consider
the coordinates R; of the slowly moving, heavy ions as parameters in the Schrédinger
equation for the fast moving, light electrons, which is then solved. In the second stage the
values of R; are then changed adiabatically. Likewise, it can be proven by phase space
arguments that renormalization of the electron-phonon vertex is suppressed at least by a
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factor /m/M ~ 1072, where m and M are the masses of the electron and ion, respec-
tively. We will just outline the proof of Migdal’s theorem here by studying the simplest
phonon correction to the electron-phonon vertex,

— x . (16.22)

The proof builds on a self-consistency assumption. We assume that the high frequency
jellium phonons, €2, get renormalized by electron screening processes to the experimentally
observed low frequency acoustic phonons, wy = vs g. If these phonons are used we can
prove Eq. (16.22), and if, as shown in the following section, Eq. (16.22) is correct we can
prove the assumed phonon renormalization.

The important frequencies for acoustic phonons are smaller than the Debye frequency
wp, thus we concentrate on phonon frequencies wy < wp. The diagram on the left hand side
in Eq. (16.22) contains one phonon interaction line and two electron propagators more than
the diagram on the right hand side. Now, according to Eq. (16.37) the typical (acoustic)
phonon interaction line for low frequencies, |ig,| < wp, is =W (q)/ eRPA " Furthermore,
due to four-momentum conservation, the two internal electron propagators are confined
within wp, to the Fermi surface. Consequently, a phase space factor of the order wp/ep
must appear in front of the usual unrestricted contribution from two such lines, the pair-
bubble of Eq. (13.21), x, = —d(ep). The ratio between the values of the two diagrams is
therefore roughly given by

Wi(q) hwp hwr, vskp Z [m kp m
D wd =D _ =/ — 2=,/ — 16.23
ares e = E =T = R, SV (16.23)

where we have used Eqs. (13.22) and (3.5) at the first and third equality sign, respectively.
In the following we assume that we can neglect the phonon-induced renormalization of the
electron-phonon vertex. We therefore study only the influence of the electronic degrees
of freedom on the bare phonon degrees of freedom. The result of the analysis is that the
assumption for Migdal’s theorem indeed is fulfilled.

16.3.2 Jellium phonons and the effective electron-electron interaction

In more realistic calculations involving interacting electrons we need to consider the sum of
the pure electronic Coulomb interaction and the phonon-mediated interaction. This com-
bined interaction will be the basis for our analysis of the interacting electron gas henceforth.
Combining the Feynman rules for these two interactions, Eqs. (12.24) and (16.17), yields
the following bare, effective electron-electron interaction line,
~Vi(a.ig,) ~W(aq) — 194" (a, ig,)
MMM = e~~~rm~~~e + ¢O000R0000 . (16.24)
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A Re [V§"(q,w)]

Figure 16.1: (a) The real part of the bare, effective electron-electron interaction V.%(q,w)
as a function of the real frequency w for a given momentum q. Note that the interaction is
attractive for frequencies w less than the jellium phonon frequency 2, and that Ve%(q, w) —
W(q) for w — oo. (b) The same for the RPA renormalized effective electron-electron
interaction VRPA(q,w), see Sec. 16.4. Now, the interaction is attractive for frequencies w
less than the acoustic phonon frequency wq, and VEPA(q,w) — WRPA(g) for w — oc.

The specific form of V% is obtained by inserting Eq. (16.20) into Eq. (16.24),

V(i )*W()JrW()iQ2 *W()i(iq")2 (16.25)
eff q7 qn - q q (an)Q . QQ - q (an)Q _ 927 .
or going to real frequencies, ig,, — w + in,
0 w?
=W —_. 16.2
Verr(q, w) (@) 5 i (16.26)

The real part of V% (q,w) is shown in Fig. 16.1(a). It is seen that the bare, effective
electron-electron interaction becomes negative for w < 2, i.e. at low frequencies the
electron-phonon interaction combined with the originally fully repulsive Coulomb interac-
tion results in an attractive effective electron-electron interaction. At high frequencies the
normal Coulomb interaction is recovered.

16.4 Phonon renormalization by electron screening in RPA

The electronic Coulomb interaction renormalizes the bare, effective electron-electron in-
teraction. Migdal’s theorem leads us to disregard renormalization due to phonon processes
and only to consider the most important electron processes. Since Ve?;f(q) is proportional
to the bare Coulomb interaction, these processes, according to our main result in Chap. 13,
in the limit high electron densities are given by RPA. Before we consider how the phonon
propagator is renormalized by the electronic RPA, let us remind ourselves of the following
expressions from Chap. 13, Eqs. (13.61)-(13.66) between the dielectric function e®F4, the
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density-density correlator —yRPA = ‘ﬁ. , and the simple pair-bubble —x, = O,

"M a,ig,) = 1 — W(q)xo(a ig,), (16.27a)
RPA Xo(q 74,,) Xo(a, 7q,,)

Q. iq, = n) 16.27b

) = T v (aign)  SPA(q ig) (16:27b)

WXo B 1 B 1
1-Wyx, 1-Wy, &'PA(q,ign)’

L+ W(g)x"*(a,ig,) =1+ (16.27¢)

Returning to the electron-phonon problem, we now extend the RPA-result Eq. (13.68) for
WERPA and obtain

—ViMayig,) = WM = d\/vww-vwv\(:)m- (16.28)

VRPA(

The solution for q, iq,,) has the standard form

_1/0
VRPA(q, iqn) = MW, = WWv = Veﬁ(q) . (16.29)

1_W\/O 1 - V&(a) xo(a,ign)

While this expression is correct, a physically more transparent form of VRP A is obtained
by expanding the infinite series Eq. (16.28), and then collecting all the dlagrams contain-
ing only Coulomb interaction lines into one sum (this simply yields the RPA screened
Coulomb interaction WRPA) while collecting the remaining diagrams containing a mix of
Coulomb and phonon interaction lines into another sum,

VRPA (qa an) _WRPA (q) _%‘gg{PAPDRPA (qa M.In)

WM = eRAARRBAAAS + Z000B000YY) . (16.30)

RPA [(g(l;{PA) ,

RPA — ?@ >(5\ (16.31)

is the sum of all diagrams between the outgoing left [incoming right] vertex and the first
[last] phonon line, while the renormalized phonon line DRPA(q, iq,,),

~DPA(qiq,) = MO = TOO + TOO[E] ¥VOOO,  (16.32)

is the sum of all diagrams between the first and the last phonon line, i.e. without contribu-
tions from the external coupling vertices. The solution for the RPA renormalized phonon
line is

Here the renormalized coupling gq

_ OO0 —D(q, ig,)
~D"(q,ig,) = = T n . (16.33)

- a. i) 90D (a1 ign)
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Using first Eqgs. (16.7) and (16.20) and then Eq. (16.27¢) leads to

20 20
RPA y _ _ , 16.34
(q 7'qn) [(iQn)Q _ QZ] _ QZW(Q)XRPA((I» iqn) (iQn)Q — w(21 ( )

where

72020 720
= o Pon [ Pel (16.35)
A /gRPA q7 Zq e GOM e EOM
is the renormalized phonon frequency due to electronic RPA screening. In a moment we
shall interpret this new frequency, but before doing so we study how also the coupling

constant g, gets renormalized in RPA and acquire the value gRPA,

9
guP = >@@ >rzw = (LW 0y = erp

(16.36)
The final form of the RPA screened phonon-mediated electron-electron interaction is now
obtained by combining Egs. (16.34) and (16.36),

2 2
RPA (2 HRPA [, . e |94/7/V 20 W(q) Wq
D q,iq,) =— Q00D = . = . .
’ q | ( ) (ERPA)2 (an)Q _ w% ERPA (“]n)2 _ wa
(16.37)

We now see that this renormalized propagator is identical to the free phonon propagator
Eq. (16.20) where the unscreened phonon frequency €2 and the unscreened Coulomb inter-
action W (q) have been replaced by their RPA screened counterparts wq and W (q)/eRPA,
respectively.

A further physical interpretation of this result is obtained by evaluating the expression
Eq. (16.35) for wq in the static, long wave length limit. We note from Eqgs. (13.66)
and (13.23) that in this limit e®P*(q,iq,) — k2/q* = (4kp/may)/q*. Inserting this into
Eq. (16.35) and using the relation kp® = 372 p¥, yields the following explicit form of wq:

Ze2p?
wq(g—0, 0) = SR el o 1/ Vpq. (16.38)
s 0

This we recognize as the Bohm-Staver expression Eq. (3.5) for the dispersion of acoustic
phonons in the jellium model. The significance of this result is that starting from the
microscopic Hamiltonian Eq. (16.21) for the coupled electron and phonon problem, we have
used the Feynman diagram technique to show how the phonon spectrum gets renormalized
by interacting with the electron gas. The long range Coulomb forces of the non-interacting
problem resulted in optical jellium phonons with the high frequency 2. By introducing the
electron-electron interaction the Coulomb forces get screened, and as a result the phonon
dispersion gets renormalized to the usual low frequency acoustic dispersion wq = vs ¢. In
more elementary treatments this spectrum is derived by postulating short range forces
following Hooke’s law, but now we have proven it from first principles.

We end by stating the main result of this section, namely the explicit form of the
effective electron-electron interaction due to the combination of the Coulomb and the
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electron-phonon interaction, see also Fig. 16.1(b):

VRPA(q7 ZQn) _WRPA(q) RV |gRPA 2DRPA (q) ZQn) (Z )2
VAW = AARKRARS + QFOB0TYD :_WRPA(q)(iq)Zin_wQ'
n q
(16.39)

16.5 The Cooper instability and Feynman diagrams

In 1956 Cooper discovered that the electron gas in an ordinary metal would become
unstable below a certain critical temperature 7., due to the phonon-induced attractive
nature of the effective electron-electron interaction VEFA(q,w) at low frequencies. This
discovery soon lead Bardeen, Cooper and Schrieffer (BCS) to develop the microscopic
theory explaining superconductivity.

In this section we will derive the Cooper instability using Feynman diagrams. The in-
stability arises because a certain class of electron-electron scattering processes when added
coherently yields a divergent scattering amplitude. We will first derive this divergence,
and then we will discuss its physical interpretation. The divergence is due to repeated
scattering between electron pairs occupying time-reversed states of the form |k 1) and
|~k |). Using the four-momentum notation k = (k, ik, ) we consider the following pair
scattering vertex A(l;:, D) :& given by the infinite ladder-diagram sum over scattering
events between time-reversed electron pairs:

—k| —pl -kl -pl ~kl  —k1l -5l ~kl  —kil k2l —pl
kBT BT 2% ka1 51 16 40

Suppressing all arguments and Strlpplng away the external electron propagators we can
recast Eq. (16.40) in the form of a Dyson equation for the pair-scattering vertex A,

, (16.41)

which is equivalent to the following integral equation

A(k,p) = —VE (k—p) Z VA (k—a)] 60(@) G)(-4) MG, D). (16.42)

To proceed we make a simplifying assumption regarding the functional form of VRPA (a,1q,)-
First we note that according to our analysis of the electron gas in Chap. 13 no 1nstabil—
ities arise due to the pure Coulomb interaction. Thus we are really only interested in
the deviations of VEPA(q,ig,) from WEPA(q). According to Eq. (16.39) and Fig. 16.1(b),
VRPA(q, iq,) rapidly approaches WRPA(q) for frequencies larger than the given acoustic
phonon frequency wq, while it becomes attractive instead of repulsive for frequencies be-
low wq. Further, according to the Debye model of acoustic phonons, Sec. 3.5, the density
of phonon states, Djon(€), is proportional to &% or wa for frequencies less than the De-
bye frequency wp = vskp and zero otherwise, see Eq. (3.27). This means that most of
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the phonons encountered have a frequency of the order wp,. It is therefore a reasonable
approximation to set wy = wp. Finally, as a last simplification, we set the interaction
strength to be constant. Hence we arrive at the model used by Cooper and by BCS:

_V'a ‘an’ < Wp

RPA . ~
Vveff (qa’LQn) ~ { 07 ‘an’ > Wp- (1643)

The integral equation for A(/;, p) thus only involves frequencies less than wp,, and for those
it takes the form

Ak,p) =V + ; > % > Vv G)(a,iq,) G (~a,—ig,) A(a,p). (16.44)
q

iqn

The summand on the right hand side does not contain the external momentum k, whence
for the left hand side we conclude A(k,p) = A(p), and thus for A(q, p) in the summand
we can write A(p). Now it is furthermore evident that the p-dependence occurs only in
the A-function, hence a consistent solution is obtained by taking A(k, p) to be a constant,
which we naturally denote A. On the right hand side of Eq. (16.44) we can take A outside
the sum, and solve for it:

A= v (16.45)

- .
-3 3 %ZQ? (4, idy) G} (-, ~idy,)

lign |<wrp, a

We see that at high temperatures, i.e. § < 1/0D, the resulting pair-interaction A equals
the attractive pair-interaction strength V from Eq. (16.43). As T is lowered the denom-
inator in Eq. (16.45) can approach zero from above resulting in an arbitrarily strong or
divergent pair-interaction strength A. In quantum mechanics an infinite scattering ampli-
tude signals a resonance, i.e. in the present case the formation of a bound state between the
time-reversed pair of electrons. But in our model this would then happen simultaneously
for all electron pairs within a shell of thickness wy, of the Fermi surface, since the effective
pair-interaction is attractive only for energy exchanges less than wp. The conclusion is
clear: if the pair-interaction strength A diverge for a certain critical temperature 7, the
entire Fermi-surface becomes unstable at that temperature, and a new ground state is
formed involving bound electron pairs in time-reversed states. This instability is called
the Cooper instability, and the on-set of it marks the transition from a normal metallic
state to a superconducting state.

