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Chapter 1

The Solid as a Quantum
Many-Body System

Physics as a unifying science tends to trace back all empirical phenomena to a small number
of fundamental principles. The microscopic theory of superconductivity is an excellent exam-
ple of a steady seventy years progress towards this goal which is still further going on. These
lectures attempt at a concise description of what has been achieved so far in this direction
for the understanding of the electron-phonon mechanism of superconductivity. We take as
a staring point the non-relativistic Hamiltonian with Coulomb interactions of electrons and
nuclei, although, strictly speaking, this is already a model. However, relativistic kinematics
leading to mass corrections, Darwin’s contact interaction, spin-orbit coupling and spin-spin
dipolar interaction (including hyperfine interaction with the nuclear spin) may later on be
added as correction terms, and replacement of the Coulomb interaction by the relativistic
photon exchange or consideration of internal nuclear degrees of freedom would practically
not change any of the considered results.

The first fully satisfactory treatment of the theory starting from this Hamiltonian was
given by Dierk Rainer! in 1986, just in the year of discovery of high temperature supercon-
ductivity of the cuprates, which latter has put a completely new and up to now essentially
unsolved problem for such a type of theory. The early microscopic theory of superconduc-
tivity? was led back to the use of the Frohlich Hamiltonian of electrons and phonons, a
model Hamiltonian which cannot be derived from many-body theory and which has to be
used with caution by following certain model recipes. Later on, the elctron-ion system was
properly treated field theoretically,® but still the separation of the low energy scale was not
made completely explicit.

1.1 The Coulomb Hamiltonian of the Solid

As mentioned above, we take as the starting point the Hamiltonian

H=T+Vee +Ven + Vo + T, (1.1)

1D. Rainer, in: D. F. Brewer (ed.), Progress in Low Temperature Physics, vol. X, p. 371, Elsevier,
Amsterdam 1986.

2G. M. Eliashberg, Sov. Phys.-JETP 11, 696 (1960); 12, 1000 (1961).

3D. Scalapino, in: R. D. Parks (ed.), Superconductivity, vol. 1, p. 449, Dekker, New York 1969.



where

t=-— % —é (1.2)
_, 20rf '
is the operator of the kinetic energy of the N electrons,
Voo = & ! (1.3)
c2 Ir. = rijl '
is the operator of the electron-electron interaction,
~ | —
Ven - - —7R (14)
i=1 m=1 Iri m|
is the operator of the interaction of the electrons with the M nuclei of charges Zn, |, Zm =
Ny
N — R
Vnn = E W (1.5)
m#n m n
is the operator of the nucleus-nucleus interaction, and
T= H o2 (1.6)
©_2My 0RZ, '
is the operator of the kinetic energy of the nuclei.
We used natural atomic units
m
= le| = me = la.u., Mmn = —2 =10%...10°,
Me
M
M2 =qa, a=10"2 1.7
oo .7

The last estimate is the result of the well known Born-Oppenheimer perturbation theory.
The presence of the small parameter a will play a key role in all what follows. It allows to
split the Hamiltonian according to H= Ho + H1 into a zero-order part Ho and the rest. To
this end, reference positions RY, of nuclei with a lattice spacing a are introduced in such a
way that the nuclear displacements Um remain small all the time:

1]

i g
Rm =Ry, +Um, — Cal (1.8)

In addition we change the Hamiltonian into a grand canonical one by adding a chemical

potential term for the electrons. (Since the nuclear wavefunctions do practically not overlap,

their statistics need not be taken into consideration.*) Then we have
HO —t"'Vee"'Ven(R )+Vnn(R )_l»lN (1.9)

where Vpn(RY,) is now just a constant number, N is the operator of the number of electrons,
and p is the chemic@ltential of the electrons. The number of electrons need not be fixed
any more, instead |, Zmn = [N [JIThe remainder part of the Hamiltonian is

Hy =T + Voo + Ve, 0V =V (Rm) =V (RY). (1.10)

40bserve S p (DIPITT,,, ¢pm(Rm) = Il #m(Rm) for non-overlapping orbitals ¢m such that
¢m(Rm) E 0.




It can further be expanded in powers of the up,. R

Usually the RY, are chosen to form a regular crystalline lattice. Then, 8V may also con-
tain terms with certain 8Z,, chemical defects, say. In concentrated alloys those terms may
not be small, and one of the subsequently made approximations may become questionable
in that dirty limit. Anyhow it may then be helpful to replace Ven(RY,) in Ho by the real
part of a self-consistent coherent potential of the alloy.

Additional, possibly time-dependent terms are to be added to the Hamiltonian, if external
fields, in particular electromagnetic dc, ac, or photonic fields, are applied to the solid.

The time evolution of a wavefunction state W(t) is given by

i%W(t)ZI:NJ(t), W) =W, or W) =e ity (1.11)

However, neither can the wavefunction of a solid be measured nor can the solid be prepared
or happen to be in a wavefunction state. For instance the time At needed to prepare a
system in a stationary state is At [AIAE, where AE is the distance to the neighboring
stationary states in energy. For a piece of a solid of one cubic centimeter, say, this time is a
huge number of orders of magnitude larger than the age of our universe...
In reality, a solid is always in some statistical state
1 1
p= |Wo [a Wal, Pa = 1. (1.12)

o o

For instance, in thermal equilibrium at temperature T and chemical potential p of the
electrons, the statistical state is a mixture of eigenstates of the grand canonical Hamiltonian:

~ —B(Ea—HNg) 1
H[Wa[F [WYa(Eq — UNa), Pa = 'F—'B(Ea—HNa)’ B= KaT ' (1.13)
which may be shortly expressed as
p=z"1ePH Z=trePH, (1.14)

The trace in the last expression means the trace of the operator e—B'q, that is, the scalar
multiplication of the right side of its representation of type (1.12) to its left side. Generally,
a function f(A) of an operator A is understood in the spectral sense to be

S — ~
f(A)= |Vad(a)W. where A|W,[E |W,@E (1.15)

a

and the |W,[form a complete set.

The electrons are fermions, and their wavefunctions depend on their position vector r;j
and spin variable s; which latter can only take on two values (1 and |, say). We will combine
them into a compound variable

1
xi = (ri, Si), dx; = d°r;. (1.16)

Si

The nuclei may have half-integer or integer spin; however, as already mentioned, we need
not consider their statistics and will suppress their spin completely. That means, the total
wavefunction must be antisymmetric with respect to electron permutation, but need not to
have any symmetry with respect to permutation of nuclei:

Y. X, X, R, R ) = =W X, X - R L R ). (1.17)



To account for the electronic symmetry, the most convenient way is the use of the machinery
of field quantization. Electron field operators {(x) are introduced which obey the canonical
anticommutation relations

[W(x), U(x)] =W x), Wi (x)] =0, @W%@W%u=5@—XUEBwﬂr—W)(Lm)

+ —+

With their help, a position and spin eigenstate of N electrons is created out of the vacuum
state |[Cas

Wi(x) - (x| (1.19)

and the value of the wavefunction of the general N-electron state |W(t)[is obtained by
projection on that position and spin eigenstate:

WOxa, i ) = TN - D) W) (1.20)
The electronic parts of the Hamiltonian in that field quantization representation are
1 ] e 1
P ~ 19% ~
t—pN dxpT(x) =557 ~H W), (1.21)
1 - 1
Vee = 5 XA PTOOBT () =000, (1.22)
~ _ "1_ Zm -
Ven = — dxPT(X) i5———W(X). (1.23)
m=1 [Rm — 1|

The nuclear position vectors Ry, of the Schrodinger representation (position representation)
will occasionally be replaced by general operators Ry, leaving open the representation of
the nuclear part of the quantum state.

1.2 Reduced Density Matrices and Densities

In this section we suppress the nuclear variables for the sake of brevity and consider electronic
states like (1.20) with the nuclear positions fixed, at values R, say. We already mentioned
the uselessness of the N-particle wavefunction in its full glory. Indeed, practically all for
real measurements relevant operators consist of terms depending on a few of the particle
variables or on simple combinations of them only. Typical examples are the operators (1.2—
1.4) or their field-quantized counterparts (1.21-1.23). The operators (1.4) ar‘dﬁf.) are local

and quasi-local, resp., examples of a general single-particle operator A; = ; A1(X{; X;):
) (—
Ven(Xj; i) = v(ridd(x; —xi),  v(r)=—-  —=—, (1.24)
m=1 |7~ Rm|
reon— Lo, 92 __533;4 225(ri —ry)
1 xi) = —50(% X')W == a7 (1.25)

It is easily seen that the expectation value of a single-particle operator in the wavefunction
state (1.20) at time t is obtained already with the help of the single-particle density matrix
of that state,

1

ni(x|x;t) =N dxp - -dxn WX, X2, ..., XN D)W (X, X2, .00, XNG D), (1.26)



as 1
A= dxdx ni(X|x’; )AL (X; X) = tr(n1Ay). 1.27)

—1
If N1, is the single particle density matrix of the state |¥YqLIthen ny = | panyq is the
single-particle density matrix of the statistical state (1.12). The expectation value of the
local operator Vg, can even be obtained with the particle density

n1(X; 1) = na(x|x; t) (1.28)
only.
The electron-electron inte@n operator (1.3) is a local example of a general two-

particle operator Az = (1/2)  j; A2(Xj, Xj: Xi, Xj):

30, = Xi)3(} = %)

Vee (X}, X!; Xi, Xj) = 1.29
ee(Xj Xj: Xi Xj) i — rj| ( )
Its expectation value,
1
[Bld=  dxadxodx)dxy Na(X1, X2|X], Xo; A2(X], X; X1, X2) = tr(n2Az), (1.30)

is obtained with the help of the two-particle density matrix n, which in a wavefunction state
is defined as

I%II:I:I]
N, (Xq, X2|X7, X5; 1) = 5 dxs - dxn WX, X2, X3, - -+, XNG D)W (XY, X5, X3, ..., XN 1)

(1.31)
and in a statistical state analogous to n;. Again, the expectation value of Vee CanN already be
obtained with the help of the two-particle density no(X1, X2; t) = 2! na(Xq1, X2|X1, X2; t) which
is the probability to find one particle at x; (no matter which one) and one particle at Xo.

It is clear how these constructions can be continued up to the N-particle density matrix
nn = B4, ... XN XY, - - ., X Cvith § from (1.12).
In field quantization one has

]
Ar= dXdx i ()AL X)W(X), (1.32)
-1 - . . -~ .
A, = 5 dx dx5dx1dxo YT (XU T(X5) A (X, Xb; X1, X2)U (X2)P(X1) (1.33)
and ~ ~ ~ ~
N1 (x|x’; 1) = M (X )P(X) EI= tr(d’ (X)W (X)), (1.34)

N2 (X1, X2|X4, X5; 1) = W (X)BT )W (x)W (x1) = tr(UT (X)W ()W (x2)B(x1)).  (1.35)

It is immediately seen that (1.27) and (1.30) hold true with these expressions.

In most cases the knowledge of n; and n, would su [celto determine the relevant ex-
perimental quantities. These reduced density matrices depend on a few variables instead of
the 102 variables on which the N -particle wavefunction of a solid depends. However, the
time dependence of the reduced density matrices cannot be determined in any direct way.
Instead of a closed set of dynamical equations one finds himself with an open system of a
quantum BBGKY hierarchy structure.



1.3 Correlation Functions

Up to here we used the Schrodinger picture of quantum theory in which the quantum states
|W(t) Care time-dependent and describe the quantum dynamics by yielding time-dependent
expectation values [Al= EE(t)|A|l4J(t)Ibe time-independent operators A. By inserting
(1.11) for W(1): . .

A= [@(1)|AW() F ™ole't™ Ae |y, ] (1.36)

it is immediately seen that the dynamics is likewise described by time-dependent operators
A(t) = eitH Ag—itH (1.37)

and time-independent quantum states |Wo L1This is the Heisenberg picture. (For the sake of
completeness of the argument given note that it holds for any matrix element [@|A|Y [ Inot
just for the expectation value.)

The same reasoning applies to the time evolution of an expectation value with a statistical
state (1.12):

P I e ~[] 1 1
ABLI=tr p(t)A =tre HpetHA =1tr pe'tHAe‘ItH =tr pA(t) (1.38)

The time dependence of the statistical operator p follows directly from (1.12, 1.11). Since
this operator describes a state and not an observable, its time-dependence is reversed to
(1.37) and appears in the Schrodinger picture while p is time independent in the Heisenberg
picture. The transition between both pictures is provided by the invariance of the trace of
a product under cyclic permutations of the factors. R

From (1.37) and (1.38) it is readily seen that A is conserved if its operator A commutes
with H.

A more democratic interpretation of the relations (1.36) and (1.38) is by giving the
exponentiated operators an independent physical meaning as members of a family of time-
evolution operators with algebraic group property, where the operator of evolution from
time t; to time t5 is

U(tz, ty) = e @A - ((t5, 1) (12, 1,) = U(ts, 1). (1.39)

(Since the sequence of the conventional application to the right of a product of operators
is from right to left, the ‘time arrow of formulas in this context’ is also from right to left.)
Then, (1.36) is cast into

[ALJ= [@(0)]U (0, t)AU (t, 0)|W(0) ZF= [ (to)|U (to, AU (t, to)|W(to) [J (1.40)

which reads: The system was prepared in the quantum state W at time ty (or 0), evolved
freely to time t when a measuring device A was applied, and the average result of this
application is obtained by rewinding the manipulated state back to time ty (or 0) and
projecting it onto the initial state.

The latter interpretation immediately allows for the description of more general processes
as for instance

[®(t0)|U (to, t2)P(x2) U (t2, t)UT (x1) U (ta, to)|W(to) =
= [W(t0)|U (to, t)W(x2)U (t2, to)U (to, t2)PT (x1)U (11, to)| W (to) =
= [@(to) W (Xat2) W (xa 1) |¥ (o) [

In the system prepared at time to an additional particle is tried to be created at position
r; with z-axis spin projection s;, at time t;, then a particle at r», s, is tried to be removed



at time t,, and the resulting state is rewound to time to where it is projected onto the
initial state. Here, the field operators are not observables (they are not Hermitian), they
provide transitions with a change in particle number, and the square of this double-time
correlation function is the probability that the system is found back in the initial state
after the described sequence of manipulations has been performed. There are kinematic
constraints to those transitions because of the (anti-)symmetry of the wavefunction, whence
the phrase ‘is tried to’. In most applications W(tp) is assumed to be a stationary state, and
then the reference time ty is irrelevant. It may also be a (stationary) statistical state, and
the final definition of the corresponding double-time correlation function is

C™(Xoto, X1t1) = =i @I(Xot) YT (X1 t) It > ty, -3 @] |WOor tr(p--+). (1.41)

(The factor —i is convention for later convenience.)