The critical temperature 7' =T, or 3 = [3., for the on-set of the Cooper instability is
obtained by setting the denominator in Eq. (16.45) to zero using G2(q,iq,,) = 1/(iq, —q)
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and g, = %—Z(n—l—%)

1% 1 1 1 1% d(ep) [ 1
1=— = - hut Sl 74 de ——
Be Z 4 Eq: iqn —Eq —ign —€q  fe Z 2 /—OO ) gn + ¢

lign |<wp lign | <wp
Vd(ep) T 1 2o
ST Y e gvie) | Xy
F 1
20. lign] <wp, IQn| 2 n—o " + 35
Vd(ep) Bew
Ny E2 In (4 27TD), Bewp, > 1, (16.46)

where we use the density of states per spin, d(e)/2. From this equation 7T is found to be

_ 2
kgT, ~ hwpe V). (16.47)

Two important comments can be made at this stage. The first is that although the
characteristic phonon energy hwp is of the order 100 K, see e.g. Fig. 3.6b, the critical
temperature T, for the Cooper instability is lowered to about 1 K by the exponential
factor. The second comment is that 7, is a non-analytic function of the pair-interaction
strength V, since T,(V) o exp(—const/V'). Consequently, it is not possible to reach the
new ground state resulting from the Cooper instability by perturbation theory in V' of
the normal metallic Fermi sea. These problems will be treated in some of the exercise of
this chapter and in much greater detail in the next chapter concerning the BCS theory of
superconductivity.
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Appendix A

Fourier transformations

Fourier transformation is useful to employ in the case of homogeneous systems or to
change linear differential equations into linear algebraic equations. The idea is to resolve
the quantity f(r,t) under study on plane wave components,

fkw ei(k-rfwt)’ (Al)

travelling at the speed v = w/|k]|.

A.1 Continuous functions in a finite region

Consider a rectangular box in 3D with side lengths L., L,, L, and a volume V = L L, L.
The central theorem in Fourier analysis states that any well-behaved function fulfilling the
periodic boundary conditions,

f(I‘ + L:cez) = f(I‘ + Lyey) = f(I‘ + Lzez> = f(r) (A2)

can be written as a Fourier series

_ 1 acr [ ko =Ee n, =0,£1,£2, ...
flr) = Vzk:fke ’ { likewise for y and =z, (A-3)

where

A:Laﬂme*? (A.4)

Note the prefactor 1/V in Eq. (A.3). It is our choice to put it there. Another choice would
be to put it in Eq. (A.4), or to put 1/v/V in front of both equations. In all cases the
product of the normalization constants should be 1/V.

An extremely important and very useful theorem states

/dr e kT =y 0.0 % Z T = §(r). (A.5)
k
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Note the dimensions in these two expressions so that you do not forget where to put
the factors of V and 1/V. Note also that by using Eq. (A.5) you can prove that Fourier
transforming from r to k and then back brings you back to the starting point: insert f,
from Eq. (A.4) into the expression for f(r) in Eq. (A.3) an reduce by use of Eq. (A.5).

A.2 Continuous functions in an infinite region

If we let V tend to infinity the k-vectors become quasi-continuous variables, and the k-sum
in Eq. (A.3) is converted into an integral,

. . dk .
f(r) = izk:fk ek — ]1}(21;)3 /dk fr €T = /W fi €. (A.6)

V—oo

Now you see why we choose to put 1/V in front of ), . We have

fm=/£;ﬁ%% fi= [de e (A7)

and also
/(26171:)3 e®T = §(r), /dr e kT — (27)3 5 (k). (A.8)

Note that the dimensions are okay. Again it is easy to use these expression to verify that
Fourier transforming twice brings you back to the starting point.

A.3 Time and frequency Fourier transforms

The time t and frequency w transforms can be thought of as an extension of functions
periodic with the finite period 7, to the case where this period tends to infinity. Thus ¢
plays the role of r and w that of k, and in complete analogy with Eq. (A.7) — but with
the opposite sign of i due to Eq. (A.1) — we have

o

f@z/‘“nam, m:/dw@W2 (A.9)

] 2m —00

and also

/ dw et = §(t), / dt €™ = 27 §(w). (A.10)

o0 2T —o0

Note again that the dimensions are okay.

A.4 Some useful rules
We can think of Egs. (A.5), (A.8) and (A.10) as the Fourier transform of the constant
function f =1 to delta functions (and back):
Iy «— Vi, 1k <« d(r), discrete k, (A.11a)
I, — (2m)36(k), 1x «— o(r), continuous k, (A.11Db)

1 «— 27 d(w), 1, «—— 4(t), continuous w. (A.1lc)
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Another useful rule is the rule for Fourier transforming convolution integrals. By direct
application of the definitions and Eq. (A.8) we find

1 ik-(r—s ik’-s 1 ik-r
f(r):/dsh(r—s)g(s):/dswthem ) g, e :Ethgkek . (A12)
k,k’ k

or in words: a convolution integral in r-space becomes a product in k-space.

/ds h(r—s) g(s) «— hy g (A.13)

A related rule, the invariance of inner products going from r to k, is derived in a similar
way (and here given in three different versions):

[t ) = [ s (A.14)

i o) = [ 525 (A15)
/dr h(r) g(—r) = /(262{)3 hy G- (A.16)

Finally we mention the Fourier transformation of differential operators. For the gra-
dient operator we have

1 ikr 1 ikr 1 . ikr
V. f(r) :erkae = ﬁsz V,ekT = Eszfke . (A.17)
Kk Kk Kk
Similarly for V2, Vx, and 9; (remember the sign change of i in the latter):

Ve — ik, O — —iw, (A.18)
V2 — K2 Vx «—— ik x. (A.19)

A.5 Translation invariant systems

We study a translation invariant system. Any physical observable f(r,r’) of two spatial
variables r and r’ can only depend on the difference between the coordinates and not on
the absolute position of any of them,

f(r,r') = f(r—1'). (A.20)
The consequences in k-space from this constraint are:
dk dk’ T A1l dk dk’ - N /
A iker kv’ _ ik-(r—r’) Ji(k’+k)-r
$tei6) = [ 557 [ s e 7 = [ [ gy e R
(A.21)

Since this has to be a function of r — r/, it is obvious from the factor e ™ that any
reference to the absolute value of ' only can vanish if k' = —k, and thus f, ,, o< 6(k+k’).

k'+k)
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To find the proportionality constant, we can also find the Fourier transform of f by
explicitly using that f only depends on the difference r — r’

Flox') = Flo =) = [ G feee, (A.22)
and by comparing the two expressions Eqgs. (A.21) and (A.22) we read off that
Sy = (2m)*5(k + K') fi, (A.23)
or in short
flr,r') — S w0 translation —invariant systems. (A.24)

For the discrete case, we can go through the same arguments or use the formulae from
above to get

frexe = Vo1 fic (A.25)

This result is used several times in the main text when we consider correlation functions
of the form

g(r,x") = (A(r)B(x")), (A.26)

where A and B are some operators. For a translation-invariant system we now that
g(r,r’) = g(r — r’), and by using the result in Eq. (A.25) for k = —k’ we get that

(k) = 35 (AMOB(-)). (A.27



Appendix B

Exercises

Exercises for Chapter 1

Exercise 1.1

Prove Eq. (1.63) for fermions: Tiot = >, , Tou, clicyj. Hints: write Eq. (1.60) with

7 1

fermion operators ¢,. Argue why in this case one has ¢, = cibcynvcj,nj. Obtain the
J

123 ,l/j

fermion analogue of Eq. (1.62) by moving the pair cj,bcynj to the left. What about the

fermion anti-commutator sign?

Exercise 1.2

Find the current density operator J in terms of the arbitrary single particle basis states
1, and the corresponding creation and annihilation operators a, and a,. Hint: use the
basis transformations Eq. (1.67) in the real space representation Eq. (1.99a).

Exercise 1.3

In some crystals the valence electrons are rather tightly bound to their host ions. A good
starting point for analyzing such systems is to describe the kinetic energy by hopping
processes, where with the probability amplitude ¢ one valence electron can hop from an

ion j to one of the nearest neighbor ions j + 0 (as usual {c;r-, cj,} = 5]‘,]‘/):

_ i
H==t} ¢ 565
75

This Hamiltonian is known as the tight-binding Hamiltonian.

(a) Consider a 1D lattice with NNV sites, periodic boundary conditions, and a lattice
constant a. Here j = 1,2,...,N and § = +1. Use the discrete Fourier transformation
¢ = (1/VN) Y, etkia ¢, to diagonalize H in k-space and plot the eigenvalues ¢, as a
function of k.
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(b) In the high-temperature superconductors the conduction electrons are confined to
parallel CuO-planes, where the ions form a 2D square lattice. In this case the 2D tight-
binding model is applicable. Generalize the 1D model to a 2D square lattice also with the
lattice constant a and plot contours of constant energy €k, in the k .k, plane.

Exercise 1.4

Consider a bosonic particle moving in 1D with the Hamiltonian

1
thu)(afa—i-Q)—i-hwo <aT+a>,

where [a, aT] = 1, while w and wy, are positive constants. Diagonalize H by introducing the
operator o = a + wy/w and its Hermitian conjugate af, and determine the eigenenergies.
What might be the physical origin of the second term in H (see Sec. 1.4.1)7 Compare the
result to a classical and a first quantized treatment of the problem.

Exercise 1.5

The Yukawa potential is defined as V*s(r) = ée‘ksr, with ks being some real positive
constant with the dimensions of a wavevector. Prove that the Fourier transform is V(fs =
47re(2)
@ +ks?”
r = (1,0, ¢), and perform the f027rd¢ and fjlld(cos 0) integrals first. The remaining fOOOT‘QdT’

integral is a simple integral of the sum of two exponential functions.

Relate the result to the Coulomb potential. Hints: work in polar coordinates

Exercises for Chapter 2

Exercise 2.1

Iron (Fe) in its metallic state has valence II, and X-ray measurements have revealed that
it forms a body-centered-cubic (BCC) crystal with side length a = 0.287 nm. Calculate
the density n of the resulting gas of valence electrons, and use this value to determine the
microscopic parameters kp, €p, Up, and Ap.

Exercise 2.2

Use the variational principle to argue that although the expression Eq. (2.43) is not exact
near the energy minimum density rs = r}; = 4.83, the result E*/N = —1.29 eV nevertheless
ensures the stability of the electron gas.

Exercise 2.3

Starting from Eqs. (2.34) and (2.45) derive the expression Eq. (2.47) for the contributions
from the direct Coulomb interaction processes to the interaction energy in second order
perturbation theory.
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Exercise 2.4

In Sec. 2.3.2 we saw an example of the existence of 2D electron gases in GaAs/Gaj_, Al As
heterostructures. Derive, in analogy with the 3D case, the relation between the 2D Fermi
wave vector kp and the 2D electron density: kF2 = 27mn. Use the result to derive the 2D
density of states per area, d(e).

Exercise 2.5

In Sec. 2.3.3 we saw an example of the existence of 1D electron gases in carbon nanotubes.
Derive, in analogy with the 3D case, the relation between the 1D Fermi wave vector ky
and the 1D density of states per length, d(g). Use the result to derive the 1D electron
density: kp = 2n/m.

Exercises for Chapter 3

Exercise 3.1

We want to study the influence of electron-phonon scattering on a given electron state
|ko) using the simple Hamiltonian HS\I‘;‘)}I of Eq. (3.41). For simplicity we restrict our
study to processes that scatter electrons out of |ko).