A related process of interest would be, first at time t; to try to remove a particle from
ri,S; and, at a later time ty, to try to add a particle at r;, s,, expecting the system to return
to the (time evolved without perturbation) initial state. The probability of this process is
another double-time correlation function

C=(X1ty, Xotp) = i I (Xoto) (X1 ty) [, > ty. (1.42)

(The superscripts > and < symbolize the direction of increasing time in the arguments of
C)
Note that the Heisenberg field operators

P(xt) = et (x)eitH (1.43)

for di [erknt times t and t' do not any more obey simple anticommutation relations as (1.18),
which still hold at equal times t =1t'.
Comparison with (1.34, 1.28) immediately reveal

C=(xt,x't) = iny(x|x’; 1), C=(xt,xt) =iny(x;t). (1.44)

Correlation functions of field operators are generalizations of reduced density matrices.

In order to illustrate the kind of additional information contained in double-time corre-
lation functions, we consider a model of interaction-free electrons in a box of volume V with
periodic boundary conditions,

H=1t—pN. (1.45)

In the ground state, plane-wave orbitals

Pko(r,s) = %%e“"réos, o =t,1 (1.46)

are occupied for |K| < ke = (3n?n;)Y/3, [F k?/2 < [= p = kZ/2. All plane-wave orbitals
with arbitrary k compatible with the boundary conditions and for both values o form a
complete set of orbitals, hence

~ 1 ~ I_—’r_l
V)= Oo(Ckor V)= Eu0ico(), (1.47)
ko ko

where the €xs and GT,«, are destruction and creation operators, resp., of orbitals Qkg-.

10



Now, C~ is easily calculated from (1.41):
LT 1T 1

C™ (Xotz, X1t1) = —i P (X2) Piergr(X1) ko (t2)Clecg (1) =
ko kte™
—ids,s k af
= % gk (rz—r1) Eﬁksl(tz)cksl(tl)lﬁ:
k
—id Ke—_] ~ - -
— \/5152 eik-(l’z—rl) @tzHé‘kSIe—i(tz—tl)Hé‘LSle—itlH Ij:
k
PP (|
— 10s;s, eik:(r2—ri)gitzEo g —i(ta—t1)(Eo+ L) g —it1Eo —
v Kk
T INL o |
= “Vsis, Tk (r2—r)—i(- (2 —t1) —
v k
— Os;s, I_—@aﬁc>(kw)eik-(rz—rl)—im(tz—tl)
V 2m 1 '
Kk
—oo

after inserting (1.47) into (1.41), one has to realize that the C-operators in the given case
create and annihilate stationary states, hence [-1-[ 1T 8ddoc0(k — kr), where 8 is the step
function. Further, Eq = to — UNg is the ground state expectation value of H from (1.45),
and finally, CS>1 is introduced as the Fourier transform of C~(X,to, X1t1) with respect to
r, —ry and t, —t;. From comparing the last two lines (after renaming s; into o),

CZ (kw) = —2mif(k — ke)d(w — Gd+ ), (1.48)
1
Cg (kw) = —2mif(w)D(w), (1.49)
ko

which is —2mi times the density of unoccupied states with excitation energy w. Analogously
one finds from the complex conjugate of (1.42)

C=(kw) = 2mid(ke — K)3(0 — Gd+ ), (1.50)
1
Cs (kw) = 2mif(—w)D(w), (1.51)
ko

which latter is 2mi times the density of occupied states with binding energy .
Double-time correlation functions contain in addition to the full information on the
reduced density matrix spectroscopic information which makes them particularly useful in
thermodynamics and quantum kinetics.
The results (1.48-1.51) are easily generalized to non-zero temperature. In this case we
start from
eitﬁﬁk e—itH — gl TR
_en e (1.52)
eltHé‘chefltH — 6Jrkcelt(l.;_(_ku),
which is obviously valid in application to any occupation number eigenstate and hence in
general. Then,
[ RN . - SN I I RN
(ko (t2)Cl, (t2) = tr e—BHe'tzHekerI(tz-tl)Hefkoe-'tlH tre PH =
= e_i(‘-l_e‘_“)(tZ—tl) tr e_BHé\kGeTkg tr e_BH :I:I -
= g~ 1(Ld-H)(t2—ta) [E](Gé‘;f(ogz e~ i(hd-(ta—t1) 7 [’C‘Loé‘kcm

[ELO'(tZ)EKO' (t) = eI (B (t—t) [Eicyekc -

11



With the well known result from statistical physics,
[
b= Fr(- = @0 414 p=T1, (L53)

the final answer is that in (1.48-1.51) the step function 6 has to be replaced by (1 —ft) and
fr, resp. (We have put kg = 1 and measure temperatures in energy units.)

The simple structure of the above correlation functions followed directly from the station-
arity of single-particle excitations in an interaction-free system. This had the consequence
that for a given momentum k of the particle its excitation energy or binding energy (exci-
tation energy of the hole a removed particle leaves behind) is uniquely determined. In an
interacting system like real matter this is no longer true. A single-particle (or hole) exci-
tation at time t; will dissipate its momentum and energy into the whole system and thus
decay. However, in most cases the decay time has a maximum at a certain relation between
energy and momentum of the excited particle (hole) which is large enough so that in a
zero-order approximation the decay process can be neglected. Then, the interaction only
will be manifested in an (often dramatically) modified dispersion relation between energy
and momentum of this quasi-particle excitation. Even in the general case, the expectation
values (1.41, 1.42) remain relevant for the response of the system to a time-dependent ex-
ternal perturbation or to an energy-biasing external potential. Then, the expressions (1.49)
and (1.51) define a density of states, and it is exclusively this type of quantity which is
addressed if one speaks of a density of states in condensed matter physics.

Of course, correlation functions may be considered for all kinds of field operators as well
as for more general operators formed of a few field operators:

CAB (1, t1) = —i[A(tp)B(t1) [J (1.54)

However, their direct calculation for an interacting system is still an awful task, and we will
not consider them before having studied certain combinations of correlation functions with
enormously helpful properties, called Green’s functions.

12



Chapter 2

Green’s Functions

There figure two classes of Green’s functions® in Quantum Statistics with complementary
properties but with equal importance. The ordinary, sometimes called causal Green’s func-
tions are defined as

=R s e I R e PN o i (RS ]
GO,X5t)=—i T px)pi(x’0) ., - =tre P e P or Wy W, (2.1)

where T is Wick’s time ordering operator which orders any product of Heisenberg operators
right to its appearance in the order of descending times from left to right, independent of the
order of writing in the product, and necessary permutations of fermionic operators thereby
providing with a statistics factor —1. For non-zero temperature the average is understood
with the grand-canonical statistical operator, and for T — 0 it is, in the simplest case,
with the ground state Wo.2 It has been taken into account that those averages depend
only on the time dilerence t between the two Heisenberg operators as mentioned before
(1.41), whence the reference time has been put arbitrarily to zero in the above definition.
This Green’s function is (after a generalization of the time argument in the T > 0 case,
see Section 2.3) subject to the famous Wick theorem which is the basis of a diagrammatic
expansion. It is this function which is normally calculated. It has the disadvantage that
its Fourier transform is not analytic on either side of the real energy axis, in particular
not for T > 0. The connection of this Green’s function with the double-time correlation
functions of the last chapter and hence also with reduced density matrices and mean values
of observables is obvious from the definition.
The retarded and advanced Green’s functions are defined as

+ fermions

2.2
— bosons (2.2)

ey 5
G73(x,x;t) = OBt b(xt), Yi(x0) , =
4

The upper sign in front and in the time argument of the step function 6 is for the retarded
and the lower sign for the advanced functions. The (anti-)commutator [-- -]z is to be taken
in accordance with the statistics of the field operators Lﬂ These Green’s functions are by
definition non-zero only for a definite sign of time, and hence their Fourier transforms are
Herglotz: they are analytic in the whole of one half-plane of the complex energy plane. They
are in particular providing densities of states and spectral properties of physical relevance.
They are in a well defined way connected with the ordinary Green’s functions and that is
how they are obtained in practical calculations.

1A. A. Abrikosov, L. P. Gorkov and I. E. Dzyaloshinski, Methods of Quantum Field Theory in Statistical
Physics, Dover, New York, 1975.
L. D. Landau and E. M. Lifshits, Statistical Physics, Partll, Pergamon, London, 1980.

2See, however, W. Kohn and J. M. Luttinger, Phys. Rev. 118, 41 (1960).

13



Like in the case of correlation functions, one may consider more general Green’s functions
Gag (1) for pairs of operators A and B (cf. (1.54)).

2.1 Spectral Representation

Let us start with the retarded and advanced Green’s functions. Introduce a complete set of
stationary states of the grand canonical Hamiltonian:

. 1 .
1= W [@m|, HWnF W = Y (Em — UNm), [bdn = — Ll (2.3)

m

where 1 is the unit operator, and

~ L1 ~
e P = W, @PPm,|, p,=ePW/trePH. (2.4)
n
Then,
o e R e
Gr/a(X1 X/;t) — % tr e—BHeltHLIJ(X)e—ItHLIJT(XI) +Ztl’ e—BHqJ|(X/)e|tHLIJ(X)e—ItH
re-
C g O o
= [OAgxt) e A QOO W [ W (X)) [WPh 2 tre-8A =

: Cl O
= OAget) e 'WntALL (X, X)pn 1+ Ze Pin
mn

(2.5)

In the second trace, the summations over m and n were interchanged as compared to
the first in order to get the same matrix elements. Then, the abbreviation Ann(X,X) =
0 [P OO | Wi T8 [ ()| Wh = AL, (X, X) was introduced.

Fourier transformation of the retarded function yields (for the sake of brevity we omit
the arguments X, X’; to ensure convergence of the Fourier integral, an infinitesimal imaginary
part is added to the energy variable [)

r : : i(Hi0)t I:Im t - —BLA -
G'(+i0) =—i dte e "PAmnpn 1+ e no=
0 mn (2.6)
—Awobn G s
n [+ [dn + 10
and for the advanced function,
N — N — -
G, x;[Fi0) =i dte'Ft ... = due (EFOuV ... = G'(X, x; [Fi0) |,
oo mn 0 mn
or, more generally, O -
Gi(x,x; )= G'(X,x; . 2.7

Hence, G"(D1has poles below the real [axis for [3= [J, — i0, and is analytic in the upper
complex [=half-plane. G2(Dlhas poles above the real [zaxis and is analytic in the lower
complex [=half-plane. In the thermodynamic limit, the pole positions [z, [i0lbecome dense
and coalesce into branch lines of the complex functions G/2([)}1
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By definition, the Green’s function is given by finite expectation values for any t. Hence,
the double sum of (2.6) is absolutely converging in the domain of analyticity. If we consider
the limes |[J- oo in this domain, it may be interchanged with the summations, resulting in

L1

1 L1 1 ] >0 retarded
lim G73(p==_ A T+ PWn " for 1m0
|00 (D] i mnPn ¢ <0 advanced.

The remaining double sum may be calculated by a derivation reversed to the above:

1 ] 1. R I e
Amnpn 1+ Pl "= @, WOO) | Wi M0 [0 (X)|Wa e P + 2P trePH

mn m

=tr e PH %(x), i) trePH =3(x — x),
4

hence, finally,
1
. d(x — ') >0 retarded
lim G73(x,x; 0= =——=2 for Im[] 2.8
| 300 ( e ] <0 advanced. (28)

This result will become essential for calculating the retarded (advanced) Green’s function
from the normal one.

The most important consequence of the analytic properties is that for real [the real and
imaginary parts of G™2([)Jare connected. Use the theorem of residues to obtain (P denotes
the principal value of the integral)

1 L1 L1

_ 1
Srmo- PP m O

— 00 — 00
which in the meaning of distributions is Dyson’s formula

11
o = P e (O (2.9)

(saying that the above integral relation remains valid, if the integrands on both sides are
multiplied by a su [Ciehtly smooth function of [*). Multiply both sides with G™/2([) and in-
tegrate again. On the left hand side of the resulting integral relation, the path of integration
may be closed in the upper half-plane for G and in the lower half-plane for G2 yielding zero
in both cases for the closed integral. Now, the asymptotics (2.8) also yields zero separately
for the integral on the infinite half-circle, and thus also for the integral along the real axis.
The immediate result is

H Gr/a
r/a —
G (D= I_LLP1T d%m

Separating in this result the real and imaginary parts yields the Kramers-Kronig relations:

r/a — 1 mGr/a(U r/a — EGr/a(@
ReG”*(J=%_P  dH———2= ImG”* (D= I%P A= (210)

—0oQ

These relations allow to complete the Green’s function from the knowledge of its real or
imaginary part alone.
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We now provide the spectral representation for the normal Green’s function:
1

[ PP o
G(x, X;t) = treflﬁ':' () tr e PReit (et (T (x') —

—0(—1) trIEI*Bﬁ @T(X’)eitﬁ@(x)efitﬁ _

1 n R LB 70 va
=i e T 0O Tl () DS SOOI

tre—BH
i [ I
=—i  Amn(x,X)pne "t G(t) — 26(—t)e Plrn
mn
(2.11)
Fourier transformation results in
1
— = .
G(J=—i  Amnpn  dte'Teimnt —7  gtelTp—itmnte=Blrin =
mn 0 — 00
1 - B
= AmnpPn ! — +( ¢ - - = (2.12)
[+ [dn + 10 [+ dn — 10
mn
1
1 1+ e Blon -
=  AmnPn P—— —imd([(F [dn) 1— e Pln
mn [+ [edn

Both time integrals do not converge any more simultaneously, so that G(DJis not an ordinary
function: it is a distribution for real [Cand is not defined at all for complex [In the last
line, Dyson’s formula (2.9) was used to separate the real and imaginary parts of G(DJ

In the bosonic case (¢ = —1), the imaginary part is negative. In the fermionic case
(€ =1) its sign depends on the sign of [l and hence of [Z]

sign ImG(DJ= —sign 1 fermions

2.13
ImG(DI< 0 bosons. (2.13)

Comparison with (2.6, 2.7) yields
G"2(DJ= Re G(Ot i coth® %qm G(DyJ (2.14)

which directly connects the Fourier transforms of the various Green’s functions.
For the model (1.45) of interaction-free electrons in a box of volume V we find readily

C—1 5. 1 T S O
Amnpn = - e O EGE = o e T T fr (G- )
mn Kk k

with fr from (1.53). With [, = LJ— p and (1 — fr (Gd— )1 + e P-W) = 1, (2.6)
reduces to

i . i 5 Jeik(r—r) i 1 ik (rry
G'(x,x"; [#+1i0) = v ) [ENmEITESD L0 =v ) Ge(k; [ i0)dssre , (2.15)
or 1
r . H —
Gj(k; (#i0) = T p+io’ (2.16)
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1 1 1 )
D([= - Im  GL(k; 0= - Imtr G" (D (2.17)
ko

The free-particle retarded Green’s function does not depend on temperature, and its pole
for given k yields the excitation energy [— p of particles and the negative of the excitation
energies of holes. The imaginary part of the trace (sum of diagonal elements of the diagonal
Green’s function Gi,(K, k') = 350dkKkrGg(K)) yields the single-particle dengity-qf states
(Fmﬁrticles at positive [and for hoﬁ at negative 0l rve, that tln_k]G = Gkk)=
o drdre ik rG(r, reik T = T d#Brdr'G(r,r) e~ = “d#BrG(r,r) = tr, G.
For the advanced Green’s function obtained from (2.7) corresponding statements hold true.
For an interacting system, (2.16) is no longer true. However, if the general retarded
Green’s function (2.6) which is analytical in the upper [=half-plane, for a given k, o is ana-
lytically continued into the lower half-plane of a corresponding Riemann surface (the lower
half-plane under consideration belonging to the so called unphysical sheet of that surface),
it might be that one hits a pole closest to the real [zaxis, at position nx = Renk — i| Imng|,
so that in its vicinity the Green’s function behaves as

As(K)

Go(k; D= = e

+05(k; DJ (2.18)
where gf is regular in the vicinity of (& ng. For real [its imaginary part is

Alimnd 1
(@ Ren? + (Imnyz Mo (2.19)

—% Im G} (k; 1=

The pole results in a Lorentzian peak instead of the d-peak in the interaction-free case. The
time dependence due to this pole is

1

e—i Re nkte—| Imnklt — e—i Renkte—tlrk )
[ Imni|

EUES

(2.20)

The absolute value of the imaginary part of this pole position is the lifetime of that quasi-
particle. Eg. (2.17) now defines again a spectral distribution relevant for the response of
the system.

There is no real proof that the Green’s function will have a pole. It appears in various
approximations, or it is implemented into model expressions for Green’s functions as a
working approximation.

2.2 Equation of Motion

Di[erkntiation of (1.43) yields the Heisenberg equation of motion of the Heisenberg field
operators:

.0 ~ ~ ~
Iaw(xt) =[x t),H] (2.21)
and the same equation for lﬁf. With a (grand-canonical) Hamiltonian of the general form
[
H= dxjdx;uT (xjt)h(x}, X)W (X1t) + Hine (1), (2.22)
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where I:Imt(t) consists of expressions with more than two field operators (recall that H=
H (t), but not separately Hint = Hint(t)), the Heisenberg equation takes the form

1
i%u?(xt) = dxdxah(xq, x)[POct), BTGB ] + [D(x, B, Hine(t)] =
- : !
= dxadxah(xq, x2)3(x = X)W (xat) + [D(x, 1), Hine(t)] = (2.23)
o !

dxih(x, x0)B(xst) + [D(x, 1), Hine ()]

Now, the derivative of (2.2) is
' ——

9 L] . L1 . .
iaGr/a(X, X' t) =8(t) [Ww(xt), LIJT(X'O); LI(£) i d(xt), Wi(x'0)
Z

Because of the 3-function in the first term on the right hand side we may replace qj(xt) by
lﬁ(xO), where after the equal-time (anti-)commutator is d(x — X’). In the second term we
insert (2.23). The result is the equation of motion for the retarded and advanced Green’s
functions:
L1 P 1
dxy id(x — xl)a —h(x,x1) G"3(x1,x’;t) =d(t)d(x — x') (1

L, - - ]
Cid(xt)  [W(x, 1), Hint(t)la llJT(XO)Z :
(2.24)

Depending on the actual content of I:lmt(t), most various terms may appear from the
expansion of the last line of (2.24), they all will have the general structure of Green’s
functions with more than two field operators entering. Those Green’s functions obviously will
obey equations of motion of a similar structure, with even more complex Green’s functions
appearing on their right sides. Thus, we again end up with an open hierarchy of equations of
motion for the Green’s functions, and this is not the general way to calculate them. In rare
cases it makes sense to close this hierarchy by approximating the higher Green’s functions
on their right hand sides with expressions in terms of the Green’s functions figuring on the
left hand sides and then to solve for the latter. One standard frame of this termination of
the hierarchy by factorization is the Hartree-Fock approximation. We will not consider such
an approach here because it is not leading to our goals.

In the interaction-free case, Hine = 0, the second line of (2.24) is missing, and, after
a Fourier transformation of the time dependence, G2 is just the kernel of the resolvent
operator G = ([3 h)~* for retarded and advanced boundary conditions:

1

i (]
dx; (CEi0)3(x — X1) — h(X, X1) G"23(xq, X; 0= 3(x — X'). (2.25)

This is a Green’s function in the meaning of classical analysis, and that is where field
theoretical Green’s functions have got their name from. The even more specific case

NPKo (%) = Pro (X) (Gd— 1) (2.26)

via the orthonormality and completeness of the orbitals,

1
[@ho | PrioTF dkkdooty Pko (X) P (X') = 3(x — X'), (2.27)
ko
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immediately reproduces (2.16) for
GE/2(K; 1= [Po(CE 0 — h) oo ] (2.28)

with (2.17) as a direct consequence.

2.3 Complex Time

We now return to the ordinary Green’s function (2.1) for the case of non-zero temperature
and start with positive time, t > 0, that is,

.5 ..~ ~ o~ 111 -
t>0: G(x,x;t)=—itr e PHe™My)e"™yf(x) tre P,

For algebraic manipulations of such expressions it would be desirable to include the statistical
operator e~PH into the group of time evolution operators. To this end, we continue the time
evolution group to include complex times, t — t—it. Since H is bounded below, the operator
e has a well defined meaning for Rea < 0 and the Taylor expansion of the exponential
function converges absolutely for Rea < 0 to an analytic function of a (in the operator
norm topology). This determines the domain of complex time, for which the above Green’s
function is well defined and in the interior of which it is analytic:

domain I: —co<Ret<oo, —B=IMt=<0. (2.29)
Considering
t<0: GXX;t)= tr%I*B':| Pt (x)etH (x)eitH [Dt:rle*Bﬁ =
=i tr%l‘ith e~ PAYT(x)elt (i(x) EI:It:rle"“q,
we see that this expression is analytic in the interior of the complex time domain

domain I1I: —oco<Ret<oo, 0=Imt=. (2.30)

if Im t

o

\ domain 11

Re t

domain |

Figure 2.1: Domains of complex time.

Hence, there is a function defined on domain | and analytic in its interior which continues
from the Green’s function for positive real time, and there is another function on domain
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Il and analytic on its interior which continues from the Green’s function for negative real
time. Both functions are defined on the whole real axis of time, but are di [erknt there (see
Fig. 2.1.). The Green’s function of complex time, defined on both domains, is discontinuous
on the whole real axis of time.3

There is a most important relation between the function values of the continued Green’s
function on both domains. Consider a t-value on domain I, the value t+if is then in domain
11, and the Green’s function is

1,5~ oA A oo L] ~
G(x, X t+iB) = Zitr e PHYT(x)e! B | (x)eIt+HIBH "re—PH =
.5 .5~ oA (111 ~
=Zitr e PHe™M e ™M yi(x) tre PH = (2:31)
= —{G(x,X';t).

Only the definition (2.1) of the Green’s function for positive and negative real time, cor-
responding to that on domain | and domain Il, resp., and the invariance of a trace of a
product under cyclic permutation of the factors was used. This relation was first considered
by R. Kubo and independently by P. C. Martin and J. Schwinger, and is since called the
KMS condition. As a condition on the Green’s function it is decisive for the statistical state
for which the Green’s function is considered, to be thermal equilibrium.

For imaginary time, t = —it, the Green’s function is defined in the interval —f <1 < 3,
and may be expanded into a Fourier series* (we again omit the arguments x, x’):

T e i 1
G(—it) = = e BDEIDG(IE) = — e 'BSIG(il). (2.32)
S=—o00 B sS=—o0
Since the KMS condition demands G(—i(t + B)) = —{G(—it), e 16 +B) = —Ze~ilst muyst
hold, hence 1
= (2s +1)n/B fermions (2.33)
2s1/3 bosons.
Therefore,
1 =] =]
iG(il) = 5 dte'(LDEOG(—it) = dre!s*G(—it). (2.34)
,B 0

This Matsubara Green’s function is just the ordinary Green’s function analytically con-
tinued to imaginary time, for T > 0 from t > 0 (domain I) and for T < 0 from t < 0 (domain
I1). Hence, its spectral representation for T > 0 equals the analytical continuation of the
spectral representation (2.11) for t > 0, and

=]
G@i) =— Amnpn dre'lsfe a0 =
mn 0
_ Kmnpn I%]_ ei@e,@ng I:;
mn ils1— [edn
Al L1 1]
mn ils1— [edn
3In order not to be confused the reader is reminded that we consider here the analytic properties of
the Green’s function as a function of complex time for the first time in this context, while in the previous
sections we exclusively discussed the analytic properties of the Fourier transform of the Green’s function as
a function of complex energy [

4This representation was first introduced by A. A. Abrikosov, L. P. Gorkov and I. E. Dzyaloshinski, 1959,
and by E. S. Fradkin, 1959.
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In the last equation, e''sP = —Z was used which was the cause for (2.33). Comparison with
(2.6) immediately reveals Lo

G'(ilg) for 1=0

GUD = e for m<o.

(2.35)

This explains our introduction of factors i in the Fourier expansion (2.32). The Fourier
components of the Matsubara Green’s functions are just the function values of the Fourier
transforms of the retarded and advanced Green’s functions for imaginary frequencies, where
in (2.35) it was taken into account that the spectral representation (2.6) of the retarded
Green’s function continues into the upper [Chalf-plane, and that of the advanced Green’s
function continues into the lower half-plane.

Knowledge of the function values on the infinite series of imaginary energies [l to-
gether with the definite asymptotics (2.8) determines the analytic functions G™2([uniquely.
Hence, what is left is the calculation of the Matsubara Green’s function.

Since on the complex time plane the order of t-values corresponds to the order of real
t-values, this function may be defined as

. L A 1
G(x, X' —it) = =i T¢ U, —iTPIX0) (2.36)
with R R R R
P(x, —it) = el COH(x)e 1COH = eTH j(x)e ™. (2.37)

T, orders the factors in descending sequence of t-values from left to right, again with
statistics sign factors accompanying permutations.®

2.4 The Interaction Picture

Up to here we used the Heisenberg picture for the time evolution, which was most e [edtive
in deriving the spectral representation and all analytic properties of the Green’s functions
as well as the interrelations between them. However, for all non-trivial applications with
particle interaction the Heisenberg field operators ((xt) are not explicitly known; the ex-
pansion of the exponentials of (1.43) and the subsequent application of the canonical (anti-)-
commutation relations creates an infinite number of terms which would have to be inserted
into the Green’s function expression.

There is a more elegant approach dealing with explicitly known field operators at the
price of a non-commutative group for the time evolution between explicit actions of field
operators. It starts with splitting the Hamiltonian,

G

Ho

ey -
~ ~ [ Ll 2.38
dx;dxa B DO X)) = B, Tdoy =1 Bgos &30

k101

as in (2.22) into a part Ho which is bilinear in the field operators, and the rest W .6

5In non-equilibrium statistics where manifestly time-dependent Hamiltonians figure (external time-
dependent fields), more path ordered Green’s functions play a role besides the real time path and the
imaginary time path (Matsubara path). Of particular importance there is the Keldysh path and the Keldysh
Green’s function (cf. J. Rammer and H. Smith, Rev. Mod. Phys. 58, 323 (1986)). In our context we do
not need it.

6 As will be discussed later, W may, besides Hint, also contain part of the bilinear terms.
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The interaction picture is introduced by defining new field operators,

~ L~ A S 1
Who (Xt) = "™ og(x)e ™0 = Qg (X)Chigka (D),
K

Bl Oxt) = ot pge ™o = el L (0016 (0).
ko

(2.39)

ince of course Hy commutes with iltsiilit follows that Ho = eitHoFge=itHo = Fo, () =

dx’dx Ply (KON, X)W (X) = 1 Bl 1o (s — H)Ehoko, that is, Ho may likewise be
expressed through the Lﬁ(x) or the LﬁHo(xt). Hence,
N -~ - L | |
I15-CHoka (1) = CHoko (1), Horo () = CHoko () Lb — 1,

ot

which integrates to
Choko (1) = Bige (b=t gl | (1) = !B -tgf (2.40)
The time evolution operator is accordingly written as
U(tp, t7) = e "2 = g-12RoS (g, )el o, (2.41)

or R _ I R
S(ty, ty) = efteHog—i(te—t)He—ittHo — (, (t, — 1;). (2.42)

It still contains the whole many-body problem. Obviously,
S(ta, t2)S(t2, ta) = S(t3, ta). (2.43)

These scattering operators form again a group which, however, is not commutative any more.
From the group property,

R 1 tL—1
Sty = S~ (-1t —noy, dt= 2,

n=1

where the order of factors with ascending n from left to right is essential, and for dt - 0,
S e N I Ty
S(t+ot,t) =e' 1+ idtH — idtH e "% = 1 — idtWyy, (t).

Hence,
¥ 11 o= —
S(ty, 1) = Jim T—iWh(ty +ndt) =Texp —i dtWy, (1) . (2.44)

n=1 t

The last expression is only an elegant way of writing for the previous one, with the help of
Wick’s time ordering operator which here acts on the expansion of the exponential into a
series.
The ordinary Green’s function (2.1) can now be written as
A d ~ ~ ~ ~ N
G(x,X';t) = =i S(—00,00)T S(o0, P, (Xt)S(t, )P (X'0)S(0, —0) =
- ~ ~ Il
= —i S(—00,00)T Y, (XY, (X'0)S(00, —c0)
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In order to be surely correct with time order, the reference point of the quantum state was
put to t = —oo, and the left reference point for the T-operator was put to t = +oo. Under
the T -operator, the factors may be written in an arbitrary order, and the S-operators were
combined into one by observing the group property.