(a) Argue that in this case we need only consider the simple phonon absorption and

emission processes given by

abs emi __ T t t
Hy pn = Halpn + Halpn = Z 9q Cktq,0Ckela T Z 9q “ktq,0 kel q

q q

(b) The scattering rate corresponding to the emission processes is denoted 7¢™i. Tt
can be estimated using Fermi’s Golden Rule (suppressing the unimportant spin index):

Tmi— Z(ﬂ sl 6(8) - B2,

involving a sum over all possible final states with energy E; = E;, and an initial state
|i) having the energy E; and being specified by the occupation numbers ny, and Ng for
electron states |ko) and phonon states |q) (see Eq. (1.108)). Assume that |¢) is a simple but

N,
unspecified product state, i.e. |i) = (H{ko}l ka) (H{q}z I [bg] q) |0), and show that
for a given q # 0 in H glrfiph the only possible normalized final states is ——— of ckbgﬁ).

/Ng+1 kta
(c) Show for the state |i) that

1 2T ) ) .
o == Z 9] (NG + 1) (1 = njy o) i (e q — Ex + Iwg)-
q

Derive the analogous expression for the scattering rate 1/ Tf{‘bs due to absorption.
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(d) Keeping ny = 1 fixed for our chosen state, argue why thermal averaging leads to

1 27
o = + Z |gq|2 [nB(wq) +1][1 - nF(€k+q)] (5(5—:k+q — &t hwq).
k q

Exercise 3.2

We now determine the temperature dependence of the scattering rate Tﬁmi in the high and
low temperature limits. This immediately gives us the behavior of the total scattering
rate 1/7 = 1/75™ + 1/7255, since at low T, due to the lack of phonons, 1/72b ~ 0, while
at high T' we have 1/7g™ ~ 1/73bs.

(a) To obtain realistic results we need to use the screened Coulomb or Yukawa potential
for the ionic potential Vy (see Eq. (3.42) and Exercise 1.5). The electrons redistribute in
an attempt to neutralize the ionic potential. As we shall see in Chap. 13 they succeed to
do so for distances further away than 1/ks from the ion. Show by dimensional analysis
involving the Fourier component e?/(e k?2), the Fermi energy ey, and the electron density
n that k2 ~ kp/ag.

(b) Show how Eq. (3.42) together with k’ = k + q change — from Exercise 3.1d to

€
Tk

1 2w
i qu [np(wg) + 1] [1 = np(e)]d(e — & + hwy),
k K’

where we here and in the following do not care about the numerical prefactors.

(¢) As usual, we are mainly interested in electrons moving relatively close to the
Fermi surface (why?), i.e. ¥,k ~ kp. Furthermore, we employ the Debye model of the
phonon spectrum (see Sec. 3.5): wq = vpg. We note that since k/ and k are tied to the
Fermi surface the largest ¢ is 2kp, and the corresponding largest phonon energy is denoted
hwyax = 2vpkp. Now use polar coordinates to obtain ), o [ de,, f}l d(cos @), and show

m.

using ¢* = |k’ — k|? that d(cos ) x q dg. With this prove that

€ — Epr < hwpay

1 2kg
—_— - q7
/ d(COS 9)5(5k’ €k + hwq) x /0 q dq 6(61(/ “k + hwq) > { 07 €k — Ew > hwmax

-1

Since dey, = hdwg show in the limit hwy,,, < &, —ep < ep how to obtain

1

—emi /o dwg WZ [np(wg) + 1] [1 = np(e)] = /0 dwy Wc21 [ng(wg) + 1].
k

(d) Show that the result in (c) leads to the following temperature dependencies:

1 ~ T, for T > hw, . /kg
T3 + const., for T < hwy,./kg.

emi
Tk
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Exercise 3.3

In analogy with the homogeneous 1D chain of Sec. 3.3 we now want to find the eigenmodes
of the linear 1D chain with lattice constant a mentioned in Fig. 3.3(c). The ionic lattice
has a unit cell with two different ions e and o, respectively. All spring constants are the
same, namely K. The masses, the momenta, and the displacements of the e ions are
denoted m, p; and u;, while for the o ions they are denoted M, P; and U;. The sites are
numbered by j as ..., u;—1,U;_1,u;,Uj,uj11,Ujq1,. ...

(a) Verify that the Hamiltonian of the two-atoms-per-unit-cell chain is

1
H= §:4—m+——P%—BX %4f+§K@Q—Wf

(b) Use Hamilton’s equations ; = 275 and p; = —g—g (similar for U; and P;), to

obtain the equations for i, and U]
(c) Assume the harmonic solutions u; = upetkia=wt) and U; = Upe'kia=wt) to derive
a 2 x 2 matrix eigenvalue equation for (uy,Uy). Verify the dispersion curve w, displayed
in Fig. 3.3(c) and the eigenmode displayed in Fig. 3.4.
eck that in the limit = m the dispersion w, 1n . (3.9) of the one-atom-
(d) Check that in the limit M he dispersi , in Eq. (3.9) of th
per-unit-cell is recovered.

Exercise 3.4

The task is to prove the Bohm-Staver expression Eq. (3.5). We study the situation de-
scribed in Sec. 3.2, where the light and mobile electrons always follow the motion of the
slow and heavy ions to maintain local charge neutrality. The ions are treated as the jellium
of Sec. 3.1.

(a) Multiply the continuity equation by the ion mass M to obtain

Mop,,, +V -m=0,

where 7r is the momentum density.

(b) Take the time derivative and note that 7 is the force density f, which on the other
hand is equal to the pressure gradient —V P due to the compression of the electron gas
following the ionic motion:

N

where the electron gas ground state energy E©) is given in Eq. (2.28).
(c) Combine the equations and derive the wave equation for p, , from which the
(square of the) sound velocity vy is read off:

OE0)

ﬁ:f:—VPzV(

VA
= &F v2Pion =0.

MatQpion - 3
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Exercise 3.5

Electrons and phonons in the jellium model In this exercise we quantize the jellium
model of the ion system in a solid and derive the electron phonon interaction in a way
which is somewhat different from the method used in the main text.

We take the case of a monovalent metal, i.e. each ion has charge +e. Because the
system is charge neutral as a whole, we need only take into account interactions between
deviations from equilibrium. We define

pion(r):pioon + 5Pion(r> = p?0n+p?onv . u(r),
p(r)=pios, + 0p(x),

where u is a displacement field describing the deviation of the ion density from equilibrium,
and p(r) is the electron density. The potential energy contributions which involves the
ionic system are the ion-ion interaction and the electron-ion interaction

o 1
Egi "= / drdr’ 6 pion (r)V (r — 1')dpion (r'),
ey Jem—
with the usual definition

1
Eglo_tel = 2/clrdr' Sp(r)V(r —1')ép(r).
We have not explicitly included the electron-electron interaction here. When included it
gives rise to the term in Eq. (2.34).
First we quantize the ion system and we start by looking at the isolated ion system.
The classical Lagrangian for this system is
9

on

1
Tion = 2/dr M pion (r)v*(r)

_ ion—ion
‘/iOIl - Epot )

= ﬂon - Vion

where v is the velocity field of the ions. Because we are interested in the low energy
excitations we linearize the kinetic such that

T= ;/dr Mpl v*(r).
Using particle conservation show that
v(r) = —u(r)
and using this, derive the Lagrangian as a functional of u

0 )2
Bl = 3 [ e ntg e~ Pl [ et (9 ue) v -2 [9u)]
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Because the Lagrangian is quadratic in u it is equivalent to a set of harmonic oscillators
that describe sound waves of the ion system. What dispersion relation do you expect?

Next you should quantize the ion system and find the Hamiltonian. First show that
the canonical momentum corresponding to the field u is

p(r) = Mpf,u(r),

and show, using the well known relation H = [p -1 — L, that

b, = [ ar Mr (p“é“) [’ (Vo) Vi =) [ ule)]

0
Pion

I e i U pwn 2oV fa-wa)la-u(-q)]

P ion

The system is quantized by the condition (canonical quantization)
[ui(r),p; ()] = id;;6(r — ).

Show that in k-space this becomes
[ui(@).p;(—d)] = 10;;V dqq-

Now follow the standard scheme for diagonalization of the phonons modes. Define

V + . VMplonQ
uqzeq\/m(bq+b_q)’ poa = ica| 5> (th—bq).

where the polarization vector has the property that e¢q = €_q, i.e. one must choose a
positive polarization direction. The polarization is here parallel to q i.e. only longitudinal
modes exist in the jellium model'. Furthermore, Q is chosen such that H is diagonal.

Verify that
1 47?6(2)p?0n
H:Eq:90<bgbq+2>; Qp =/ —2Hon,

Explain the physics of this result.

Exercise 3.6

Bare electron- phonon interaction in the jellium model. Using the quantization
from the previous exercise verify that the Hamiltonian describing the electron-phonon

Tn the general non-jellium case the polarization vectors are eigenvectors of the dynamical matrix D(q)
in Eq. (3.14). In the jellium case, one thus has D,5(q) = ¢,q5 V(q) which only has one eigenvector with
non-zero eigenvalue, namely eq, which you can easily check.
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interaction is given by

Hion—el = /dI‘dI‘, (5[)(1‘)V(I‘ - r/)épion(r/)
0
= % > pr(—a)V(a)(iq - u(q))
q

1
= —= > g(a)p(—q)Aq, (B.1)
e

where
PV
=9 —Jon B.2
g(q) =iqV(q) NG (B.2)
and

Aq=Dbg + bl (B.3)

Exercises for Chapter 4

Exercise 4.1

(a) Consider the Hartree-Fock solution of the homogeneous electron gas in a positive
background. After the mean-field approximation the Hamiltonian can be written as

HHE — Z EEFchrmcko + constant. (1)
Kk

Argue why it is that in this case the Hartree-Fock energy follows from Eq. (4.25b) and is
given by

4red
= (2)
e

e’ =g+ Var (k), Var (k) ==Y V(k—K)mw,, V(g
k/
The occupation numbers should of course be solved self-consistently. What is the self-
consistency condition?
(b) Consider the zero temperature limit, and assume that ny, = 0 (kp — k'), which then
edkp <1 k2 — k2 |k+kp

gives
2krk k—kp ) ' (3)

Vir (k) is increasing monotonously with k& (which you might check, e.g. graphically). Use
this to argue that the guess ny, = 6 (kp — k') is in fact the correct solution.
(c) Now find the energy of the electron gas in the Hartree-Fock approximation. Is it given

by
Enr = Z e e (el ) (4)
K

In

Vit (k) = —

and why not? Hint: show that the correct energy reduces to E() given in Eq. (2.39).
(d) The conclusion is so far that Hartree-Fock and first order perturbation theory are in
this case identical. Is that true as well for the mean field solution of the Stoner model?
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Exercise 4.2

The Hartree—Fock energies derived in the previous exercise have however some unphysical
features. Show that the density of states as derived from Eq. (2) diverge at the Fermi
level.

This conclusion contradicts both experiments and the Fermi liquid theory discussed
in Chap. 14. It also warns us that the single-particle energies derived from a mean-field
Hamiltonian are not necessary a good approximation of the excitation energies of the
system, even if the mean-field approach gives a good estimate of the groundstate energy.

Exercise 4.3

In this exercise we calculate the density of states in the superconducting state. First
go through the arguments that give the so-called coherence factors, u, and vy, and the
excitation energies, E, Egs. (4.63) and (4.64). You can assume that A is real. Secondly,
find the density of states for the excitations in energy space, d(E). Show that it diverges at
the “gap-edge”, near d(A). Hint: start with the density of states in k space and translate
to a density in energy space. The square root singularity that you find, has been confirmed
in great detail by experiments and is one of the many successes of the BCS theory. See
also Table 4.6.

Exercise 4.4

In 1937 Landau developed a general phenomenological theory of symmetry breaking phase
transitions. The basic idea is to expand the free energy in powers of the order parameter.
Consider a transition to a state with a finite order parameter, . For second order phase
transitions only even terms are present in the free energy expansion

F(T,n) = Fy(T)+ A(T)n* + C(T)n*.

At the transition point 7 vanishes. Use this to argue that A also vanishes at the transition
point, T'= T¢, and that A < 0 for T'< T, and A > 0 for T' > T. Then write A and C
as

A(T) =(T-Tc)a, C(T)=C,

and use the principle of minimal free energy to show that

1=y a5 =[S, 00 =

Finally, make a sketch of the specific heat of the system and show that it is discontinuous
at the transition point. Hint: recall that

or

Oy =T



304 EXERCISES FOR CHAPTER 5

Exercises for Chapter 5

Exercise 5.1

We return to the bosonic particle described by the Hamiltonian of Exercise 1.4. Write down
the Heisenberg equations of motion for a and a. Solve these equations by introducing
the operator af = a +w,/w. Express H in terms of af(¢) and a(t). Interpret the change
of the zero point energy.

Exercise 5.2

Show that the third-order term Us(t,to) of U(t,to) in Eq. (5.18) indeed has the form

[73(t,t0):§!<1>3/ttdt1 /ttdtg /ttdtg ﬂ(V(tl)f/(tQ)V(tg)).

Hint: study Egs. (5.16) and (5.17) and the associated footnote.