If the averaging is over the ground state, and if the interaction in the system is adiabat-
ically switched on and o [for [t| — oo, then the adiabatic theorem by M. Gell-Man and F.
Low says, that S(—oo, oo)|%l3: S1(o0, —00)|Wo LI JWo Lwhich finally results in

G(x, X 1) = —i T LIJHO(Xtr)éH(L()f)iF_' ;M| |Wold (2.45)

If, however, the averaging is over the grand-canonical statistical state, § = e PH/treBH,
the approach does not directly lead to practical expressions for real time, and the Matsubara
path has to be used.

The interaction picture for the Matsubara Green’s function is introduced in a completely
analogous manner:

o (x, —iT) = e™Hofige ™o, {f, (x, —it) = e™ogi(x)e e, (2.46)
S(12,T1) = U (—ite, —iT1) = Trexp —  dtWy,(—iT) (2.47)

T1
vy = —itr o P8 G bl 08E. 0" trepf
G(x, X;=it) = —itr e PHS(0, B)Tr Yo (X, —IT)P); (X0)S(B,0)  tre PH.
Now, for t, = —if3, t; =0, (2.41) reads
e PH = ¢~PHog(B 0) [&1PfHe = e PHS(0, ).
. N - [ N [ . . .
This also implies tre—PH = tr e=PHoS(B, 0) , which together results in the final expression
T Do~ (XOSB.0)
X, —it X , S
G(x, X —iT) = —i— WHo = l““"b O [O-I=trePHo...). (2.48)
54.0)

This expression has a very close resemblance of (2.45), and indeed both cases are subject
to the same technique of computation introduced in the next two sectlons However, one
should have in mind that for imaginary time neither Sis unitary, nor is qJH the Hermitian

conjugate to llJHo It is called the Matsubara conjugate.
Consider once more the interaction-free case W = 0, with (2.47) implying S(‘l’l ) =
and, from (2.48) or (2.36),

_ oo o [T
Go(x, X;—iT) = =i Tr wHo(x,—lT)uJLéX’O) =

L1 —it)el, (0O
== Qre00Le () @Egﬁ( Doroa( D0
Ko —C 0I«,I(:)(I:Hoko(—lr)
L1 [CkoCl, (1 forT >0

== Quo(X)Pje(x)e (R WT
ko

In the second line (2.39) was used, and in the third line (2.40). The final result is

—{[g], ko (1 for T < 0.

[
| I | _ _
Go(X, X;=iT) = =i Quo(X)P(x)e~ (Rb—HT 1-Cfr (b —p) fort>0

(2.49)
o —(fr (Ls — W) for T <0,
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with
!
fr (3= b +7 (2.50)

as the Fermi (¢ = 1) or Bose ({ = —1) distribution function.

2.5 Wick’s Theorem

There are versions of Wick’s theorem for path-ordered Green’s functions for all possible
paths in the complex time plane, dilering in technical details of their proof but resulting in
essentially the same statement. In order not to be unnecessarily abstract we consider only
the case used further on which is the Matsubara path.”

Insertion of (2.47) into (2.48) and expanding the exponentials results in

G(x,é _EilT) =
T ™ _: T / l;](—l)" I%‘ I%‘ Ny s A .
© Uho (X, =YL (X0) 1o i o - o dTa dtaWhio (—iT1) - - Wi (—iTn)
—j g g _ _ [ 0
. Lw—'nzo ED7 B By - AT Wi (—iTa) - - Wi (—iTn)

(2.51)

The structure of the numerator and denominator of this expression depends on the ac-
tual structure of W, which normally is a sum of products of more than two fermionic
and/or bosonic field operators of the general form of (2.39, 2.40). Denote those operators by
Ua, Ug, ... (each of which stands for some Yy, or l]J,T_'O). The expectation values of (2.51)
are series of terms ~
Cl. ~ -« ~ [ e—BHo

tr o) e y ) = - _ =~

Po¥alslc - Yz Po tro—Pho
with an even number n of field operators, where each (a, . .. has its imaginary time Ta, .. .,
and the factors are already put in order of descending ta .... Since Hg preserves the particle
number, the trace with an odd number of field operators vanishes.® With (2.39), this means
C T I 1 1 1 1 (|
QRGPS - @F tr PoCACRES - EF

a b C z

In the following we omit the superscripts at the €-operators. The latter trace may be
transformed into

(N RGN S I N B g . N N N B B
tr poCalelc-:Cz =tr Po €a,Ce Cc-:Cz —{tr Pole Ca,Cc - Cz +
‘o oo oof
+.oo A+ (=Q)7tr pole - Cayr e A

[ . [
PoCCc - -+ CzCA .

LJ (|
+ (—0)"272tr Polglc - €a,Cz + (=027 1tr
4

Using the invariance of the trace under cyclic permutations, the last term is

L ] L] ]
—{tr Cafolalc - €z = —Le™PUA M tr foEatalc - Cz -

“Wick himself considered the real-time case; the Matsubara case was first proved by T. Matsubara, 1955,
cf. A. L. Fetter and J. D. Walecka, Quantum Theory of Many-Particle Systems, McGraw-Hill, New York,
1971, Chap. 7.

8This holds also true, if the thermodynamic state contains a pair condensate (see next chapter); in the
case of a bosonic single-particle condensate as in superfluid “He, the field operator of the condensate particle
needs a simple special treatment. We do not consider this case.
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We finally used relations of the type (1.52), the plus sign of the exponent holds for a cre-
ation operator lﬁA and the minus sign for an annihilation operator. Now, combine this last
expression with the left hand side and obtain
[ O
0l CA CB trEAIA N I:I_ Ca,Cc
T 1+ (etBA—1a) PoCc - .Clzil Z1 + (e*B(IA—1a)
Atz trI:AI" R ]
1+ (etB(Anay o PotBOB -

[

(I
tr poCaCelc - Cz

I
tr poCg -+ Cz
+o+ (-2

Since the (anti-)commutators are c-numbers, they may be taken out of the trace. Moreover,
they are zero (and hence the written down terms are harmless in the equation) unless they
contain a pair of a creation and an annihilation operator with equal quantum numbers
a,b, ..., in which case either®

1O
Cko-lcko' Z Z 1 — —~
17 (P~ 1+ 2epam — eptmmw g 1T (b == Geolio
or | |
f:\kc"alrko 14 1 LJ e

T+ e pam 1+ e b 1 STl —H = tkolis o

This proves our first important result:
O 11 O 11 d

Calelc -z (= T«Cale Ce Lz —{ T:Calc
o+ (CMET T

0
Calz , CeCc -
We have added the t-ordering operators in all pair terms on the right hand side (so called
contractions), since we considered all the time in this analysis a t-ordered product of field
operators so that the inserted T-operators will have no e [edt.

The same manipulation can now be made with each second factor of the terms on the
right hand side, and by induction and returning to the s,

IR RN ~ 1 |:|‘P||:| ~ ~ [Id-x (I R ~ [
Wabslc Wz (= 57 (O Telpalpe  TeWpc- g0 ToUpz g,
P
(2.52)

where Ta > Tg > Tc > -+ > Tz. Here, P is a permutation of the series ABC---Z, |P|
is its order, and the prefactor accounts for the fact that up to here we did not include
permutations inside a contraction, which due to the presence of the T-operators lead only
to a factor of two for each of the n>/2 contractions.

Consider now an arbitrarily ordered product, for which

1~ ~ ~ [ P ‘|:| ~ ~ ~ 1
TWale Wz = ()" Upalpelp.c  Upz 4

Apply to the right hand side (2.52) and rename PP into P, that is, (—2)/!/(=Q)I"I -
(—0O'™!, to obtain the final form of Wick’s theorem:

L]~ ~ - ~ [ 1 :,P‘IZI ~ ~ [IJ- [ I ~ [
TWalsYc - Yz (= a7z O Typalps o TeWpc s g0 To - Upz .
P
(2.53)

9We perform the calculations of the following two lines for two €-operators at equal time. However, in
the interaction picture the time dependence of a C-operator is a simple c-number phase factor (see (2.40))
which equally appears everywhere in the chain of equations so that the final result is unchanged.
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The sum on the right hand side runs over all possible complete contractions of the operators
Ya - -+ Pz into pairs. Many of those contractions are zero, so that only a small number of
the n2!/2"z/2 dilerknt complete contractions really matters.

Wick’s theorem means that both the numerator and the denominator of (2.51) may be
expanded into products of interaction-free single-particle Green’s functions (2.49), multiplied
by interaction functions of the x-variables like those in (1.22) and integrated over all x-
variables coming from W. Likewise, the orbital representation of the Green’s functions may
be used with matrix elements of orbitals @xs (which appear in W, for instance by inserting
(1.47) into (1.22)) and summations over all orbital quantum numbers coming from W.

2.6 Feynman Diagrams

With Wick’s theorem at hand, finding the expression of the contribution in any perturbation
order in W of the numerator and the denominator of (2.51) is merely a bookkeeping of
integrations over internal variables Xx; over free-particle Green’s functions and interaction
functions, of combinatorics, and of counting prefactors and minus signs. Fortunately, this
has been done once forever for all possible cases and has been cast into rules for drawing
diagrams and translating them into formulas.

In order to be specific, we consider the case of fermions with the interaction (cf. (1.22))

1
dx1dx3 0T ()BT (XDW(rs — rB OB (xe). (2.54)

[EN

W =
The n-th order contribution to the numerator of (2.51) is obtained in the following way:
1. Mark n pairs of points (vertices) with co-ordinates x;, X, i =1,...,n.
2. Connect the pairs with interaction lines

“WOG =X~ T) = e oo .

Xi X
3. Connect the points in all possible ways with free-particle Green’s function lines

iIGo(Xa, XB; —I(TA—TB)) = e— =«
XA XB

where A, B label vertices X; or X;. The connection must be made so that at each vertex
one Green’s function line starts and one ends, and exactly one Green’s function line
has a free starting point corresponding to x’ of the numerator of (2.51), and one has
a free endpoint corresponding to X.

4. Interpret

iGo(Xi, Xi; 0) = iTE[T_]O Go(Xi, Xj; —iT) = —Cno(X;) =

g m e, O
ri .

[
5. Integrate over dx;dx; o dtdti fori=1,...,n, dx; = s

6. Multiply with (—1)%, where L is the number of closed fermion loops.
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7. Diagrams only dilering in the labeling of the vertices are to be accounted for only
once; this considers the factor 1/n! of the expansion of the exponential in (2.51) and
the factor 1/2" coming from W.

For instance the first order terms for the numerator of (2.51) arel®

o G ONENRS

| -~

—4—6—4— + —4—.—4—‘—4— + —_———— + R

Each connected diagram represents a multiple integral. Disconnected diagrams as the third
and fourth one above represent products of separate multiple integrals. The diagrams for
the denominator of (2.51) diled from those of the numerator only in the missing free-end
Green’s function lines. The first order terms of those vacuum diagrams are just:

OO - O

It is easily seen that each connected diagram with two free Green’s function line ends for the
numerator of (2.51) will be multiplied with the sum of all possible vacuum diagrams discon-
nected from it. This factor, however, is precisely the complete denominator of (2.51). Hence,
the full Green’s function (2.51) is just given by the sum of all connected diagrams with two
free Green’s function ends. This connected diagrams theorem is the first big simplification
deriving from Wick’s theorem.

In most practical applications one uses the Fourier transformed Green’s functions, by
substituting (2.32), in an orbital representation (2.28) (possibly non-diagonal in k and in
the spin), where in many cases the orbitals are plane waves (momentum representation) or
Bloch waves (quasi-momentum representation). This is achieved as previously with the help
of the relations (1.47) whereafter the integrations over the Xx;, xj produce matrix elements,
and the integrations over Tj, ] produce Kronecker ds for sums of Matsubara frequencies
corresponding to incoming and outgoing lines at vertices, multiplied with 3. The topological
structure of the diagrams remains exactly the same, the rules for translation into formulas
are now:

1. Mark n pairs of points.

2. Connect the pairs with interaction lines'!

1 k101 k/lO'/l
— k101, kp0o|wlk505, k107 = @ - - - ___ P
k202 k/20'12

3. Connect the points as previously with Green’s function lines

1 .
_EGO;kAcAkaOB(”Q: o=@
kaoa [ kgop

the quantum numbers ko at the vertices must match since they originate from the
same expansion (1.47) of which the orbital goes into the interaction matrix element

10|n all cases where the directional arrow at the Green’s function lines is omitted, the direction does not
matter.
11\We use a convention

(K01, k202 wlkt5! KioTEE [ dxadxegi g, (1)@ s, (X2)W(X1 — X2) 0 (X2) @k or(X1).

27



and the operator goes into the Green’s function. The (sum of) incoming Matsubara
frequencies must be equal to the (sum of) outgoing Matsubara frequencies at every
vertex, and each vertex yields a factor .12

==Y

Bno;ko,k%‘:': E kgek[%‘:'o =
ko Kda’

5. Sum over all inner quantum numbers and Matsubara frequencies. Simplifications
occur, if the interaction preserves quantum numbers (for instance momentum and

spin).

The rules 6. and 7. are the same as in X-representation. R
It is rather obvious how these rules modify for various interactions W.

2.7 The Self-Energy

Besides the systematization and classification of the perturbation contributions in all orders
already used in the connected diagrams theorem, further infinite summations of important
partial sums of the perturbation series can be performed by solving integral equations (in
X-representation) or by summing up geometrical series (in orbital representation), derived
from further classification of diagrams. The most important partial sum is the self-energy.

The structure of the series of all connected diagrams with two free ends of Green’s func-
tion lines representing the full single-particle Green’s function (2.51) may be characterized
as follows:

G(x,x;—it) =

(2.55)

Here, the checkered rectangle means the sum of all diagrams with two vertices (terminals) for
connecting one external Green’s function line to each of them, and such that they cannot
be disconnected by just cutting through one internal Green’s function line. For reasons
discussed below it is called the (proper) self-energy.

Consider the series of diagrams right of the right terminal of the first self-energy part.
It exactly repeats the whole series itself. This is precisely the algebraic structure of a
geometrical series. If we introduce a thick line for the full Green’s function, this structure
may be expressed by the diagrammatic equation

——— = = + —<H-— (2.56)

which represents Dyson’s integral equation
iG(X,X;—i(t — 1)) = iGo(x, X'; —i(t — 1))+
| B3]
+  dxpdxe  dridTiGo(X, X1; —i(T — T1))iZ (X1, X2; —i(T1 — 12))iG (X2, X'; —i(1T2 — 1))

0
(2.57)

12The parentheses are added for the case of a more complex W with more operators, leading to vertices
with more lines connected to them. The generalizations of the rules are rather trivial.
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where iZ denotes the self-energy part, and the series is summed up by replacing Gg on the
right side with G. (Of course, T/ may be put to zero.)