Exercise 5.3

Use the Heisenberg picture to show that for the diagonal Hamiltonian H of Eq. (5.22) we
have

H=Y ¢ ala, = Ht=Y c,al(t)a,l(t).
v! v’

Exercise 5.4

Due to the equation of motion for operators Eq. (5.6) we will often need to calculate com-
mutators of the form [AB, C], for some operators A, B, and C. Show the very important
relations

[AB,C] = A[B,C]| +[A,(]B, useful for boson operators,
[AB,C] = A{B,C} —{A,C}B, useful for fermion operators.

Exercise 5.5

In the jellium model of metals the kinetic energy of the electrons is described by the Hamil-
tonian Hje of Eq. (2.19), while the interaction energy is given by V|_, of Eq. (2.34). In
the Heisenberg picture the time evolution of the electron creation and annihilation opera-
tors cL , and ¢, is governed by the total Hamiltonian H = Hje + V)_,. In analogy with
Eq. (5.31) derive the equation of motion for ¢, _(t). Apply the Hartree-Fock approximation
to the result.
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Exercises for Chapter 6

Exercise 6.1

As in Exercise 5.1 we consider a harmonic oscillator influenced by an external force f(¢),
but now we treat this force as a time-dependent perturbation

H' = f(t) x.

Express z in terms of a and a' and calculate the linear response result for the expectation
value (x(t)). Argue that this result is in fact exact, for example by considering the equation
of motion for (x(t)).

Exercise 6.2

The spin susceptibility measures the response to a magnetic field. Suppose that a piece
of some material is perturbed by external magnetic moments. These moments could for
example be in the form of a neutron beam in a neutron scattering experiment. The
perturbation is in this case given by

H = —gup /dr Bext(r,t) - S(r),

where S is the spin density operator S(r) = ¥'(r)sW¥(r), see Sec. 1.4.3. Find the response
to linear order in B for the induced spin density in the material, (S(r,t)). Express your
result in both real space and momentum space.

Neutron scattering experiments are the main source for obtaining experimental infor-
mation about the distribution of spins in condensed matter systems.

Exercise 6.3

We study integrals of the form f_oooodx = iin f(z), where f(z) is any function with a well

behaved Taylor expansion around z = 0, and 7 = 07 is a positive infinitesimal. Show that
in this context ?1”] can be decomposed as the following real and imaginary parts
1 1
— =P— —imd(z)
T+ T

Here P means Cauchy principle part:
oo 1 U | >~ 1
P dx;f(:n)z dx;f(x)—i— dx = f(x).

Exercise 6.4

In this exercise we consider the conductivity of a translation- and rotational-invariant
system. This means that the conductivity o(r,r’) is a function of r — r’ only and that
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the conductivity tensor is diagonal with identical diagonal components. Show that in the
Fourier domain

Je(q> w) = U(qv W)E((L w)'

Find the relation between the conductivity, i.e. 0(q,w) and the correlation function

([J%(a, 1), J*(=a,0)]),

where J(q) is the particle current operator in momentum space.

Exercise 6.5

Consider again the conductivity of a translation-invariant and rotational-invariant system.
First consider the conductivity of a non-interacting electron gas at long wave lengths,
q — 0. Derive the expression for the particle current operator in this limit,

30,0 = - S ke (1) e (1),
ko

and show that it is time-independent in the Heisenberg picture. From this you can derive
obtain the long wavelength conductivity

neQ

P (0,w) = idap—-
(0,w) af om

How does this fit with the Drude result (13.42) in the clean limit, where the impurity

induced scattering time 7 tends to infinity (i.e. wr — o00)? How does the conclusions
change for an interacting translation-invariant system?

Exercises for Chapter 7

Exercise 7.1

Verify that the self-consistent equations in Egs. (8.16) and (8.17) both are solution to the
Schrodinger equation in Eq. (8.13).

Exercise 7.2

In this exercise we prove that the propagator in Eq. (8.22) in fact is identical to the Green’s
function by showing that it obey the same differential equation, namely Eq. (8.14b). Hint:
differentiate (8.22) with respect to time using that the derivative of the theta function is
a delta function, and that

(v|H|¢p) = H(r)(r|¢)

Which you can see for example by inserting a complete set of eigenstates of H.
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Exercise 7.3

Find the greater propagator, G~ (r,r’;w) similar to Eq. (8.42), but now in one- and two
dimensions. Can you suggest an experiment (at least in principle) that measures this
propagator.

Exercise 7.4

Egs. (8.50) are valid for fermions. Show that the corresponding results for bosons are

iG” (v,w) = A(v,w) [1 +np(w)],
iG<(v,w) = A(v,w) np(w).

Exercise 7.5

The tunneling density of states for a superconductor has a characteristic shape which you
find in this exercise. First find the retarded Green’s function

GR(k 1,1) = =if(t)({e (1), ey })

by expressing the ¢ and ¢/ operators in terms of the diagonal y-operators called bogoliubons
given in Eq. (4.65). Once you have done that the problem is reduced to finding the Green’s
function of a free particle, which you see from the Hamiltonian Eq. (4.66). Now calculate
the tunneling current-voltage characteristics, assuming the tunneling matrix element to
be approximately constant. Plot the results of I and dI/dV versus V.

Exercise 7.6

In this exercise we shall calculate the dc conductance of a perfect one-dimensional wire.
From Sec. 6.3 we have that the conductance is given by

G = “jn%), Mz —a'st =) = —if(t = ') ([Ip(at), L (2'")])

where I, is the operator for the particle current through the wire. Hints: use the one-
dimensional version of the particle current operator

h q -
Ip(flf) = RZ (k+§> CZ}O'CkJ-f—qO' Clqz.
kqo

The result for the dc conductance does not depend on where the current is evaluated
(why?). Now you can use the method in Sec. 8.5 to find that

MRz — a2t —t') = —if(t — t) (ﬂfL>2 > (nF(sk) B ”F(5k+q)>

kqo
% <k+ g)Qei(sk—qu)(t—t’) piaa—a’)
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Setting x = 2’ find I1¥#(0, w) and study it in the low frequency limit. Show that

. ho\2 onp(0e,) q\2
R k 2
L}Jlmo Im I (w) = hwr < ) gqg [ : ] o(eg €k+q) (k + 2> .

Do the ¢-integral first and find

A\? /my 1 ) k2
. R _ o o _ _
}JIH%)ImH (@) = heom (m) <h2> 2rL % ( 8EknF(€k)> |k|
w1
 hw e Br 417

In the limit p > kT, you find the famous result for the conductance G of a perfect 1D
channel

Exercise 7.7

Consider a 2D electron gas in the xzy plane confined to the strip 0 < x < L. What is the
electron density as a function of the distance z from the left edge? Take for simplicity
T = 0. What will change at larger temperatures? The oscillations that you will find are
called Friedel oscillations.

Hints: Use standing waves in the z-direction fulfilling the proper boundary conditions,
and assume quasi-continuous states with periodic boundary conditions in the y direc-
tion. Find the z-dependent density as n(z) = [dy Zy<cicl,>|<a:y|y)|2, where the v-sum
runs over the appropriately normalized states |v). You may need to know the integral

[ds V1 — 2 sin?(zs) = & [z — J1(22)].

Exercises for Chapter 8

Exercise 8.1

Consider a physical system consisting of fermions allowed to occupy two orbitals. The
Hamiltonian is given by

H= Ech{cl + EQCQCQ + tc]icz + t*cgcl.

Find the Green’s function G (ij,w), where i and j can be both be either 1 or 2 and where
GR(ij, t —t') = —i0(t — t"){{c; (1), c}(t’)}). Use the equation of motion method. Don’t
forget to interpret the result.

Exercise 8.2

Derive Egs. (9.22) and (9.23) by differentiating the Green’s functions in (9.20) and (9.21).
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Exercise 8.3

Consider an atom on a metal surface. The electronic states of the atom will hybridize with
the conduction electrons in the metal. If we assume that only a single orbital couples to
the metal states, then the atom and the metal can be described by the Anderson model
Hamiltonian Eq. (9.18).

When a scanning tunneling microscope (STM) is placed near the atom current will
flow from the STM tip through the atom to the metal. Since the atom is strongly coupled
to the metal surface the bottleneck for the current is the tunneling from STM to atom,
which we can describe by a tunneling Hamiltonian as in Eq. (8.60), and not the tunneling
between atom and metal, described by Eq. (9.17). It is therefore a good approximation
to assume that the atom is in equilibrium with the metal, and to use tunneling theory for
the current between tip and atom.

Sketch the resulting dI/dV using the expression derived in Chap. 8 for the tunnel
current and the mean field expression for the d electron Green’s function, derived in
Sec. 9.2.

Exercise 8.4

In this exercise we improve the solution of the Anderson model presented in Secs. 9.2.2
and 9.2.3. Start by combining Egs. (9.22), (9.23), and (9.30b) to obtain the following
equation of motion for G®(d T,w):

[w+in—e;+p— 2 (w)] GEdT,w) = 1+IUD(d 1,w).

The two-particle Green’s function D¥(d 1,t) is defined in Eq. (9.26). In Eq. (9.28) it was
approximated by a product of two single-particle Green’s functions, and the model was
then solved at the level of single-particle Green’s functions.

Here we go one step further and derive an equation of motion for DR(d 1,t) and
truncate it at the two-particle Green’s function level. Thus we get a better approximation
which takes pair correlations into account. First find the differential equation for D by
differentiation with respect to t. When you do that the difficult commutator is

[Huyb, najdi] = nay [Huyb, di] + [Huyn, nay ] dy
= nay[Huynody] + > (ti“{clel - tkdicki) d;,
ko

The last term contains a new type of processes giving rise to higher order correlations
(corresponding to spin flips), and it is therefore omitted. This constitutes our new and
improved approximation. The first term generates a two-particle Green’s function denoted
FE given by
R .
FR(kd 1,t =) = =if(t — ') ({(ng cc) (1), dL(t)}).

Note the similarity between F? and the single-particle function GE,(kdo) of Eq. (9.21).
Derive the equation of motion for Ff, and show that if you again neglect the term
[Huyh, ngy] no new Green’s functions are generated. Instead F B is coupled back to D,



310 EXERCISES FOR CHAPTER 10

Inset this result into the equation of motion you derived for D above, and show that the
resulting equation for D is

[w+in—cy+p—U—-3X(w)] DAT) = (na).
Finally, solve for G and show that the result is

1— (ng,) (nay)
R _
) = e v u—SFw) Tt in ey~ Ut - Sw)

Interpret this result physically, for example by considering how the result of Exercise 8.3
is changed.

Exercises for Chapter 9

Exercise 9.1

Find the Fermi-Dirac distribution by starting from the Matsubara Green’s function and
setting 7 = 07. Then show that

<CIT/CV> = gg(VvT:O_) = ;Ze_ikno_ gg(l/,ikn) = np(e,)
ik

How would you calculate <cl,cT>?

Exercise 9.2

Repeat Exercise 7.6 but this time using the imaginary time formalism. Use the procedure
going from Eq. (10.80) to Eq. (10.85).

Exercise 9.3

According to Eq. (10.63) the equation of motion for the Matsubara Green’s function of a
free particle is

2
_ _pi 0 ) A _ ) A
( 0- 2m+u> Go(r—r',7—7) = 0(r—01)o(r—71).

Show (10.39) by Fourier transforming this equation. Note that both 7 and 7/ are greater
than zero.

Exercises for Chapter 10

Exercise 10.1

Single impurity scattering. The Dyson equation for otherwise free electrons scattering
against an external potential is written in Egs. (11.5) and (11.9). Suppose now that the
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electrons are confined to move in one dimension and that the external potential can be
represented by a delta-function impurity potential, U(x) = Upd(x). Show that in this case
the solution of the Dyson equation becomes

Uo
1 — G9(00,iky) Uy

G (xiky) = GO (xa!,iky) + GO (20, iky,) G202’ iky).
Hint: solve for G(0a',ik,) first and insert that in the Dyson equation for G(za’,iky,). To
find the retarded Green’s we thus need the unperturbed Green’s function, which is
1 eik(a:—z’) 1 ) ,
GO (za’ w) = GO(xa’,w +in) = — = — ¢thole=2],
o ) =l ) L;w—ak—i-u—i-in vy,

(do you agree?) where k, = \/2m(w+ p) and v =, 0ey/0k|k=k,. Since the retarded
Green’s function tells us about the amplitude for propagation from point x’ to point x,
we can in fact extract the transmission and reflection amplitudes ¢ and r. For 2/ < 0 we
have

GB(za' w) =t GO (z2!,w) O(x) + [1 + rei‘b(x’ml)} GO (22, w) O(—x),

where €¢@(*:%') ig a phase factor, which is determined by the calculation. Find r and ¢ and
discuss the phase shifts that the electrons acquire when they are scattered.

Exercise 10.2

Resonant tunneling. In for example semiconductor heterostructures one can make
quantum-well systems which to a good approximation can be described by a one-dimen-
sional model of free electrons with two tunneling barriers. Here we simplify it somewhat
further by representing the tunneling barriers by delta-function potentials situated at a;
and ay. The Hamiltonian is then given by

H = Hy + /OO dx p(x) Up[(z — ay) + d(z — ay)],

—00
where Hj is the Hamiltonian for free electrons in one dimension. Write H in x—space

and find a formal expression for the Matsubara Green’s function using Dyson’s equation.
From the Dyson equation find the retarded Green’s function for z’ < a; < a, < z:

) ) 1—a _aeze ezkal
—ika, —ikay ) . - . )
1+Oé( e y € ) < —0(67’9 1—a elka2 )

where k = k,, (see previous exercise) and where a = Up/iv and 6 = k(ay, — a;). Use this
to show that the transmission is unity for the particular values of 8 satisfying

eik(:pfm’)

Gl(za',w) = -
w

a =1icoth.

Derive the same result using the following simple argument involving two paths for an
electron to go from 2’ to z: (1) 2’ — a1 — ag — x, and (2) 2’ — a3 — ag — a1 — ay — x.
The transmission is unity when these two paths interfere constructively — as does paths
with any number of trips back and forth in the “cavity”.
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Exercises for Chapter 11

Exercise 11.1

Matsubara frequency summation. Use the rule Eq. (10.54) for summing over func-
tions with simple poles to perform the Matsubara frequency summation appearing in the
following diagrams of Eqs. (12.30) and (12.34): O

Vo (k. iky) = a#mp °(q, ig,) =

Exercise 11.2

The cancellation of disconnected diagrams in G(b,a). We study the one-particle
Green’s function, which in the interaction picture in the presence of the particle-particle
interaction W (r — r’) becomes:

(r.[0B.0¥® ¥@]) 5o
G(b,a) = — <U(ﬁ’0)>0 0 with U(ﬂ,O):TTexp(—/o dTW(T)).

As in Eq. (12.14) use the Feynman rules to expand the denominator and the numerator,
but now to second order in W, and show explicitly the cancellation of the disconnected
diagrams. Hints. (1) Start with the simpler denominator (how many terms?). (2) Draw
topologically identical diagrams only once and multiply with the number of them. (3) Get
most of the diagrams in the numerator by cutting open and stretching out a Fermion line
in the diagrams from the denominator (how many terms?).

Exercise 11.3

Feynman diagrams and Dyson’s equation for the Anderson model. We return to
Anderson’s model for localized magnetic moments in metals, see Sec. 9.2. We wish to derive
the Dyson equation Eq. (9.29) using Feynman diagrams. The unperturbed Hamiltonian
is given by Hy = > (e, — 1) dj,da + D ko6 — 1) CchaCka» while the interaction part is
given by Hine = Hpy, +HYY, the sum of the hybridization Eq. (9.17) and on-site repulsion
Eq. (9.27). We employ the mean-field approximation given by Eq. (9.27) where the o spins
only interact with the average density (ngsz) of the opposite & spins.

We introduce the following rather obvious diagrammatic notation for the Matsubara
Green’s functions and interactions:

—e— = "(do) o= S
—a— = ((do) 8
-<e-- = Gko) U = U
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We write the diagrammatic expansion (here shown up to second order in [t |* and U)
for the full d-orbital spin up Green function G (do) as:

G(da)
ty the U
= - ——-—— + ——e-=--0— |
G (do) G°(do) G%(do) G (ko) G°(do) G%(do) G°(do)
G(do)
te ty ty ty

4 ——e-w-——0-<w-o—— |

G%(do) G°(ko) G(do) G°(ko) GO(do) G%do) G°(do) G°(do)
G(da) G(da)

tk tk tik{
L —-—e-—=-- 4 ---o—a— |
G%(do) G°ko) G°(do) G(do) G%do) G°do) G°(ko) G°(do)

be

Express the self-energy as a sum of diagrams using a definition analogous to Eq. (12.18),
and derive in analogy with Eq. (12.19) Dyson’s equation graphically. Use the obtained
Dyson equation to verify the solution Egs. (9.30a) and (9.30b). The tedious work with
the equation of motion has been reduced to simple manipulations with diagrams.

Exercises for Chapter 12

Exercise 12.1

A classical treatment of the plasma oscillation. The electronic plasma frequency
w, = y/ne?/me, introduced in Eq. (13.76) does not contain Planck’s constant and is
therefore not a quantum object. Derive w,, from the following purely classical argument.
Consider an electron gas of density n confined in a rectangular box of length L, in the
x direction and having a large surface area L, L, in the yz plane (L, < Ly, L,). Treat the
ions as an inert, charge compensating jellium background. Imagine now the electron gas
being translated a tiny distance £ in the z direction (§ < L, ), leaving the ion jellium fixed.
The resulting system resembles a plate capacitor. The electron gas is then released. Find
the equation of motion for the coordinate £ using Newtons law and classical electrostatics.

Give a physical interpretation of the resulting motion of the electron gas.

Exercise 12.2

Interactions in two dimensions. In the following exercises we consider a translation-
invariant electron gas in two dimensions fabricated in a GaAs heterostructure (see Sec. 2.3.2).
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The electron mass for this material is m* = 0.067 m, the relative permittivity is €, = 13,
while the electron density ranges from n?? =1 x 101> m~2 to 5x 10" m—2
The electron wave function for the two dimensional electron gas is restricted to be

1
VoL,

where k = (k;, ky) and r = (z,y), while ()(2) is the lowest eigenstate in the z direction,
ie. n = 0 in Eq. (2.50). Write down the interaction part of the Hamiltonian and show
that it is of the form

2D T
H?P E E w ck+qack, a0’k o' ko
kk’q oo’

i/Jk(I', Z) = eik.rCO(Z%

where q = (g4, qy). For a strictly 2D system, i.e. [(,(2)[* = §(z), show that

e2

W2D( )

2e, € q

Hint: use [; df cos (avcos @) = wJo(a), where Jy is the Bessel function of the first kind of
order zero.

Exercise 12.3

Plasmons in two dimensions. Consider a translation-invariant electron gas in two
dimensions fabricated in a GaAs heterostructure. The electron mass for this material is
m* = 0.067 m, the relative permittivity is e, = 13, while the electron density ranges from
n?P =1 x 10 m=2 to 5x10'° m~2

For such a system the RPA dielectric function is given by

etpala, iq,) = 1 — W?P(q) x§"(a,44q,),

with @ = (¢z,q,) and where x3P(q,ig,) is the 2D version of the 3D pair bubble x°
given in Eq. (13.20). Show that at low temperatures, kT < ep, and long wave lengths,
q < w/vp, the plasmon dispersion relation is w = vpy/k2P ¢/2, where k2P is the Thomas-
Fermi screening wavenumber in 2D. Find the relation between kp and the electron density,
n?P. Express k2P in terms of the parameters of the electron gas. Is it larger or smaller
than kp for n?P =2 x 1015 m—2?

Exercise 12.4

Static screening in two dimensions. Show that in 2D the static RPA screened inter-
action at small wavevectors, ¢ < ky, and low temperatures, kT < €, is given by

WQD( ) 62
W - '
apa(a,0) = e3P, (q,0)  2er¢p (g + k2P)
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Exercise 12.5

Damping of two dimensional plasmons. The electron-hole pair continuum is the
region in ¢ — w space where Im 2" # 0. Find the condition for the plasmons not to be
damped by single-particle excitations for ¢ < k. In the estimate you can use the small-g
expressions for the plasmon frequency and the polarization, that you found above. Are
the plasmons damped in the region ¢ < kp in GaAs with the parameters given above?

Exercise 12.6

Deriving the Feynman diagrams for x(g). The task is to understand the arguments
leading to the diagrammatic expansion for x(§) given in Eq. (13.58). We are not asking
for detailed calculations.

In the real space formulation (b, a) = —<TTp(b)p(a)>eq: —(T, U (b)¥ (b) VT (a)¥ (a)>eq.
Write down the expression for x(b,a) analogous to Eq. (12.8) for G(b,a). Then apply
Wick’s theorem to obtain the analogue of Eq. (12.9). Following arguments similar to
those of Eq. (12.16) it can be shown that the numerator also cancels in the case of x(b, a)
(you do not have to show that). Finally, argue with the help of Appendix A that for a

translation-invariant system y(q,7) = —%<TT p(q,7) p(—q, O)>eq as stated in Eq. (13.53),
see also the form of o(q,w) in Exercise 6.4. Please note that <p>eq = 0 due to charge
neutrality.

Alternatively, you may start with x(q, 7) for a translation-invariant system, and write
this in a form analogous to Eq. (12.8). Then apply Wick’s theorem in this situation to
obtain the starting point for the diagrammatic expansion directly in g-space.

Exercises for Chapter 13

Exercise 13.1

Semi-classical motion. We study Eqgs. (14.17), (14.18), and (14.19). If the quasiparticles
behaves like non-interacting particles why is then the number of quasiparticles conserved
on the semi-classical level?

To answer this question we introduce the concept of a wave packet, i.e. a wave function
fairly localized in both space and momentum space:

. _ 2
w(r,t):/dkf(k—ko) elkr=w()i o o with f(k—ko):exp<—(2k(A1;O))2).

Taylor expand w (k) to first order and show that the wave packet can be written as
P(r,t) = elkor—w k)t Py — 9 w(k,) t),

where ' is some envelope function. What is the physical interpretation of d,w(ky)? In
conclusion, the wave packet has the energy ¢, and the velocity v, given by

1
g = huwy, Vi = Oy = 7 O\ Ey-
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For external forces F(r,t) = —VV(r,t) varying slowly in space and time, we can
through the power Py absorbed by the wave packet centered around k deduce the time
evolution of k as follows. Combine the two classical expressions for the power, Px = F - v
and Py = €, to show

k= -F.

Exercise 13.2

Measuring the discontinuity of the distribution function. For an interacting elec-
tron gas discuss the spectral function A(k,w) in Eq. (14.58) and use it to calculate the
distribution function (ny). Demonstrate the existence of a Fermi surface characterized by
the renormalization parameter Z. The value of Z can be inferred from X-ray Compton
scattering on the electron gas, see Fig. (a).

(a) (b) (c)

DA @/10) A 1@/10)

' « theory, RPA '
0.8 __ experiment, 0.8 model
0.6 1 X-raysonNa (6 | calculation
0.4 1 04 |
0.2 0.2 |
0.0 \ —» 0.0 : N

0 1 2 d/kp 0 1 2 4/kp

In the so-called impulse approximation for Compton scattering, the intensity I(w,,w, q)
of incoming photons of energy w, being scattered with the energy and momentum loss w
and q, respectively, is proportional to the number of scattering events on all electrons
fulfilling the simple kinematic constraint: conservation of energy and momentum,

Hop,a) = N, w) [ () 30 + 55— eg) [k 9 8 (w0 5aPai)

We omit the explicit reference to the fixed w; and work with I(q,§) = I(w;,w,q). Show
that

1 [ 1 [ > dw
I(q,q - == — Ak )
(q,G) q/qQ dey (k) q/§2 dey, /oo27T ( aw)nF<W)

where A(k,w) is the spectral function and § = mw /q — ¢/2. Fig. (b) contains an experi-
mental determination of I(q, ¢) from X-ray scattering on sodium. The experimental result
is compared to theory based on RPA calculations of A(k,w).

Instead of using RPA, discuss the following simple model for A(k,w) containing the
essential features. At low energies, €, < 4ep, a renormalized quasiparticle pole of weight
Z coexists with a broad background of weight 1 — Z, while at higher energies, ¢, > 4y,
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no renormalization occurs, and the quasiparticle is in fact the bare electron:

B T | Z, for k< 2kg
A(k,w)—Zk 27T5(w—fk)+(1—zk)W@(W—‘WD, Zk— { 1’ for k‘>2]€F.
Here W is the large but unspecified band width of the conduction band. Explain Fig. (c).

Exercise 13.3

Detailed balance. The scattering life time in Eq. (14.45) expresses the time between
scatterings assuming some unknown distribution function n(k). The Boltzmann equation
with inclusion of e-e scattering therefore reads

. 1
O,(nk) + k- Ving + vi - Veng = — () )
Tk / collisions

In the homogenous and static case, i.e. absence of external forces, the left hand side is
expected to be zero. Show that the usual Fermi-Dirac equation solves the Boltzmann
equation in this case, i.e. that the right hand side is also zero if we use n = npg. Hint:
show and use that np(e) [1 — np(e)]exp (B(e — &) = [1 — np(e)| np(e).

Exercise 13.4

Why are metals shiny? According to Eq. (13.75) we have in the semiclassical high
frequency, long wave limit that £(0,w) = 1 — w2/w?. Consider a monochromatic electro-
magnetic wave with E = E(z)e~*!é, incident on a metal occupying the half-space x > 0.