In orbital representation, this relation is most simple in the homogeneous electron liquid
with Go(k; DJin the form (2.16) where we omit the preserved spin index. According to the
rules, the self-energy must pass over the same momentum k and energy [Cat both terminals,
and hence it can only depend on these variables. One has

G(k;ils) = Go(k;ils) + Go(k; ils)Z(k;il5)G(K;ils).

From (2.35) we know that this relation can be continued to real energies for the retarded and
advanced Green’s functions. Multiplying both sides with GglG*l yields another definition
of the self-energy:

3 (k; DI= Gy ' (k; D= G (k; DI (2.58)
or, with Gy *(k; 1= [F [+ u (cf. (2.16)),
o 1
G(k; D= = TESTCANTATE (2.59)

Hence, X shifts the pole position and hence the quasi-particle excitation energy due to inter-
action. This is why it is called self-energy. In general the self-energy is complex: according
to (2.20), its imaginary part describes the decay of quasi-particles due to interaction. Even
if we neglect the imaginary part, we can further analyze (2.59). Suppose that

Nk = bGd+ Z(k;nk) — 1 (2.60)
is the shifted (real) position of the pole. Taylor expand

0
Z(k; D= Z(Ki ) + 55 (1) (2.61)
k
and insert this into (2.59):
1
1— alEl -
G(k: D= Q—%—E}—Q—%—B o oCm (2.62)
- %llilr]k — Nk 1- %llilnk = Mk

From comparison to (2.18) we see that the energy derivative of the self-energy renormalizes
the spectral amplitude of the quasi-particle.

In full analogy to the proper self-energy part one may define a proper polarization part
for a screened interaction according to

- -0 =-0--0 +0--([[[[[» —o

which means (for short in symbolic writing)

wow
1—-wP &
where € is a screening function. If one further introduces a proper full vertex I" consisting of
the sum of all connected diagrams with two Green’s functions terminals and one interaction
line terminal and such that they cannot be disconnected by cutting just one Green’s function
line or one interaction line, then the self-energy and the polarization are both given by exactly

one skeleton diagram each:

which interrelates > and € through I (for the considered case of W given by (2.54)).

W=w+WPW or W= (2.63)
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2.8 Thermodynamic Quantities

Single-particle Green’s functions provide the quasi-particle excitation spectrum and quasi-
particle lifetimes through the position of their poles in the unphysical sheet of the complex
energy plane. They also provide information on reduced density matrices. Comparison of
(2.36) with (1.34) readily yields

S e B _
n(xIx) = $' X)) = =i lim G(x, x'; —iT). (2.64)

Its diagonal is the particle density n(x) = ny(x|x) (compare to the diagram rule 4. for the
interaction-free density ng). Integration over x gives the total particle number:

[

—ig_lim - dxG(x, x;—iT) = N(V, T, ) = _oQv. T\

ou

Integration of this relation over p in principle provides the thermodynamic potential
QWV,T,W.

There is an alternative approach to the total interaction energy and the thermodynamic
potential which compares to the derivation of the equations of motion in Section 2.2. From
(2.37) and (2.54),

(2.65)

AU = = T - . = IO
ELIJ(X, —iT) 1, H, LIJ(X)_ == dXh(X, x)W(x1) = dX P (X)w(r — ro))Px)P(x).
Hence, again with (2.36),

. 1 1 3 1

%ﬂﬂo dxdx; 85X = x1) 5 +h(x,x1) Glx1,x;—iT) = W [ (2.66)

The thermodynamic potential is defined as

~ 1 S
e Pel=treP" or Q= _E IntrePH, (2.67)

Introduce an explicit coupling constant A by writing H = Ho + AW. Then,

1 1 1 1
0Q 1 0 S 1 PN ~
—_— -BH = _— —BH =
E7 Btre PA OA re Btre PR tr e BwW W Ll

Integration over A from 0 to 1 yields

]
Q=Qo+ dAWILL (2.68)
0

The thermodynamic potential of interaction-free particles, Qo, is well known from the course
in Statistical Physics. The rest is obtained by integrating (2.66) over the coupling constant.
It might seem impractical to calculate [W [Ifor each A and then to integrate. However, from
a diagrammatic expansion of the Green’s function in powers of w, (2.66) yields an expansion
of W [Jin powers of A. Then, integration of the nth term simply multiplies this term with
1/(n+1).
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Chapter 3

Green’s Functions In the
Superconducting State

Hamiltonians in Solid State Physics preserve the electron number. (For instance the in-
verse [3-decay of nuclei is not included in the Hamiltonian.) Those Hamiltonians H,
both in quantum mechanical and grand canonical form, commute with the electron num-
ber operator N. Consequently, the eigenstates of the Hamiltonian may be chosen to be
ectron number elgenstates implying that a Green’s function EDTLIJALIJB qu =
o Pa IIHG|TleJAljJB ququa [{cf. (1.12)) is only non-zero, if it con}ﬁlcreatlon and an-
nihilation operators in equal number. If the local spectral weight —  Amn(X,X)pn (cf.
(2.5,2.6)) remains finite in the thermodynamic limit N - oo, N/V = const., then the
above described situation preserves in this limit. Those Green’s function are called normal
Green’s functions.

In the superconducting state this last condition is not true any more: There is a pair
wavefunction with a definite binding energy which is macroscoplcally occupied, that is, its
occupation number IZBTP COCN for N - oo, N/V = const., where PT is the Cooper
pair_creator. Since P expresses as a linear combmatlon of pairs of fermionic operators,
[P,PT]_ =1, or, in view of [BfP [I_NI equivalently,

o .~ [ (!
BPEF BTP LI+ O(1/N)

and hence A L
PPT=P'P for N - oo, (3.1)

(The precise meaning of these considerations is that PP' is an extensive thermodynamic
quantity and hence may appear in intensive quantities like for instance Green’s functions
only in the combination PP f/N; (3.1) then holds in intensive expressions.) Likewise, if P
is expressed through fermionic operators €xg, all coe [ciehts are [_IAN, and hence

[Cks, P ] =0= [ckc, ] for N - oo 3.2)

in the same sense.

It is well understood in Statistical Physics that in case of a macroscopic occupation of
such a pair state the chemical potential of the pairs, that is twice the chemical potential
of electrons, must adjust to the pair energy (again to accuracy [1IN). Hence, for any
superconducting state PHP f|W & H|WE O(1/N) or

P,H]=0=[P{,H] for N - oo (3.3)
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even although this time [5 ﬁ], itself is extensive. Now, Green’s functions are non-zero, if
they are composed of operators qﬂ or qJPT and operators qJ or PqJ’r in equal number out
of the two groups. Because of (3.1, 3.2) the pair operators PTand P may be freely moved
to the left or to the right in the operator products in Green’s function expressions in the
Heisenberg picture in which gitH figures, and eventually every PP may be replaced by N.

The signature of the superconducting state is the appearance of non-zero anomalous
Green’s functions involving the pair operators.

3.1 The Bogoliubov-Valatin Transformation

In the normal Fermi liquid of interacting electrons, Wick’s theorem mediates a perturbation
expansion of the Green’s functions in terms of interaction-free Green’s functions and inter-
action vertices. This expansion can be summed up according to (2.55, 2.56) resulting in
Dyson’s equation (2.57). The most visible e [edt of the self-energy figuring in this equation
is to modify the quasi-particle excitation energies. The basis of Wick’s theorem was the
interaction picture with a Hamiltonian Ho split o[the full Hamiltonian H. Besides the
condition that Ho must be bilinear in the field operators, it can be chosen arbitrarily, defin-
ing W as the di [efence between H and Ho. (For that reason we introduced a new name
W in (2.38) instead of Hine of (2.22).) 1f one guesses a good approximation of the (real)
quasi-particle dispersion relation in Ho, one obtains a new expansion with a modified vertex
structure due to the modification of W, and a strongly reduced self-energy, the degree of
reduction depending on the quality of the guess. As long as one does not modify the field
operators, this is a very simple and transparent procedure. One has to add to the inter-
action vertex a ‘blind’ vertex without interaction lines representing the diLerence between
the guessed energies and free-electron energies, which partially compensates the interaction
part of the self-energy. The severe problem with this approach begins, if one also modifies
the field operators, because then W may become very complicated or even unknown (if the
modification of the field operators is not made explicit). It must also be guessed in this case.
Nevertheless, one still may obtain a useful semi-phenomenological theory (like for instance
the t —J model with its t part expressed by Hubbard operators).

In the case of anomalous Green’s functions of the superconducting state, Wick’s theorem
cannot directly be applied, because the pair operators commute with the full Hamiltonian
H due to the behavior of the chemical potential, but not with any Ho of the normal bilinear
form in the electron field operators (despite (3.2); contrary to a single €, Ho [N is
extensive, and the chemical potential argument holds for H but not for Hg). New fermionic
field operators which account for the presence of the pair condensate are obtained by the
well known Bogoliubov-Valatin transformation in Josephson’s form which for spin-singlet
pairing read:

Bko = UkCks — O'Vkpfik,c, BLG = ukﬁch - GVkﬁ_k_OPT, (3.4)

with
Uk = COSVYk, Vk =Sinv, (3.5)

that is, uZ +v2 = 1, uk, Vi real. It is easily seen that due to (3.5) and (3.2, 3.1) the
new ﬁ—operators obey the same canonical fermionic anti-commutation rules as the original
C-operators. Hence, if one would split o CalHamiltonian Hg bilinear in the B-operators with
the yks corresponding to the true condensate density, one has Wick’s theorem and a dia-
grammatic expansion with hopefully normal Green’s functions and self-energies only. (The
correct yxs would be those for which no anomalous functions appear.) Substituting back
(3.4) for the ﬁ-operators yields the corresponding structure of the diagrammatic expansion
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with anomalous Green’s functions in the representation of the original electron field opera-
tors. With the normal expansion in the B-representation all manipulations made previously
as for instance the summation leading to Dyson’s equation remain correct. However, consid-
ering the diagrammatic expansion starting with Hp bilinear in the ¢-operators, anomalous
terms cannot appear for any finite sum of diagrams simply by the Feynman rules. This
clearly indicates the divergency of the perturbation series. It does not mean that the for-
mally summed up series, Dyson’s equation, is wrong. By tuning the yx we move again
contributions from Gg to ~ and back. Since we do not know in advance the correct yy-
values, we work with the original electron field operators and put all the anomalous parts
into the self-energy. Then we have to work with skeleton diagrams, that is with closed
equation systems for the skeleton parts to be solved.

The following Green’s functions and Dyson equations appear in the superconducting
state:!

G(x, X; —it) = =i [P(x, —iT)PT (X 0)] ==

(3.6)
= oo = o~ + o~ + o~ FH-—
F(x,X; —it) = —i T [P(x, —iT)P(X0)]P T ==
(3.7)
= e<ve = o< e + o~ FH—o
F(x, X" =it) = =i [PT (x, —it)PpT (X 0)]P [F=
= = o e + o oo
For the sake of symmetry we additionally consider
— G(X, x; +iT) = +i M [P(X, TP (x0)] = =i [T (x, —iT)P(X'0)] Z= 39

= o—0 = >0 + o> ¢HI>—0 + o> [P0

There are two anomalous Green functions F and F and two anomalous self-energy parts
labeled by two outward or two inward arrows. Eq. (3.9) is the ‘particle-hole transposed’ of
(3.6). The obvious corresponding relations for the anomalous parts are

F(x,X;—it) = =F (X, x; +it), F(X,X;—it) = —F (X, X; +iT). (3.10)

The three self-energy parts in these relations were defined in such a way that the direction
of the arrows at their terminals must be preserved.

In these notes we will not consider spin-dependent interactions; spin-flip scattering by
magnetic impurities as well as magnetic order normally strongly impairs the superconduct-
ing state.? Nevertheless, spin structures arise in quantum theory from spin-independent
interactions: states are classified according to their total spin. For the following it is helpful
to use a notation

G(X,X'; —=iT) = Ggs(r, r’; —iT), .. .. (3.11)

We will only consider cases where G 3¢k that is the spin of the quasi-particles is preserved.
Recalling that the anomalous parts derive from a normal diagrammatic expangioniip B-
1

representation and considering (3.4), it is clear that for spin-singlet pairing F I LEI
We introduce the Pauli matrices (Oj)sst
C1 1 I I C1 1 C1 1
0:10 0:01 0:0—| 0210 (3.12)
°" 01 "*7 10 27 i 0 T 0 -1 '

1L. P. Gorkov, Sov. Phys.-JETP 7, 505 (1958).
2However, exotic systems have been found where magnetic order and superconductivity coexist, and
antiferromagnetic correlations need not imply spin-flip scattering.
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and have B
G [ay, F Lia, CF1 (3.13)

From (0;)? = 0p it is clear that the self-energy parts must have the same spin structure as
the Green'’s functions.

In all what follows, the Fourier transformed Green’s functions and self-energies at the
Matsubara frequencies (2.34, 2.33) are used:

]
Goo(r, ;i) = —  dre''™! [ [Po(r, —iT)PL(r'0)] 1. . (3.14)
0

Again making the connection to the normal Green’s function in ﬁ-representation for which
(2.8) holds, the asymptotics of the anomalous parts derives from the behavior of the
Bogoliubov-Valatin transformation (3.4) for |LGd| — oo, that is from the behavior of the
self-energy. One obtains

Jim B(=0= lim (D) (3.15)

since we know from the BCS-model that in (3.5) yk — 0 in this limes.