Use the high-frequency limit of Maxwell’s equations in matter. Set D = €,e(0,w)E and

0.)2—0.1

prove that V2E(z) = ~2 2E(:c) Hint: you may need VxV xE = —V2E. For which
frequencies does the wave propagate through the metal, and for which is it reflected?

From X-ray diffraction we know that the unit-cell of Na is body-centered cubic (i.e.
one atom in each corner and one in the center of the cube) with a side-length of 4.23 A.
It is observed that Na is transparent for UV-light with a wavelength shorter than 206 nm.
Explain this, and explain why (polished) metals appear shiny. Hint: Each Na atom donates
one electron to the conduction band.

Exercises for Chapter 14

Exercise 14.1

The integral equation for the vertex function in the Born approximation. This
exercise deals with the Kubo formula method applied to impurity scattering in metals.
The conductivity is in the weak scattering limit given by

2
o= O L (’;:) GE(k,0)G (k,0)T'EA(k, k; 0,0).
k
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In the Born approximation the Dyson equation for the vertex function is

ko

1
4k, k;0,0) = —+ 5 > nimplulk — K)PGH (K, 0)GA (K, 0)T 4 (K, K5 0,0).
kl

1. If the impurity potential is short ranged argue that we can approximate it by a
constant |u(k — k')|? & |ug|?. Prove that in this case

o

T

FRA v
r m

)

and use this to find that

€2n7'0

)

m

where 7p is the Born approximation life time

7'61 = 27Td(£F)nimp|u0|2.

2. Now relax the assumption of short range scatterers but assume instead that u(k — k')

is slowly varying on the scale given by the width of the spectral function, i.e. 7 L

In this more realistic case, you will find for |k| = kp that

B Kk B
k) = = + dler) /dQ’ lu(k — k)T A (K,
m 2
with |k/'| = kp and [dQY = [d¢'d0’sin @’ is an integration over the angle of k’. Now
show that
e2nttt
o= ,
m
where

-1 asy 9 k- -k
(7)™ = 2oy [ Gk =) (1= 555 )
Hint: use the ansatz T74 (k) = (k/m)y.

Explain the physical meaning of the last term and why it does not appear in the result
for point-like impurities.

Exercise 14.2

Life time of the Green’s function in the Born approximation. Show that the
retarded impurity averaged Green’s function in the Born approximation decays exponen-
tially in time and given a physical interpretation of this result.
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Exercise 14.3

Weak localization at finite frequency. Here we consider the weak localization cor-
rection at finite frequency. The only change in the formula for the weak localization is
through the Cooperon which becomes instead

RA(Q o) — Wod(Q, w)
O (Quy

Q) = 35 3 PG (p — Q)G (p,0).
1

Show that in this case, the low frequency w7y < 1 and long wavelength Qupmy < 1 limit

of ((Q,w) is
((Q,w) ~ 1+ iwty — D1Q>.

Show that the frequency provide a small @ cut-off in the conductivity correction and try
to explain why.

Exercise 14.4

Mass renormalization in Drude formula? The mass that appears in the Drude for-
mula is the bare electron mass (possibly including bandstructure effects). The impurities
only enter in the scattering time. The Drude formula can be derived from e.g. the Boltz-
mann equation, where the mass enters through the velocity, vy, = hk/m and the impurity
potential in the collision term.

If we think about impurity scattering from a microscopic point of view the self energy
has both a real and an imaginary part. Let us for instance consider the lowest order
self-consistent Born approximation. In this case the self-energy reads

SCBA
S k) = i 3 i w026 (K, i) (B.4)
k/

Note that it is G and not Gy that enters in the self-consistent approximation. The real
part leads to a renormalization of the mass and to a renormalization of the spectral weight
at the Fermi surface, i.e. when expanding the Green’s function near the Fermi surface we
can write

Z

GRke)~ — .
(k) w—§ +iZ

(B.5)

If we include the real part in this way (contrary to Sec. 14.3 and Exercise 5, where it is
neglected) does it lead to a renormalization of the Drude formula?
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Exercises for Chapter 15

Exercise 15.1

Conductance of a delta function barrierAs a model system of a mesoscopic 1D
channel take the following Hamiltonian

and likewise for ¥ ~. Show that

Y(07) —9'(07) = S5 Vo (0)

and use it to find r» and t. Suppose now that the two ends of the wire have different
chemical potential, so that the distribution function for electrons in the states w;: is given
by np(ex, — pur), while the distribution function for electrons in states 1, is np(ex — pr).
Show that the current at low temperature becomes

2¢? 1

I=2¢)Y (vinp(er —pr) —vinp(er — pr)) = ——————=V,
,;O h 1+ (Vo/hor)?

where V = FEZEL < ep.
Hints: v = 2Tm((?,!)k) Ot —cc) =t =1—|r]> with t = (1 +i2)!, 2 = mVy/hk.

Exercise 15.2

Landauer-Biittiker formula at finite temperatures. For a general mesoscopic system
show that the linear conductance at finite temperature is generalized to

2/ dE< anp(alz “))Tn(E),

where T),(E) is the transmission probability of a given mode T,,(E) =", ¢ tpm.
Using a model electron waveguide, where the potential in the transverse direction is a

parabolic confinement, the transmission coefficient is supposed to be
1
T.(E)=06(FE—-E,) =0(F—(n+ i)th)’

where wr is the frequency of transverse oscillation. Find an expression for the conductance
G and plot the G as a function of u. Plot for example G(h/2e?) versus p/hwr for two
different temperatures: kT = (0.05,0.15)hwr. How would the result look if the transverse
confinement was given by a square well?
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Exercises for Chapter 16

Exercise 16.1

Phonon Green’s function Prove Eq. (16.7).

Exercise 16.2

Cooper’s instability In this exercise we shall see that an attractive electron-electron
interaction leads to an instability of the Fermi surface.

BCS model Hamiltonian. In Chap. 16 it is shown that the electron-phonon interaction
leads to an effective electron-electron interaction. It is attractive for small frequencies, i.e.
for energies smaller than qus, where ¢ is the exchanged momentum and v, is the sound
velocity. The scale of this energy is given by the Debye energy. This observation lead
Cooper to study the following model Hamiltonian, which is also the starting point used
by BCS,

H=Hy+H' (1a)
Hy = Y (B~ 1) el (1b)
ko
Vo
H/ — _?Z/C-ll-(_‘_qo_cit/_qo_,ck/glcko.. (1C)

Here the sum is restricted such that all initial and final states lie in an interval given
by [ — wp, it + wpl, i.e. in a shell around the Fermi surface. Anticipating the physical
idea that the electrons due to the attractive interaction will form pairs with zero total
momentum and spin, we look specifically at the interaction between such pairs. The pairs
are thus supposed to consist of electrons with opposite momentum, which means that we
choose k! = —k and o = —¢’. After relabelling we have

H' ==V ,CL’TCEk/lC—kiCkT‘ (2)

Variational calculation of FS with an added pair of electrons. We wish to find the
energy of a pair of electrons added to a filled Fermi sea state, and with interactions
according to (2). In order to separate the effect of the interaction on the Fermi sea and on
the extra pair of electrons, the Y " sum is further restricted to involve only states outside
the Fermi sea. Thus Eq. (2) becomes

/
H/ = —‘/0 Z CTk/TCik/lC_lekT. (3)
kk'>kp.

We look at the difference between the two situations: 1) The electron pair is added to
the Fermi surface, i.e. with |k|,|k'| = kp and energy equal to zero. 2) The electron pair
forms a coherent superposition of pairs not necessary at the Fermi surface. According to
the variational principle the lowest energy of the two is closest to the groundstate energy.
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For situation 2 we start by an Ansatz wavefunction, which is a superposition of so-
called Cooper pairs

) = > awelyely [FS). (4)
k
Show that «y satisfies the following equation.
ax(2ex — Er) =W Z 'aw = Boy, (5)
K >kp

and that this leads to a condition for E given by

1= Y ' ! . (6)

K>k p (2€k — EF) —F

In order to find the energy E you should make use of the following hierarchy of energy
scales
E <wp < Ep, (7)

where the validity of the first one of course must be checked at the of the calculation. Find

that (reinserting h)
E = —2hwp exp (—=1/Vod(EF)) - (8)

Discuss the following two important issues:

o Why does this result indicate an instability of the Fermi surface

o Could this result have been reached by perturbation theory in V7

Exercises for Chapter 17

Exercise 17.1

The Josephson effect. This exercise deals with the supercurrent across a tunnel junc-
tion, the so-called Josephson effect. We apply the relations to study the current-voltage
characteristic of a tunnel junction in the so-called resistively shunted Josephson junction
model.

Supercurrent in the equilibrium state. Consider a tunnel junction between two super-
conductors, i.e. two superconductors separated by an insulator. The tunnel Hamiltonian
is

Hr = Z <tkpCTkafpa + tlipf}iacka) ) (1)
kp
where the electron operators for the two sides are called ¢ and f, respectively. In the
following we assume for simplicity that in the energy range of interest the tunnel matrix
element depends weakly on the states k and p, therefore

tkp ~t (2)
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The Hamiltonian for the two sides are the usual BCS Hamiltonians

H,. = Z kaLnga — Aei®e Z CTkTCT—kl — Ae e Z C_k|Ckts (3a)
ko k k

Hp =3 &iligho = DY Sl = AT T f o . (3b)
ko k k

where the two superconductors are assumed to be equal. The order parameter of each
side of the junction have different phases, ¢. and ¢;, and A is here taking to be real.
The phase difference between the two side can be absorbed as a phase shift of the tunnel
matrix

t— eii(qscfd’f)/%’ (4)
by the transformation
c— e f s eits/2], (5)
Show that the equilibrium current running between the two superconductors is
0 oF
I1;,=(I)=(—2¢){(=—Hp) =(—2e) — 6
y= (1) = (=26) (g Hr) = (=20 G, ()

where I is the operator for the electrical current I = (—e) N,, F is the free energy and
¢ = ¢. — ¢y is the phase difference.

This is a current which runs in thermodynamical equilibrium and hence is dissipation-
less in the sense that it runs without an applied bias (the chemical potential of the two
sides is per definition identical in equilibrium). In the following we calculate this so-called
supercurrent to second order in the tunneling amplitude.

Show that to second order in Hr

ity = [ i) L by =22 [, 0
8¢TN 0 TTTT8¢ T/0 — 28¢0 T\L -7 \T T/0
where the expectation value (), means taken with respect to Eqs. (2). Then show that
1o [P o /ﬂ )
—— | dr(T.Hp(r)Hr)) = — dr ) t2°G,, (k, 7)Gyo(p, —7) + c.c.
200 Jo ( 7(7)Hr)g 36 \ J; %’; 21(k, 7)G1(p, —7)
_9 122%% (k,ikp)Gyo(p, ikn) + c.c (8)
a(ﬁ ﬁ £ kp 21 9 n 12 ) n A

where Gio and Go1 are the off-diagonal Nambu Green’s functions defined in Ezxercise 3.
Verify the following steps

Z Go1(k,ikn) = Z G12(p; ikn)
k P

_ Ad(QEF) /_C: de (Wl_p)
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and use it to find that
wAd(e
Iy =- < > Z k2 + A2

= sin qbe(M;F))A tanh <A2ﬁ>

AT Ap
26RN tanh (2) 5 (10)

where the normal state tunnel resistance is given by Rx,l = me2d*t? /.

= sin ¢

Exercise 17.2

RSJ model of a Josephson junction. With a finite bias voltage across the junction,
one can still have a supercurrent running, i.e. a current carried by Cooper pairs and the
relation

I; = I;sin ¢, (1)
is still valid. This is known as the first Josephson relation. The finite voltage changes the
energy of electrons of the two sides and hence their phase. We can simply include this
phase change in the time dependence of by the following substitution

c(t) = ()™, f(t) — f(t)e V2, (2)
which corresponds to
¢ — ¢+ 2eVt, (3)
or 5
. e
= — 4
o=V, @)

which is called the second Josephson relations.

The second Josephson relation adds interesting dynamics to the Josephson junction
because of the intrinsic frequency 2eV/h. One can measure this frequency by applying
external RF radiation to the junction. The Josephson junction thus acts as a voltage to
frequency converter, which has many applications.

Now we look at the current-voltage characteristic of a Josephson junction in the RSJ
model. The current is carried by two kinds of electrons: those that are paired and those
that are not. The pair current is described by the Josephson relations while the normal
current is supposed to be given by Ohm’s law.

Consider a current biased setup, i.e. a junction with a fixed current, I. This current
is made up by the sum of the supercurrent and the normal current. Thus

1 h .
I:IN—l—IJ:§V+Iosin¢:ﬁ¢+lcsin¢>. (5)
Write this equation in the dimensionless form
1 do 2el.R
1= =G tsng, =2 (©
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The voltage is time dependent, but in a dc measurement one measures the average voltage.
Integrate Eq. (6) and show that the average voltage becomes

I<I,

07
V)= { RI/UJI)?—1. 1> I, @

Hint: first find solutions for ¢ = 0 and then a “running” solution where ¢ # 0. For the
last situation the average voltage is (V) = %f(;f dt% = 27” Here T is the period of the
voltage or the time it takes to increase ¢ by 2.
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BCS theory
effective Hamiltonian, 81
interaction potential model, 285
mean field Hamiltonian, 82
self-consistent gap equation, 83
tunneling spectroscopy, 140
Bloch
Bloch theory of lattice electrons, 33
bandstructure, 35
Bloch’s equation, density matrix, 158
Bloch’s theorem, 34
Bogoliubov transformation, 82
Bohm-Staver sound velocity
from RPA-screened phonons, 283
semi-classical, 53
Bohr radius a,, 40
Boltzmann distribution, 26
Boltzmann equation
collision free, 239
introduction, 233
with impurity scattering, 241
Born approximation
first Born approximation, 190, 259
full Born approximation, 193
in conductivity, 261
self-consistent Born approximation, 194
spectral function, 1st order, 192
Born-Oppenheimer approximation, 279
Bose-Einstein distribution, 29, 51
boson
creation/annihilation operators, 10
defining commutators, 11
definition, 5
frequency, 161, 165
many-particle basis, 12
bra state, 2
Brillouin zone
bandstructure diagram, 35
definition, 34
for 1D phonons, 54
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universal fluctuations, 121
conductance quantization, 116
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cooperons, 269

introduction, 253
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semi-classical approach, 240
connected Feynman diagrams, 203
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conserving approximation, 259
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convergence of Matsubara functions, 160
Cooper

Cooper pairs, 81

instability of the Fermi surface, 81

instability, Feynman diagrams, 284
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correlation function
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charge-charge correlation, 103
current-current correlation, 100, 254
general Kubo formalism, 97
correlation hole around electrons, 65
Coulomb blockade, 153
Coulomb interaction
combined with phonons, 279
direct process, 43
divergence, 44, 213
exchange process, 44
in conductivity, 256
RPA renormalization, 217, 227
screened impurity scattering, 181
second quantization, 23
Yukawa potential, RPA-screening, 218
coupling constant
electron interaction strength 63, 23
electron-phonon, general, 62
electron-phonon, jellium model, 64
electron-phonon, lattice model, 63
electron-phonon, RPA-renormalized, 283
integration over, 220
creation operators
1D phonons, 55
bosons, 10
fermions, 13
time dependence, 91
critical temperature
Cooper instability, 285
ferromagnetism, 74
superconductivity, 84
crossed diagram
definition, 267
maximally crossed, 268
crossing diagrams
definition, 264
suppressed in the Born approx., 196
current density operator
dia- and paramagnetic terms, 99
second quantization, 22
current-current correlation function, II
definition, 100
diagrammatics, 254

d-shell, 148

Debye
acoustical Debye phonons, 52
Debye energy or frequency wpy, 59
Debye model, 52, 59, 284
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Debye temperature 17,, 59
Debye wave number £, 59
density of states, Debye model, 59
frequency cut-off, BCS, 285
delta function o(r), 4
density in second quantization, 22
density matrix operator, 27
density of states
measured by tunneling, 140
non-interacting electrons, 38
phonons, Debye model, 59
spectral function, 136
density waves, 72
density-density correlation function
the pair-bubble x, = —1I°, 216
the RPA-bubble y®PA | 226
the RPA-bubble and phonons, 282
dephasing, 108, 264, 272
determinant
first quantization, 7
in Wick’s theorem, 172
Slater, 7
diagonal Hamiltonian, 133
diamagnetic term in current density, 99
dielectric function &
equation of motion derivation, 155
irreducible polarization function x'™, 226
Kubo formalism, 102
relation to polarization function y, 223
relation to conductivity, 104
differential conductance, 140
differential equation
classical Green’s function, 127
many-body Green’s function, 131
single-particle Green’s function, 146
Dirac
bra(c)ket notation for quantum states, 2
delta function §(r), 4
disconnected Feynman diagrams, 203
disorder, mesoscopic systems, 121
dissipation
due to electron-hole pairs, 144, 231
of electron gas, 143
distribution function
Boltzmann, 26
non-interacting bosons, 29
non-interacting fermions, 28
Boltzmann, Gibbs, 26
Bose-Einstein, 29
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electron reservoir, 113
Fermi-Dirac, 28
Maxwell-Boltzmann, 45
donor atoms, 46
Drude formula, 240, 251, 264
Dulong-Petit value for specific heat, 60
dynamical matrix D(k), 57
Dyson equation
Feynman diag., external potential, 179
first Born approximation, 190
for 11,,, 257
for cooperon, 269
full Born approximation, 193
impurity and interaction, 256
impurity averaged electrons, 189
pair interactions in Fourier space, 208
pair interactions in real space, 205
pair-scattering vertex A, 284
polarization function y, 226
self-consistent Born approximation, 194
single-particle in external potential, 178

effective electron-electron interaction

Coulomb and phonons, jellium, 280

Coulomb and phonons, RPA, 283

phonon mediated, RPA, 283
effective mass approximation, 35
effective mass, renormalization, 246, 251
eigenmodes

electromagnetic field, 19

lattice vibrations, 58
eigenstate

definition, 1

superposition, 1
eigenvalue, definition of, 1
Einstein model of specific heat, 60
Einstein phonons

in the jellium model, 52

optical phonons, 52
elastic scattering

Matsubara Green’s function, 179
electric potential

classical theory, 127

external and induced, 237
electron

core electrons, 31

density of states, 38

phase coherence, 184

valence electrons, 31
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electron gas, in general
0D: quantum dots, 49
1D: carbon nanotubes, 48
2D: GaAs heterostructures, 46
3D: metals and semiconductors, 45
introduction, 31
electron gas, interacting
attractive interaction, 281

dielectric properties and screening, 223

first order perturbation, 41, 43
full self-energy diagram, 214
full theory, 213

general considerations, 39
ground state energy, 220, 222

Hartree—Fock mean field Hamiltonian, 70

infinite perturbation series, 214, 222
Landau damping, 230
plasma oscillations, 228
second order perturbation, 43
thermodynamic potential 2, 220
electron gas, non-interacting
Bloch theory, 33
density of states, 38
Feynman diagrams, 177
finite temperature, 38
ground state energy, 38
jellium model, 35
motion in external potentials, 177
static ion lattice, 33
electron interaction strength ej, 23
electron wave guides, 116
electron-electron scattering
attractive interaction, 281
Cooper instability, 284
dephasing, 264, 272
life-time, 243
electron-hole pairs
excitations, 144, 155
interpretation of RPA, 220
Landau damping, 231
electron-phonon interaction
adiabatic electron motion, 53
basis states, 276

combined with Coulomb interaction, 279

Feynman diagrams, 276
general introduction, 51
graphical representation, 63
the jellium model, 63, 275
the lattice model, 61, 275

the sound velocity, 53
umklapp process, 63
electronic plasma oscillations
graphical representation, 51
equation of motion
Anderson’s model, 149
derivation of RPA, 153
for ions, 57
frequency domain, 147
Heisenberg operators, 88
in proof of Wick’s theorem, 171
introduction, 145
Matsubara Green’s function, 169
non-interacting particles, 147
single-particle Green’s function, 145
ergodic, 121
ergodicity assumption, 25
extended zone scheme, 35

Fermi
Fermi energy ep, 36
Fermi sea diagrams, 37
Fermi sea with interactions, 42
Fermi sea, Cooper instability, 286
Fermi sea, definition, 36
Fermi sea, excitations, 144
Fermi velocity v, 36
Fermi wave length Ay, 36
Fermi wavenumber kg, 36
Fermi’s golden rule, 240, 244, 250
Thomas-Fermi screening, 218, 219
Fermi liquid theory
introduction, 233
microscopic basis, 245
Fermi-Dirac distribution, 28, 237
fermion
definition, 5
creation/annihilation operators, 13
defining commutators, 13
frequency, 161, 165
many-particle basis, 14
fermion loop, 202
ferromagnetism
critical temperature, 74
introduction, 73
order parameter, 72
Stoner model, 75
Feynman diagrams
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cancellation of disconnected diagrams, 203
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Cooper instability, 284
electron-impurity scattering, 182
electron-phonon interaction, 276
external potential scattering, 179
first Born approximation, 190
full Born approximation, 193
impurity averaged single-particle, 188
interaction line in Fourier space, 208
interaction line in real space, 204
irreducible diagrams, imp. scattering, 189
irreducible diagrams, pair interaction, 205
pair interactions, 199
polarization function y, 225
self-consistent Born approximation, 194
single-particle, external potential, 177
topologically different diagrams, 204
Feynman rules
electron-impurity scattering, 184
external potential scattering, 179
impurity averaged Green’s function, 188
pair interactions in Fourier space, 208
pair interactions in real space, 204
pair interactions, G denominator, 201
pair interactions, G numerator, 202
phonon mediated pair interaction, 278
first quantization
many-particle systems, 4
name, 1
single-particle systems, 2
Fock
approximation for interactions, 70
Fock self-energy for pair interactions, 209
Fock space, 10, 27
Hartree—Fock approximation, 69
four-vector /four-momentum notation, 207, 255
Fourier transformation
1D ion vibrations, 54
basic theory, 291
Coulomb interaction, Matsubara, 206
equation of motion, 147
Matsubara functions, 161
free energy
definiton, 27
in mean field theory, 67

GaAs/Gay_, Al As heterostructures, 46
gauge
breaking of gauge symmetry, 78
Landau gauge, 3
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radiation field, 19
transversality condition, 19
Gauss box, 47
Gibbs distribution, 26
grand canonical
density matrix, 27
ensemble, 27
partition function, 27
gravitation, 1
Greek letters, 158
Green’s function
n-particle, 170
classical, 127
dressed, 254
free electrons, 132
free phonons, 275
greater and lesser, 131
imaginary time, 160
introduction, 127
Lehmann representation, 134
Poisson’s equation, 127
renormalization, 245
retarded, equation of motion, 145
retarded, many-body system, 131
retarded, one-body system, 130
RPA-screened phonons, 282
Schrédinger equation, 128
single-particle, many-body system, 131
translation-invariant system, 132
two particle, 141

Hamiltonian
diagonal, 133
non-interacting particles, 135
quadratic, 135, 146, 150, 170
harmonic oscillator
length, 18
second quantization, 18
Hartree
approximation for interactions, 70
Hartree self-energy, pair interactions, 209
Hartree—Fock approximation, 69
Hartree—Fock approximation
introduction, 69
mean field Hamiltonian, 70
the interacting electron gas, 70
heat capacity
for electrons, 39
for ions, 52
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Heaviside’s step function 6(x), 4
Heisenberg

Heisenberg picture, 88

model of ferromagnetism, 73
helium, Hamiltonian, 9
heterostructures, GaAs/Gaj_, Al As, 46
Hilbert space, 1
hopping, 149
Hubbard model, 75
hybridization, 148
hydrogen atom