3.2 The Nambu Structure?

The diagram structure in the superconducting state in lﬂ—representation seems to be rather
tangled if expressed in formulas since one has to observe the arrow rules when linking the
parts of skeleton diagrams. However, Nambu observed that everything is automatically
correctly arranged, if one collects the normal and anomalous parts into another 2 x 2 matrix
structure

= :Etﬁ (r, =i (r'0)  Wo(r, —iT)Por(r'o)P
/8 — _ ilsT INCASERERAYS &) ) o\l ™ a!
Coolr, 1AL == AT Tr ol r =PI 0P BL(r, —iT)Por(r'0)

27 ) )
_ Ggoi(r,r';ils) Foodr, r';ils)
N Foo':(r- r’; ||Q _Go‘%(rla r;—i @

(3.16)
[ M % 1
Yoor, r';ilk) = . 3.17)
HHD G
Then, (3.6-3.9) simply reads

where Gg is Nambu diagonal and has no anomalous parts. For the 2 < 2 Nambu structure
another basis of Pauli matrices t;, i = 0,1, 2,3 is introduced which is identical with (3.12),
but acts in the ‘Nambu space’ and not in the spin space. Hence, any product g;T; has only
a dyadic meaning as a 4 x 4 matrix where the elements of the 2 < 2 Nambu matrices are
2 x 2 spin matrices. Our Green’s functions of a superconductor are thus 4 < 4 matrices in
the full Nambu plus spin structure. However, as we already mentioned, we will not consider
spin-dependent interactions in the full Hamiltonian H and will confine ourself to spin-singlet

3Y. Nambu, Phys. Rev. 117, 648 (1960).
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pairing. Then, every diagonal matrix element of the Nambu matrices is proportional to oy
and every o [=diagonal element is proportional to o, where (0,)? = go. Hence, if we put

(GOOE) = GOG! (FOOE) = GZF: (EOUE) = O—ZE,
(ZooDii = 00Zii,  (ZooDizj = 02Zizj,

where the outer subscripts of > are the Nambu subscripts, then all relations like (3.18) hold
for the spin-independent quantities of the right hand sides of (3.19) forming 2 < 2 Nambu
matrices.

In the caﬁel_hispirl—triplet pairing, the Nambu o [=diagonal matrix elements are propor-
tional to o> j_; 0jF;. If one wants to treat spin-flip scattering or magnetic order, one has
to work with the full 4 < 4 structure of the Green’s functions and self-energies.

(3.19)

3.3 Green’s Functions and Vertices for the Electron-
Nucleon System

We are now prepared to return to the Hamiltonian of Section 1.1. We expand it in powers
of the lattice displacements u, = Ry — RY;:

H=H°+H'+H%+ .., (3.20)
HO =T+ Vee + (Ven + Van)(R,) — N, (.21
a1 L (A, + Vian)

e (3.22)
m

IR s— P Y Ay .  —

H2:T+} Um'M' n 1T =- 767, (323)
2 dR0 IR? 2Mm 9U2,
mn m

Note that \79n depends on both the electron variables x; and the nuclear positions Ry, or
Um. Vnn depends only on the nuclear positions. However, there is very strong compensation
between both for the tightly bound electrons of the ionic cores, and we will further treat
their sum as one potential acting on both electrons and ions and call it V°, V1, V2, .. where
the superscript indicates the power in uny,. There is also very strong compensation between
Vee and V © resulting in a much weaker electron self-energy compared to these potentials. In
fact only the sum of all potentials is well behaving ( [NI) in the thermodynamic limit.

We define the free-electron Green’s function with the operator t — pN of (3.21) (cf.
(1.25)). From the equation of motion, (2.25), we find

3 r/a /. — /
d°rp [+ 5352 -l (r—ry)Gy (ry, r’; DI=0(r —r’).

There is a conjugate equation of motion which is obtained if one replaces in the derivations
of Section 2.2 P(xt)PT(x’,0) with P(x0)Pf(x’, —t). It yields
L] 0 ) 5 [l
a3 GYA(r, ry; — 0 — [+ ~53y7 M 3(ri—r)=3(r—r').
By continuing both equations to the Matsubara frequencies and observing (3.9) which implies
[G(r, r;il5)]22 = —G(r', r; —ils), we end up with the equation of motion for the free-electron
Green’s function in Nambu representation:
1 [1 |:|1 62 [T
&Br; il T3 ~55pz M (= r)Go(ry, r';ils) = Tod(r — r') (3.24)
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with the formal solution
D I:Il 62

Go(r,r’;ilk) = 1ild—T —f——uljj]lti(r—r’) (3.25)
0 ) 1 0 3 26r2 - -
Besides (2.57) and (2.58), another useful way of writing Dyson’s equation is (Ggl—E)G =1,
or
L oo [ 52 O O
d*r. ToiltTs 552 M d(r—r1)—3(r,ry;ils) G(rg, r’;ils) = 10d(r—r’). (3.26)

Here, 3 has to be build from W = H —t— T, where T does not enter & because it does
not depend on the electron variables.

In a crystal lattice, the r and r’ dependences of the Green’s functions must be lattice
periodic. Hence, a quasi-momentum representation may be introduced according to

(2”)3 ° i(k+Q) - r—i(k+QY-r I
e Gk, Q,Q%il). (3.27)

k QQH

G(r,r’;il) =

The sum over quasi-momenta k runs over Mst Brillouin-zpne (B.Z.) in accordance with
Born-von Karman boundary conditions, = [V/(2n)%] d%k, and Q, Q' are reciprocal
lattice vectors. After insertion the same representatlon of Gg into (3.24), —02/dr? may
be replaced by (k + Q)? there, and then the ri-integration over the d-function simply

replaces Iﬁiﬂ the Green’s function. Replacing on the right hand side 6(r — r’) =
@né/N T gl+Q)-(r—r'Y and comparing the Fourier components yields
L]
2
Go(k,Q, Qi[5 = 5QQ:. Toilg— Ts I?RIJ“ D, (3.28)

This expression will be used in the estimates of the next chapter.
For the lattice motion we define a Green’s function

(5]
DANUN; i) = —  dtel®sT [T [Gia(—it)Gixc(0)] ] (3.29)
0

where I, I’ count the unit cells of the crystal lattice, and A, A’ count the degrees of freedom
within a unit cell, that is A runs over the Cartesian co-ordinates of all nuclei in the unit
cell. The bosonic Matsubara frequencies (2.33) will be denoted by ws in the following to
distinguish them from the fermionic frequencies [g] The operator G, (t) is the Heisenberg
operator of the displacement of the nucleus from the regular lattice position. Likewise, a
quasi-momentum (phonon) representation

BE_ 1,
DA N iws) = % e'd(Ri—RiDp(g, A, N; iws) (3.30)
q

may be introduced where M is the number of unit cells in one Born-von Karman period of
the crystal.
For a free-phonon Hamiltonian

Hpn = bga@aabaa
qA

36



where

1 D] ~ [
%% elq'R?Up\ = <é: bq)\ + b:;)\

20gAMx
one finds (exercise)
Do(a, A, N iws) =
&7

1 REE | nn e It e
= oty T T BB+ T b=
1
6)\)\1_\ 1 _ 1 _ _M 1
T 20aAMa i0s —@gn i0s+ogn M w2+ w3,

Since in our approach the harmonic forces in Hy (terms quadratic in u) depend also on the
electronic degrees of freedom, we have to put them into W and should define the free-phonon
Green’s function Dy with the operator T alone, that is, without harmonic forces and hence
with all ‘bare phonon frequencies’ wg gx = 0:

Do(q, A, N} i) = — I\?I))\\)(\; (3.31)
S

or, back transformed with (3.30),

IEJINE!
M)\(.Og '

Do(IN 'V iws) = — (3.32)
A phononic Dyson equation, (Dg1 + M)D = 1, with a phononic self-energy N reads in the
representation (3.29, 3.32)

1
—M;\wgéulé;\;\l + |_|(|7\, |1)\1; ioos) D(|17\1, |/)\/; iOJs) = 6||I:6)\)\D (333)
|1}\1

M has to be build from the same W as X, only the two terminals of I are Dg-terminals
while the two terminals of X are Gg-terminals.

The situation described in the previous sentence determines the primary vertices of our
theory. As previously we symbolize a primary vertex by a dot. Since we will now be left
with quite a number of such vertices dilering by the number and kind of ‘legs’, that is of
free-particle Green’s functions to be connected to them, we symbolize them by ‘dots with
legs’, having in mind that the legs themselves are not integral constituents of the vertex.
They only indicate which types of free-particle Green’s functions in which number are to be
connected with that vertex when forming a complete diagram. The vertices are:

s — N
Vee! >+ X

o= e+ O (3:34)

W

8 .
%
Y
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We have compressed the dashed line of Section 2.6 into a four-leg vertex. A straight leg
corresponds to Go and a wiggly leg corresponds to Do. The pure phononic vertices coming
from y,jn were combined with vertices coupling to the electron density n(r) and coming
from V.. This takes into account the strong compensation of interactions mentioned at the
beginning of the section. (As regards V°, see below.) We do not attach arrows to the lines
because both the Nambu Green’s functions and the phonon Green’s functions are composed
of parts with arrows in both directions. In momentum representation of course the total
quasi-momentum on each vertex must vanish.
Typical contributions to 3 and I are:

- Qe N S,
S

The other strong cancellation between Vee and \76(31 mentioned in the beginning of the section
takes place between the first two diagrams for 3. Therefore, they will be combined into the
vertex V0 of (3.34). According to our definition in the first line of (3.34), the first diagram
for X consists of two parts, the direct Coulomb interaction with the electron density and
the exchange interaction with the single particle density matrix (first two diagrams of the
expansion of (2.51) in Section 2.6). This corresponds to the Hartree-Fock approximation.
Now recall that we have a small parameter a of (1.7) in our theory, which is the ratio
between the phonon and the electron energies. Before we may introduce proper full vertices
and skeleton diagrams we have to classify the diagrams with respect to their order in a.
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Chapter 4

Split-o Laof High-Energy Parts

We are now prepared to follow the review article of D. Rainer cited in the first footnote
of Section 1.1. As was stated in that section, there is a small parameter a = M &=
M (/2 = 10~ 2 in the theory, where the average nuclear mass means the average over the
solid which in case of a crystal is equivalent to the average over the unit cell of the crystal.
The cancellations considered in the last section for the tightly bound electrons of the ionic
cores make a theory with rigid ions and pseudopotentials for the valence electrons very
close to the full theory, and the Born-Oppenheimer perturbation theory applies to it, too.
Hence, [N the above ratio is to be understood as the average kinetic energy of the valence
electrons. The ratio MZE s in the following replaced by the equivalent ratio wpn/ &
where wpp is some characteristic phonon energy, for instance the Debye energy. Another
ratio of the same order a is T./[g] the ratio between the transition temperature into the
superconducting state (in energy units) and the Fermi energy.!

The strength of Green’s function theory much derives from the possibility of partial sum-
mations, that is from the possibility of deriving integral equations corresponding to equations
of skeleton diagrams, which make sense even in cases when the primary perturbation series
do not converge. In this chapter we will classify all primary diagrams with respect to their
order in a, and then perform partial summations within classes.

4.1 Classification of Primary Diagrams

Since the Hamiltonian (3.20) contains only Coulomb interactions, the virial theorem holds
for it saying that the average Kinetic and potential energies are of the same order. The
kinetic energy is dominated by [ Which is of order a®. Hence, the Coulomb interaction is
also to be taken as of order a®. Now, realize that the factors up, of (3.22, 3.23) go into the
phonon Green’s function Dy and not into the vertex. The first statement then is:

1. All primary vertices (black dots of (3.34)) are of order o°.

Since the black dot with an electron loop attached in (3.34) represents the Coulomb potential
of the electron density (cf. rule 4. of Section 2.6), the statement holds also true for the empty
dots of (3.34).

With the Green’s functions the situation is more involved; they consist of contributions
of dilerkent orders in a. The classification of those contributions can only be made in
energy-momentum representation. Consider Go(k, Q, Q’;ilg) from (3.28). From (2.33),

INormally, Tc is even much smaller than Wph. Since, however, o = 10~2, both ratios are treated as of
the same order in a.
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)= (2s + 1)nT, which in the case T [CTJ is of order a® for s << a~! and of order a° for
s = a~. On account of the prefactors To and T3 one has?

Gy is of order a~1, if both [gland (k + Q)2/2 — u are of order a; otherwise Gg
is of order o©.

With ws = 2snT and M [Cat?, (3.31) yields
2. Dy is of order a®, if ws [Caj and of order a? otherwise, irrespective of g.

Hence, there is a restricted range of Matsubara frequencies which in the case of electrons is
further restricted to low excitation energies (while all phonon energies are to be considered
low) and in which the Green’s functions are of leading order. Outside of these ranges they
are of lower order.

Before proceeding we observe, that any inner phononic line of a diagram increases its
order in a at least by one: either the phononic Green’s function is [_af or the Matsubara
frequency summation corresponding to that line is restricted [al Hence, the leading order
electronic Green’s function contributions are not aledted (to leading order) by phononic
contributions. This lets us introduce a purely electronic Green’s function GO with use of
the vertices Vee and V0 only:

GOZGO-'-GOEOGO, EO: _‘_+©+©+‘@+ + ... (41)

Like in Section 3.3, the superscript 0 in G° and in X° means zeroth order in u while Go as
previously means the free-electron Green’s function. Clearly, the scale of any frequency or
energy dependence of G° and 3° is a® since no a-dependent terms enter.

This problem of obtaining the electron Green’s function in a static arrangement of nuclei
is a problem of its own. It is nowadays solved in two steps. Before discussing the details
we mention that generally Dyson’s equation, G = Gg + GoZG, may in an operator sense be
cast into G~1 = Ggl — > by multiplying the first form from the left by Ggl and from the
right by G—1 (cf. (2.58)). If now the self-energy is expanded as = = S + 3, + - - -, then we
may form a sequence G;* = Gy ' — 3, G,* = G;*— 34, ... which converges to G2, if the
series for = converges. Note that stepping from one equation to the next in this series does
not simply mean replacing >, by >+1, but implies a complete diagrammatic restructuring
of Zn+1 Iin terms of G471 instead of G, for the diagram lines. In terms of Dyson’s integral
equation the kernel G, is to be replaced by the kernel Gp+12n+1.

The first step towards solving our problem is now a density functional calculation. A
description of density functional theory is outside of the scope of these notes.® Although
it could be formulated for non-zero temperature, it is usually treated at T = 0 which is
completely su [cieht in our context, since T [al It provides a Green’s function GY which
yields the correct final density of the problem as n(r) = —iZ2[G{]11(r, r;—iT - +i0) (the
factor 2 results from the sum over spins), and a self-consistent Kohn-Sham potential Vis(r)
representing the diagonal and frequency independent 9:

=3(r, r';ils) = tad(r — r')Vis(r). (4.2)
Instead of (3.25), the unperturbed electron Green’s function GY is now defined with the
e [edtive Kohn-Sham Hamiltonian
10?2
20r2
2Gp may be even of higher order in a for very large [slor Q. Since the corresponding sums over [gland
over Q, however, converge, there is no need for treating this as a special case.

3See, for instance, H. Eschrig, The Fundamentals of Density Functional Theory, B. G. Teubner, Stuttgart,
1996.

Hiks = — + Viks(r) — (4.3)
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and the remaining self-energy =° — X8 is obtained by replacing
VO~ (Ven + Vin)(RY,) + Vee [A — Vics (4.4)

in (3.34), where the first terms on the right hand side correspond (in a symbolic way of
writing) to the first two diagrams of (4.1). Therefore, the new vertex V ° is to be expected
a rather weak perturbation. Ve remains unchanged.

For a crystalline solid, instead of (3.28) the unperturbed electron Green’s function is now

Gi(k,n,n’;il5) =8 ?iQ—T Dmh— e
FAATRAY 3 nnt Lo 3 3 ’ (45)

and, in x-representation,

BB T 1 oy o
Gi(x,x’;iN= Okn(X) 0, (X)) Toilsl— T3 dh — 1 } (4.6)
k n

Here, n,n’ are band indices of energy bands [, and @kn(X) are the corresponding Bloch
orbitals. (Cf. (2.25-2.28) and (2.16).) Now, the classification rule reads

3. GY is of order a~1, if both [gland [h — W are of order a; otherwise G? is of
order a®.

In free-electron metals like aluminum, there is not a big di Lerknce between this rule 3 and its
free-electron counterpart given above. In the general case, we have to do a band structure
calculation with a self-consistent potential Vks as close as possible to the exact one. For
that purpose, non-local Kohn-Sham potentials as LDA+U are sometimes used.

Since the new unperturbed Green’s function G provides the correct density and a rea-
sonable approximation to the quasi-particle spectrum, we have

o O

With the latter bubble we now may introduce a screened electron-electron interaction like

in (2.63):
et )

29=0+&

as a variant of the so called GW approximation.* Here, according to (4.4), the first term
is the dilerence between the Hartree-Fock potential computed with the Kohn-Sham den-
sity matrix and the Kohn-Sham potential itself. The second term dynamically screens the
exchange potential.®> The GW approximation is presently at the limit of computing >°.

and define

4U. von Barth and L. Hedin, Nuovo Cimento B23, 1 (1974).

5The direct Coulomb potential remains unscreened in this context, since screening this interaction only
leads to contributions to the loop with the full electron Green’s function and hence to correct the density
which was already correctly determined by the simple loop with the unperturbed Green’s function.
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We now split the Green’s functions into the leading order part and the rest, in quasi-
momentum representation,

G(k,n,n";ils) = G'(k,n,n’;il) + GM"(k, n,n’;ils) =

_ L 4.7
D(g, A\, N; iws) = D'(q, A\, N; iws) + DN (g, A, N} iws) = 48
= "N+ L, (4.8)

This splitting is meant for both unperturbed and full Green’s functions since we want to
introduce skeleton parts in compatibility with our classification. The high energy parts
labeled ‘high’ are supposed to be zero in the low frequency and energy regions and vice
versa, so that the sum of both parts as the final result does not depend on fine details of
the splitting.

Each diagram originally comprising n lines is now split into 2" diagrams with all possible
combinations of low and high energy lines. However, any part of a diagram consisting only
of high energy lines and possibly all kinds of vertices is of order a®, or of higher order, if it
contains high energy phonon lines.® The sum of all such parts with given numbers of low
energy terminals is uniquely defined by the latter (as a function of the variables of those
low energy terminals). It will be represented by a cross-hatched blob with terminals and
considered a ‘high energy vertex.” It would have to be calculated by summing up all con-
tributing high energy diagrams which comprises summation over the Matsubara frequencies
and integration over the quasi-momenta as well as summation over band or branch indices.
This is precisely meant in Many-Body Theory if one speaks of integrating out the high energy
degrees of freedom.

4.2 Migdal’s Theorem

Now we consider diagrams or skeleton diagrams consisting of low energy unperturbed or
full Green’s functions (thin or thick lines) and high energy vertex blobs. Examples are the
following electron self-energy contributions:

Let us determine their order in a. There are three low energy electron lines yielding together
a3, and two low energy phonon lines yielding a®. The phonon Matsubara frequencies ws
as well as the phonon momenta q are uniquely determined by the electron Matsubara fre-
quencies [s] [zd and [d and by the electron momenta k, ki and ks, respectively. Frequency
and momentum conservation on the vertices also makes the frequencies and momenta on
the left and right halfs of the left diagram equal. The independent summation over the
independent two inner frequencies Jand [lup to order a yields a?. In the left diagram,

6For the latter reason one could in all what follows completely neglect the high energy phonon contribu-
tions.
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there are independent integrations over k; and ks, each over layers of thickness [alaround
the sheets of the Fermi surface. (The thickness of the k-layer is equal to the thickness of the
(Gch — p)-layer divided by the Fermi velocity of the reference band structure which latter
is on the high energy scale and hence [Caf.) Since the low energy phonon momenta are
unrestricted, there is no further restriction on the electron momenta. The two k-integrations
yield another factor a?. Hence, in total from the low energy lines, the frequency summations
and the k-integrations we find the order a—2a?a? = a for the left diagram.

The diLerknce in the right diagram comes from the additional condition that ky —k; +k
must also lie in an a-layer around a sheet of the Fermi surface. Hence, ko must now be close
to the intersection of two sheets of the Fermi surface. One drawn from the origin and one
drawn from the point k; — k. While in three and two dimensions the Fermi surface is two-
and one-dimensional and that intersection is one- and zero-dimensional, respectively, in one
dimension there appears no new restriction. There, if Kk, k; and k, are close to a Fermi
point, then k, —ky + K is either. (In particular cases which are called Fermi surface nesting
this situation may also appear in higher dimensions.) In higher than one dimension and in
the absence of nesting we find for the right diagram in total by an analogous count as above
the order a—3a?a® = a2. Only in one dimension or in case of nesting the same order as for
the left diagram is obtained.

In order to calculate the full electron Green’s function G'Y = GIPW>G'% in leading
order a1, one needs the self-energy X in leading order a. The above considered diagrams
are part of the skeleton diagrams

The inner phonon line of the previous left diagram is part of the inner full electron line of
the left skeleton diagram (it contributes to the self energy of that full electron line). The
checkered vertex on the right skeleton diagram means a full (high energy plus low energy)
vertex, to which the right phonon line of the previous right diagram contributes. Migdal
has shown’ that our above findings regarding the order of such diagrams are quite general:

In higher than one dimension and in the absence of nesting, all phononic con-
tributions to vertices are of higher than the leading order in a.

What about low energy electronic contributions to full vertices. Consider as an example
the diagram

k1+k3—k2
L+ = [

It contributes to the right skeleton diagram above. There are four additional low energy
electron lines entering the right full vertex and yielding a contribution of order a—*. There
are two additional frequency summations over [land [3] yielding a?. There are the corre-
sponding momentum integrations over ky, and k3 running over Fermi surface layers. Both

"He proved it on the basis of Frohlich’s Hamiltonian, which in this context makes no di [erence.
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momenta must, however, fulfill an additional condition which reduces both integrations to
intersections of Fermi surfaces with shifted ones. These two integrations hence yield o*, and
the total order of the vertex correction is a—*a?a* = o?. (It is easily seen that without
the phonon line the pure electron vertex would also be of order o? = a—2a?03.) By this
reasoning, the factor a—* of each inner low energy electron line is compensated by a factor
a from momentum integration, and the order of the contribution is equal to the number of
independent new frequency summations:

In higher than one dimension and in the absence of nesting, all low energy elec-
tronic contributions to vertices are of higher than the leading order in a.

In all what follows we assume an e [edtive dimension higher than one and the absence of
nesting.

4.3 Leading Order Self-Energies

With these results, the leading order low energy electron self-energy skeleton diagrams are:

z :'@' + + +% (4.9)

The first contribution is the high energy electron self-energy in the static solid (2° — 39
of Section 4.1). It is formally of order a®. This would lead to the appearance of all orders
a~" for all n > 0 in an expansion of Dyson’s equation for the low energy electron Green’s
function (since Gy Cal'! in G = Gy + GoXG would not be compensated by ¥ [Calin
the second term). Hence it would completely destroy our systematics because our rule 3. of
Section 4.1 would not any more carry over to the full Green’s function. This is why it was
so important to replace the free-electron Green’s function Gg by the band structure Green’s
function GY in such a way that the remaining self-energy X — X9, although formally of order
a®, is practically small of order o in the low energy low frequency domain.

The second contribution was analyzed in the preceding section, and the last two contri-
butions to > contain dressed four leg vertices which are indeed of order a®. However, both
the electron and the phonon loop introduce a factor a: Their frequencies and momenta are
independent from those of the terminals, and hence, by way of the analysis of the last sec-
tion the electron loop introduces a~aa, and the phonon loop introduces a®aa®, the latter
factor since the low energy phonon momentum is unrestricted.

In view of the independence of the frequencies and momenta of the loops one could think
that those last two contributions to ~ have a weak frequency and momentum dependence,
changing only on the large energy scale like the first contribution. This is indeed the case
for the last diagram, the last but one, however, will develop an anomalous part in the
superconducting state since the full Green’s function of the electron loop will develop such
a part. Hence, the essential low energy electronic self-energy contributions are the middle
two of (4.9).

The leading order low energy phonon self-energy consists only of the high energy blob of

order a®:
n= "“@N (4.10)

This is consistent with our systematics, since DI®¥ [—aP, and hence Dyson’s equation
preserves this order for D'V, Hence, the low energy electron Green’s function does not
enter the phonon problem to leading order. It is completely determined by the high energy
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electronic structure and hence by band structure theory. The superconducting state only
weakly influences the phonon spectrum.

Since the high energy blob of (4.10) has a frequency and energy dependence of the high
energy scale, to leading order this dependence can be neglected in the low energy range,
hence (4.10) may be approximated by the adiabatic expression (in the representation of

(3.29))
2
M, N 0) = aEOE (4.11)

OUNOUIATT—g

where Eg is the total energy of the normal electronic ground state in a static assembly of
nuclei at positions with coordinates RY, + ujx. Note that due to (3.22, 3.23) each diagram
with a phononic terminal is obtained from a corresponding diagram without that terminal
by di [erkntiation with respect to the nuclear positions.

ultiplication of the force constant matrix elements on the right hand side of (4.11) with
1/ MxMjpoand diagonalization of the resulting matrix yields

oA NGO = & e > ot a)e TR 412
(A IN;0) = = e Te(@K)wgerdar)e ) @.12)
gk

where M is the number of unit cells as previously and the orthogonal polarization vectors e
are complete and normalized in such a way that:

1 |:_]0 A o]
v e'IRie)(gr)ex(ar)e "I Rio= & ;BpnM)y (4.13)
qK

with the nuclear masses M,. Hence, from Dyson’s equation in the form D1 = Dgl —-n
one finds readily

DA N iwg) = — - eiq'R?e)\(qK)#e;dQK)efiq'R?D (4.14)
’ M ax Wz + 0Fk
i D@ AN: i0e) = —  en(qK)————eX(qK) (4.15)
ql 3 ) s)] — . A q wg_'_wéK A q . .

If one is interested in the e [edt of the superconducting state on the phonon frequencies,
one can of course calculate a next correction term to N of a form analogous to the third
diagram in (4.9).

The same type of consideration as in (4.11) immediately shows that every tadpole part
of diagram with a phononic tail is exactly zero in a harmonic crystal:

nigp =1 =
aU|)\ u=0 ’ (4.16)

Here, the checkered blob means again a full (high plus low energy) skeleton vertex, which
at variance to (4.10) is correctly to all orders in a equal to the first derivative of the total
energy with respect to the nuclear position. The vanishing of all those first derivatives
just defines the nuclear equilibrium positions relative to which the adiabatic and harmonic
phonons are defined. For that reason we did not include tadpole parts with phononic tails
into our analysis of orders of a (where they would not fit in, if they were non-zero). In
a harmonic crystal, [R,[3= R?, holds independent on temperature, there is no thermal
expansion. Anharmonic corrections change this behavior and also correct (4.16).
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Chapter 5

The Low Energy Equations

In the last chapter, two high energy problems have been separated from the low energy
problem of superconductivity (and of low energy transport in general): the problem (4.1-
4.6) of the self-consistent electronic structure of the solid without lattice displacements and
the problem (4.11-4.15) of the adiabatic lattice dynamics of the solid. Both problems need a
careful treatment of self-consistent screening of the Coulomb interaction and hence a careful
calculation of the electronic density. Density functional methods provide nowadays the most
powerful approach to both problems and allow e [edtively to solve them with the needed
accuracy.

The remaining part of the electron self-energy, 3° — X9, which relates the full high
energy Green’s function, G°, to the unperturbed Green’s function, G¢, of non-interacting
band states, may be addressed by GW methods. For the sake of brevity, this remaining part
of the self-energy is denoted by X9 in the following. Since it is small, it may be considered
to be of the low energy scale in magnitude but vary on the high energy scale as demanded.
This lets us write

2, ;i) = TaZ9(r, r;0) + 1o=9'(r, r'; 0) i [5) (5.1)

as the Taylor expansion of the frequency dependence of X9 to linear order. From (3.16) one
can see that not only the sign of the Nambu component G, is reversed compared to G1
but also the sign of the frequency argument. This must also hold true for 3°, whence the
first order Taylor term is [CTd. In a normal metal, the imaginary part of % is 12} hence
59 and =9 are real (and symmetric as integral operators).

As for the adiabatic lattice dynamics calculated with density functional methods, it
nowadays agrees typically within five to ten percent with the experimental phonon spectra.

Given these results and the high energy vertices, the problem of superconductivity re-
duces to the solution of the closed non-linear equation system

(I R 1
d®ry Toilh 1(r, r) —eHO(r, r) = Z5P(r, ry; i) — =88(r, ras i) GY(ry, r'sil) =

=10(r—r’) (5.2)

which is Dyson’s equation for G'°" to leading order with the self-energy contributions of the
first three diagrams of (4.9). H° consists of Hys and =9, and a~* contains =9'. Eq. (5.2)
is non-linear since 5P and %$° depend on G'*%.
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5.1 The Quasi-Particle Renormalization

The first term of (5.2) contains the linear Taylor term of (5.1). Like in (2.62) it leads to a
renormalization of the quasi-particle amplitude,

1 / I:Il /
a(r,r'y= 8(r—r)—=2(r,r’;0) — =3(r—r)+=0(r,r’;0). (3)

(The exponent —1 means the kernel of the inverse integral operator.) This so called Coulomb
renormalization factor barely ever has really been calculated for a real band structure. It
could be addressed by GW methods as mentioned above. In normal metals, |Z(1’/| is of the

order of 0.1 to 0.3, and hence only 22'2 is small of order a. (In (5.1), although ¢ o) =9’
may be of order a®, since in the low frequency domain [glis of order a.)