Bohr radius a, 40

electron orbitals, 3

ground state energy FEy, 40

imaginary time
discussion, 158
Greek letters, 158
Green’s function, 160
impurities, magnetic, 148
impurity scattering, conductivity, 253
impurity self-average, 184
impurity-scattering line
Feynman rules, 188
in conductivity, 255
renormalization by RPA-screening, 227
inelastic light scattering, 144
infinite perturbation series
breakdown at phase transistions, 85
electron gas ground state energy, 222
self-energy for interacting electrons, 214
single-particle Green’s function, 178
time-evolution operator U (t,to), 90
infinitesimal shift n, 162
integration over the coupling constant, 220
interaction line
general pair interaction in real space, 204
pair interaction in Fourier space, 208
RPA screened Coulomb line, 217, 227
RPA screened impurity line, 227
interaction picture
imaginary time, 159
introduction, 88
real space Matsubara Green’s fct., 200
interference, 264, 265
ions
ionic plasma oscillations, 51
forming a static lattice, 33
Heisenberg model, ionic ferromagnets, 73
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in a metal, 31
irreducible Feynman diagrams
impurity scattering, 189
pair interaction, 205
polarization function ™", 225
iterative solution, integral egs., 90, 128

jellium model
effective electron-electron interaction, 280
Einstein phonons, 52
electron-phonon interaction, 63
full electronic self-energy, 214
oscillating background, 52
static case, 35

ket state, 2

kinetic energy operator
including a vector potential, 21
second quantization, 21

kinetic momentum, 21

Kronecker’s delta function 5k,w 4

Kubo formalism
conductance, 100
conductivity, 98, 254
correlation function, 97
dielectric function, 102
general introduction, 95
Landauer-Biittiker formula, 115
RPA-screening in the electron gas, 223
time evolution, 97
tunnel current, 139

ladder diagram, 259
Landau
and Fermi liquid theory, 233
damping and plasma oscillations, 230
eigenstates, 3
gauge, 3
Landauer-Biittiker formula
heuristic derivation, 113
linear response derivation, 115
lattice model
basis in real space, 33
basis in reciprocal space, 33
Hamiltonian, 33
lattice vibrations
1D phonon Hamiltonian, 53
electron-phonon interaction, 61
Lehmann representation
definition, 134
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for G>,G<, and G%, 134
Matsubara function, 162
life-time, 150, 236, 243, 262
Lindhard function, 143, 155
linear response theory
introduction, 95
Landauer-Biittiker formula, 115
mesoscopic system, 113
time evolution, 91
tunnel current, 139

magnetic impurities, 148
magnetic length, 3
magnetic moment, 74, 147, 149
magnetization, 72, 149
many-body system
single-particle Green’s function, 131
first quantization, 2
second quantization, 9
mass renormalization, 254
Matsubara
function, equation of motion, 169
convergence of, 160
Fourier transformation, 161
frequency, 161
Green’s function, 160
relation to retarded function, 161
sums, evaluation of, 165
sums, simple poles, 167
sums, with branch cuts, 168
Matsubara Green’s function
elastic scattering, 179
electron-impurity scattering, 182
first Born approximation, 190
free phonons, 275
full Born approximation, 193
impurity averaged single-particle, 188
interacting elec. in Fourier space, 208
interacting electrons in Fourier space, 206
interacting electrons in real space, 199
RPA-screened phonons, 282
self-consistent Born approximation, 194
two-particle polarization function y, 224
maximally crossed diagrams, 268
MBE, molecular beam epitaxy, 46
mean field theory
Anderson’s model, 150
BCS mean field Hamiltonian, 82
broken symmetry, phase transistions, 71
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general Hamiltonian Hyp, 66
Hartree-Fock mean field Hamiltonian, 70
introduction, 65
mean field approximation, 67
partition function Zyg, 67
the art of mean field theory, 68
mean free path, 107
measuring the spectral function, 137
Meissner effect, 78
mesoscopic
disordered systems, 121
physics, 253

regime, 265
systems, introduction, 107
metal

disordering and random impurities, 181
electrical resistivity, 181
general description, 31
Hamiltonian, 32
observation of plasmons, 229
Thomas-Fermi screening in metals, 219
Migdal’s theorem, 279
molecular beam epitaxy, MBE, 46
momentum
canonical, 21
kinetic, 21
relaxation, 240, 243
MOSFET, 46

Newton’s second law

for ions in the jellium model, 52
non-interacting particles

distribution functions, 28

equation of motion, 147

Green’s functions, 132

Hamiltonian, 135

in conductivity, 261

Matsubara Green’s function, 164

quasiparticles, 233

retarded Green’s function G¥#(ko,w), 135

spectral function Ag(ko,w), 135
normalization of quantum states, 3
normalization, scattering state, 108
nucleus, 31

occupation number operator
bosons, 12
fermions, 14
introduction, 10
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occupation number representation, 10
operator
adjoint, 2
boson creation/annihilation, 10
electromagnetic field, 19
expansion of e 7t 87
fermion creation/annihilation, 13
first quantization, 7
Heisenberg equation of motion, 88
Hermitian, 1
real time ordering T3, 90
second quantization, 14
time evolution operator U (t,ty), 89
trace Tr, 27
optical phonons
Einstein phonons, 52
graphical representation, 56
optical spectroscopy, 141
optical theorem, scattering theory, 194
order parameter
definition, 72
list of order parameters, 72
overlap of wavefunctions
localized /extended states, 148
particle propagation, 133
tunneling, 138

pair condensate, 72

pair interactions
Dyson equation in Fourier space, 208
Dyson equation in real space, 205
Feynman diagrams, 199
Feynman rules in Fourier space, 208
Feynman rules in real space, 204
self-energy in Fourier space, 208
self-energy in real space, 205

pair-bubble
calculation of the pair-bubble, 218
Feynman diagram I1°(q, ig,,), 211
in the RPA self-energy, 216
self-energy diagram, 210

the correlation function x, = —II°, 216

paramagnetic term in current density, 99
particle-particle scattering

in the collision term, 251

life-time, 243
partition function

canonical ensemble, 26

grand canonical ensemble, 27
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in mean field theory, 67
Pauli
exclusion principle, 5, 40
spin matrices, 21
periodic boundary conditions
1D phonons, 53
electrons, 36
photons, 19
permanent
for bosons, 7
in first quantization, 7
in Wick’s theorem, 172
permutation, 171
permutation group Sy, 7, 90
perturbation theory
first order, electron gas, 41
infinite order, Green’s function, 178
infinite order, ground state energy, 222
infinite order, interacting electrons, 214
linear response, Kubo formula, 95
second order, electron gas, 43
single particle wavefunction, 128
time-evolution operator U(t, to), 90
phase coherence, 264
phase coherence for electrons, 184
phase coherence length [, 186
phase space, 244, 245
phase transition
breakdown of perturbation theory, 85
broken symmetry, 71
order parameters, 72
phonons
1D annihilation/creation operators, 55
1D lattice vibrations, 53
density of states, Debye model, 59
dephasing, 264, 272
eigenmodes in 3D, 58
Einstein model of specific heat, 60
free Green’s function, 275
general introduction, 51
Hamiltonian for jellium phonons, 52
phonon branches, 55
relevant operator Aq)\’ 275
RPA renormalization, 281

RPA-renormalized Green’s function, 282

second quantization, 55, 58
plasma frequency

for electron gases in a metals, 228

ionic plasma frequency, 52
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plasma oscillations
electronic plasma oscillations, 51
interacting electron gas in RPA, 228
ionic plasma oscillations, 51
Landau damping, 230
plasmons, 228
plasmons
dynamical screening, 238
experimental observation in metals, 229
plasma oscillations, 228
semi-classical treatment, 237
Poisson’s equation
GaAs heterostructures, 47
Green’s function, 127
polarization function y
Dyson equation, 226
Feynman diagrams, 225
free electrons, 143, 173
irreducible Feynman diagrams, 225
Kubo formalism, 103
momentum space, 142
relation to dielectric function e, 223
two-particle Matsubara Green’s fct., 224
polarization vectors
phonons, 57
photons, 19
probability current conservation, 111
probability distribution, 136
propagator
Green’s function, 130
single-particle in external potential, 178

quadratic Hamiltonian, 135, 146, 150, 170
quantum coherence
macroscopic in superconductivity, 79
single electrons, 184
quantum correction, 253, 264, 273
quantum dots
introduction, 49
tunneling spectroscopy, 140
quantum effects, 107
quantum field operator
definition, 17
Fourier transform, 17
quantum fluctuations
in conductance, 186
quantum number v
Feynman rules, Dyson equation, 181
general introduction, 3
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sum over, 4
quantum point contact, 116
quantum state
bra and ket state, 2
free particle, 2
hydrogen, 3
Landau states, 3
orthogonal, 2
time evolution, 2
quasiparticle
definition, 236
discussion, 235
introduction, 233
life-time, 243
quasiparticle-quasiparticle scattering, 243

radiation field, 19
Raman scattering, 144
random impurities, 181
random matrix theory, 121
random phase approximation (see RPA), 213
rational function, 163
reciprocal lattice basis, 33
reciprocal space, 33
reduced zone scheme, 35
reflection amplitude, 110
reflectionless contact, 108, 113
relaxation time approximation, 243
renormalization
constant Z, 247
effective mass, 246, 251
Green’s function, 245
of phonons by RPA-screening, 281
reservoir, 25, 108
resistivity (see conductivity), 240
resummation of diagrams
current-current correlation, 256
impurity scattering, 188
the RPA self-energy, 215
retarded function
convergence factor, 147
Green’s function, 131, 132
relation to Matsubara function, 161
Roman letters, 158
RPA for the electron gas
Coulomb and impurity lines, 257
deriving the equation of motion, 153
electron-hole pair interpretation, 220
Fermi liquid theory, 238, 246
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plasmons and Landay damping, 227
renormalized Coulomb interaction, 217
resummation of the self-energy, 215
the dielectric function eR*P4, 226
the polarization function x®F4, 226
vertex corrections, 259

Rydberg, unit of energy (Ry), 40

scattering length, 193
scattering matrix, S, 108
scattering state, 108
scattering theory
optical theorem, 194
Schrédinger equation, 128
transition matrix, 193
Schrédinger equation
Green’s function, 128
quantum point contact, 117
scattering theory, 128
time reversal symmetry, 112
time-dependent, 2
Schrédinger picture, 87
screening
dieelectric properties of the elec. gas, 223
RPA-screened Coulomb interaction, 218
semiclassical, dynamical, 238
semiclassical, static, 238
Thomas-Fermi screening, 218
second quantization
basic concepts, 9
basis for different particles, 24
change of basis, 16
Coulomb interaction, 23
electromagnetic field, 19
electron-phonon interaction, 61
free phonons in 1D, 55
free phonons in 3D, 58
harmonic oscillator, 18
kinetic energy, 21
name, 1
operators, 14
particle current density, 22
particle density, 22
spin, 21
statistical mechanics, 25
thermal average, 27
self-average for impurity scattering
basic concepts, 184
weak localization, 265
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self-consistent equation
Anderson’s model, 151
general mean-field theory, 67
self-energy
due to hybridization, 150
first Born approximation, 190
Fock diagram for pair interactions, 209
full Born approximation, 193
Hartree diagram for pair interactions, 209
impurity averaged electrons, 189
interacting electrons, jellium model, 214
irreducible, 257
pair interactions in Fourier space, 208
pair interactions in real space, 205
pair-bubble diag., pair interactions, 210
RPA self-energy, interacting electrons, 216
self-consistent Born approximation, 194
semi-classical
approximation, 261
screening, 237
transport equation, 240
single-particle states
as N-particle basis, 6
free particle state, 2
hydrogen orbital, 3
Landau state, 3
Slater determinant, fermions, 7
Sommerfeld expansion, 39
sound velocity
Bohm-Staver formula, RPA, 283
Bohm-Staver formula, semi-classical, 53
Debye model, 52
sounds waves, 51
space-time, points and integrals, 177
spectral function
Anderson’s model, 151
broadening, 136
definition, 135
first Born approximation, 192
in sums with branch cuts, 169
measurement, 137
non-interacting particles, 135
physical interpretation, 135
spectroscopy
optical, 141
tunneling, 137
spin
Pauli matrices, 21
second quantization, 21
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spontaneous symmetry breaking
breaking of gauge symmetry, 78
introduction, 72

statistical mechanics
second quantization, 25

step function 0(x), 4

STM, 138

Stoner model of metallic ferromagnetism, 75

superconductivity
critical temperature, 84
introduction, 78
Meissner effect, 78
microscopic BCS theory, 81
order parameter, 72
symmetrization operator, 7

thermal average, 27
thermodynamic potential 2
definition, 28
for the interacting electron gas, 220
Thomas-Fermi screening, 218, 219, 222
time dependent Hamiltonian, 95
time evolution
creation/annihilation operators, 91
Heisenberg picture, 88
in linear response, 91
interaction picture, 88
linear response, Kubo, 97
operator, imaginary time, 159
Schrodinger picture, 87
unitary operator U(t,to), 89
time-ordering operator
imaginary time 7', 160
real time T3, 90
time-reversal symmetry, 112
time-reversed paths, 266, 268, 272
topologically different diagrams, 204
trace of operators, 27
transition matrix, scattering theory, 193
translation-invariant system
conductivity, 254
Green’s function, 132
transmission amplitude, 110, 130, 267
transmission coefficients, 113
transport equation, 233
transport time, 242
transversality condition, 19
triangular potential well, 47
truncation

INDEX

Anderson’s model, 150, 153
derivation of RPA, 154
discussion, 145

tunneling
scanning microscope, 138
BCS superconductor, 140
current, 138
spectroscopy, 137

umklapp process, 63

unit cell, 55

unitarity, S-matrix, 111

universal conductance fluctuations, 121, 124

valence
electrons, 31

vector potential
electromagnetic field, 19
kinetic energy, 21
Kubo formalism, 99

vertex
current vertex, 255
dressed vertex function, 258
electron-phonon vertex, 280
pair-scattering vertex A, 284
vertex correction, 254, 257
vertex function, 268

Ward identity, 258, 262
wavefunction collapse, 2
weak localization
and conductivity, 264
introduction, 253
mesoscopic systems, 121, 123
Wick’s theorem
derivation, 170
interacting electrons, 201
phonon Green’s function, 277
WKB approximation, 119

Yukawa potential
definition, 24, 213
RPA-screened Coulomb interaction, 218