In the standard approach the Coulomb renormalization factor is considered by renor-
malizing all quantities entering (5.2):

g — Tsafl/Z I:CB'OW I_—arl/Z (54)
h° = a2 (H° a?, (5.5)
0% =a'? X @1, (5.6)
o® = al’? X% (a1, (5.7)

where for the sake of brevity a notation of integral operators was used,

att2=1x %zo’, (5.8)

and the star means the operation
-

(@amm(r,r)y= d®ria(r, ro)b(ry, r'). (5.9)

(The factors 13 in (5.4-5.7) are just convention to reduce the number of factors t3 in the
following relations.) Dyson’s equation (5.2) renormalizes to

| Cl
T3ilg— toh’ — 0% — o [g=1. (5.10)
The Hamiltonian Hy for the high energy quasi-particle band structure was
HO(r, r') = Hks(r, r') + Z3(r,r';0) (5.11)

with Hks from (4.3). From its renormalized form an e [edtive quasi-particle potential

101 1
VO =h0— (t— ) = Vks + 29 + 3 HO, =Y’ (5.12)

+

may be extracted, which is meaningful for low electron energies (that is close to the Fermi
surface) since (5.1) was meaningful in that domain. It is related to the quasi-particle Green’s
function g (which in the normal state has a spectral amplitude equal to one at the quasi-
particle pole and yields a quasi-particle quasi-momentum distribution which jumps from
unity to zero at the Fermi surface). The quasi-particle Green’s function g on the other hand
is related to the true electron Green’s function G via (5.4) in the low energy domain where
we still neglect ImX [ad. In practical calculations vO is often approximated by Vs, while
59" should not be neglected in (5.4, 5.6, 5.7).

11t has been calculated by many authors for the homogeneous electron liquid or for model systems.
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5.2 The Electron-Phonon Self-Energy

The potential v° is also intimately related to the (high energy) electron-phonon vertex
entering the second diagram of (4.9). As was already explained in connection with (4.11),
a diagram with a phonon leg is obtained from the corresponding diagram without that leg
by di [erentiation with respect to the nuclear positions. In the considered case, the electron-
phonon vertex denoted by P(r, r’|IA) is obtained by dilerkntiating the two leg electron
vertex °(r, r’; 0) of (4.1):

03°%(r,r’;0)

eP(r, r'[IN) = 30
IA

(5.13)
u=0
(Since we need the vertices only to zeroth order and in the low frequency range of the legs,
>0 may be taken for [g] — 0 here.) In accordance with the previous section we define a
renormalized electron-phonon vertex as

yeP = al’2 [1°P [al/2. (5.14)

With the help of the Feynman rules of Section 2.6, the electron-phonon self-energy diagram
(second diagram of (4.9)) is translated into
- [ —
2P(r,rilg) =—  d®rid’r) =
I)\,IL)U—‘[3 st
FeP(r, raIN TGO (r, rl; il— iws) TP (ry, r/[VA)D (A, N iwsD).
(5.15)

(The two factors 1/B attached with G'°Y and D are canceled against the two factors (3
attached with the two vertices. Since a self-energy diagram has external structure like a
Green’s function with two vertices, it is translated into —p3X. Additionally, like H® in (5.2),
each pair of electron legs of electron-electron and electron-phonon vertices gets a factor t3.)
Substituting (5.15) with the renormalized quantities (5.4-5.7, 5.14) yields finally
1
I E—
o®(r,ril) =—  d°rid’r] =
|A,|§DB st (5.16)

YEP(r, r[IN)g(ry, ry; ill— iws)y P (ry, r'['A)D(IA, I'N; i0sD).
The electron-phonon vertex yP is obtained from (5.14) and (5.13):

yeP = al/2 >0 (a2 = g1/2 ﬂHO at/2 =
q@g‘ O

a2 12 g V2 /0 (g2 [F/2 = Lho _ }
odu ou 2

Since h [Calin the low energy domain while vertices are generally [ad, the terms in square
brackets may be neglected, and the final leading order result is

0 I
VP iy = 20 (r'r)E . (5.18)
U o
This important result says that the renormalized electron-phonon vertex is obtained as the
change of the quasi-particle crystal potential for a static displacement of the nuclear position
out of equilibrium. 1t may readily be calculated like v° itself by means of the same density
functional approach, possibly corrected with GW methods.
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5.3 The Electron-Electron Self-Energy
The third diagram Ofl%ig) translates into

. 1
€, rik) = — &S
B .
(This relation also defines which sign and (3 factors are attached with ¢¢.)
The Nambu structure of this diagram is

QR
LG

For the diagonal elements, the same holds true what was said in Section 4.3 about the
fourth diagram of (4.9). They need not be considered further and we may concentrate on
the o [=diagonal diagrams in the sequel.

Even if the normal metallic state is not spin polarized, the exchange part of the electron-
electron interaction and hence also ¢ depends on the spin of the electrons. For the case
of singlet pairing considered throughout this text, the spin structure of G and ~ was finally
determined in (3.19). In (5.19), "¢ has to be taken in accordance with that spin structure.
Clearly, this is dilerent for instance for singlet and triplet pairing, respectively.

Before going into the details, we also observe that again the frequency dependence of
the vertex M€ may be neglected to leading order for the same reason as in all previous
considerations of that point, and the vertex may be taken at zero frequencies (in the sense
of analytic continuation; zero itself is not an electron Matsubara frequency). Moreover, it
may be renormalized for each electron leg:

Fee(r, r',ry, r}; il i) TG (ry, ry; ih)Ts  (5.19)

YeE(r, v r, ) =
drod3r,dirad®rial’?(r, ro)al’2(r', rh)ree(ry, rh, ra, r5; 0,0)a?(rs, r1)a/2(r, ry).
(5.20)

This reduces (5.19) to

ee N — _ d3 d3 /l ee ’ / /.3 2
o (r1 r ) rl rlB y (r1 r, rlv rl)g(rlv rlv I@a (5 l)
s

of which the Nambu o [=diagonal matrix elements matter only. Like the vertex, the electron-
electron self-energy is to leading order frequency independent.

5.4 Bloch Function Representation on the
Fermi Surface

We now introduce a representation in terms of low energy quasi-electron Bloch states, that
is, eigenstates of the (Hermitian) Hamiltonian h® with the kernel

(e ) = —2 2 (e = ) () 522
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defined in (5.5) and (5.12). The quasi-electron band structure is obtained from

h°un(r) = Qun(r) Gch- (5.23)

The orbitals @k for spin up and down are assumed equal, hence the spin variables are again
omitted. As usual, the orbitals are normalized within a unit cell of the crystal. The quasi-
momentum varies in the first Brillouin zone, and n is the band index. The Fermi surface is
given as

FS = {kr : Ld.n = 0 for some n}, (5.24)

and (5.23) is physically meaningful in a vicinity of the Fermi surface only.
Summation over Bloch states in this vicinity are done according to

- —1 L] Hd
?(;/T)B #k =MD d’kd(k) dr-, (5.25)

kn |Gh <[] n Fs —I3

where [clis an energy cut-o [_t[F [T T so that G'°V is already zero on the surfaces
+[1in momentum space, but the local co-ordinates around the Fermi surface, k[ lare still
unique (cf. Fig. 5.1). M is the number of unit cells, and D(0) is the band structure density of
states per unit cell at the Fermi level and D(0)d(K) is the local Jacobian of the co-ordinate
transformation

Vu.c. Bk = Vue d?kedd
(2m)3 (2m)3 [0 bkn/0K|

= D(0) d(K) 2k d] K = K(Kg). (5.26)

Figure 5.1: Cut through a Brillouin zone with the Fermi surface (thick lines) and surfaces
of [F x[I(broken lines) as well as lines of constant K (short thin lines). The thickness of
the layer |[7< [clis inversely proportional to the Fermi velocity ve = 0 [kl n/0K.

The electron Green’s function in this representation is
1

OKEIR) = o Frd® 9 dr)o(r, ¥ i)pwctr’) =

0 [, (5.27)

= Tailsl— To[F o®P(kOL) — o*¢(kDD .
The integration is over the total volume of the crystal, and M in the denominator appears
due to the normalization of the orbitals within a unit cell. It is easily seen that the self-
energies are diagonal in this representation: o(kKLK'[[Jils) = ok (Ki). Hence,
the Green’s function is also diagonal, and Dyson’s equation is trivially solved (cf. (2.59)).
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Indeed, due to the conservation of the total quasi-momentum at every vertex, self-energies
and Green’s functions are k-diagonal. However, in the considered low energy domain the
band index n is uniquely determined by k, and kn-diagonal is the same as k[=diagonal.
Eqg. (5.16) now reads
1 T pE -
o®P(kCil) =— A A L (CO I [
IA, I‘?\D|3 st M

@KEIMpl(pK'E.@(K %_ “*)st)@K@W xcJO D (IA, | "N;iwsr) =
L1+ T pl

— 8 d?k’ d(K’)
IA IAE st

(5.28)

- ™
| FS
ol P |0xio 1 dIB(K Ci = iwsr) herolyEd0ro MUA, VN iwso).

Since all Care small and the matrix element of the vertex (5.18) may depend on the energy
of the orbitals on the high energy scale only, again to leading order all energy dependences
in the vertex may be neglected. Then, the self-energy does not depend on [Cany more and
only depends on the energy-integrated Green’s function?

]
9(k;ils) = dg(KEALs), (5.29)

which is a function on the Fermi surface only. The theory of superconductivity is then
expressed in terms of functions on the Fermi surface.

With
1P (K, K'[IN) = IIPIKoI I(pK@ (5-30)
and
/o __D(O) I:epl / I\ § ep (i’ '\
AK, K iwg) = ———= 1°P (K, K'[IN) DA, I'A; i) 1°P (K, K|I'AT) (5.31)
IAIAD

the electron-phonon self-energy is
1 =
oP(k;ilg) = 8 d?k d(K') A(K, K'; i0s0) g(K'; i 61— iwsD). (5.32)
st

This quantity is often averaged over the Fermi surface. Additionally one introduces a phonon
spectral function B(IA, I'\; w) according to

DN TN iws) = —2 IE(IzlcoB(l)\ 'N;w)——— 2 wz (5.33)
0
and a spectral density o?F (w) of the averaged A-function:
1 <] o
Ains) = d?kd?k d(K)A(KHA(K, K iws) =2 dw GZF(w)W, (5.34)
FS 0

2G. Eilenberger, Z. Phys. 214, 195 (1968); A. I. Larkin and Yu. N. Ovchinnikov, Sov. Phys.-JETP 28,
1200 (1969).
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1]
o?F (w) =D(0)  d?kd?k’ d(K)d(K")

R — (5.35)
10 KVBIN NN )1 (< KN,
IAIRAD

The electron-phonon mass enhancement is A = A(0).
Finally, the matrix elements of the electron-electron vertex are

D
1k ) = S Bl ol 100 (530)

where @_«o is the time reversal of the state @«g, that is, the state with reversed quasi-
momentum k (and reversed spin). The Nambu non-diagonal electron-electron self-energy
on the Fermi surface reads

1 1 |
[0 ()i = —  d°k d(K)W*(K, KI)E

The frequency cut-o [Chlas again been put to a value where the low energy Green’s function

should have converged so that the final results of the theory to leading order do not depend

on this cut-o CL_For the electron-electron pseudopotential p* also a Fermi surface average
1

W= d?kd?k d(K)d(K') p* (K, K') (5.38)

[9(K’; 1 TsD)]izj - (5.37)

is introduced for later use.
With (5.32) and (5.37), the energy integrated Green’s function (5.29) is now

- EI El . : Ell
g(K;l@ = dTiilgl— 1o & O—Ep(K;I@—o’ee(K) .

(5.39)
From the integral
el 1
1 — ) L1

dX —— =Ln(z—a)—Ln(z+a) = |n§Ta@ i Arg Ta =

T £ 2T (5.40)
1 1
=— 4% —in- 2'”17Z sign(lImz) = —imsign(Imz),

where z is complex and X is real, we see that for a large enough cut-o Cehergy [1(5.39) has
to leading order a meaning independent of the cut-o[]

Now the general electron-phonon theory of superconductivity for normal metals without
Fermi surface nesting is reduced to Eliashberg’s equations (5.39), (5.32) and (5.37), the low
energy equations of the microscopic theory for arbitrarily strong coupling.
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Chapter 6

Strong Coupling Theory of the
Transition Temperature

In the introduction to Chapter 3 we found that the signature of the superconducting state
is the appearance of non-zero anomalous Green’s functions involving the pair operators,
that is, the appearance of Nambu o [=diagonal components of the Green’s function. Above
the transition temperature T, in the normal conducting state, those components are zero.
Since in the absence of an external magnetic field the transition into the superconducting
state is a second order phase transition, those components veer o [_cbntinously to non-zero
values below T;. Hence, close to T the o [=diagonal components are small, and Eliashberg’s
equations (5.39), (5.32) and (5.37) may be linearized in those components. This is why the
theory of the transition temperature for given quasi-particle band structure, A(s, s’; iws) and
p* (s, s’) is the simplest part of the microscopic theory of superconductivity.

In the BCS theory, which is correct in the weak coupling limit, that is, for T, [@gh in
addition to the small parameter a, T. is obtained from the solubility condition of a simple
gap equation to be - -

1
9ecsD(0)

with y = e© where C is Euler’s constant, 2y/m = 1.13. Here, wpn is the relevant phonon
energy determining the cut-o [Cfor the BCS attraction with coupling constant ggcs. Hence,
Tc is known once one has calculated ggcs, wpn and D(0) from a microscopic theory with the
above mentioned ingredients. However, calculating ggcs is not really simpler than the direct
solution of the strong coupling T¢-equations as described below, and there is no reason any
more to use one of the many semi-empirical derivates of (6.1) found in the literature.

(6.1)

2y
Te = ?wph exp

6.1 Linearization of Eliashberg’s Equations

We continue to consider singlet pairing in the absence of magnetic fields or spin dependent
direct interactions. Hence the spin structure of the Nambu Green’s function and self-energy
is given by (3.19). We continue to omit the factors oo and o, since they are automatically
correctly replaced in Nambu matrix multiplications:
1 111 1 1 1
Op O2 0o O2 0o O2

=2 . (6.2)
O2 Op O2 Op O, Op

1J. Bardeen, L. Cooper and J. R. Schrie [ef, Phys. Rev. 108, 1175 (1957); G. Rickayzen, in: R. D. Parks
(ed.), Superconductivity, vol. 1, p. 51, Dekker, New York 1969.
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Apart from these Pauli spin factors, traditionally the Green’s function is expressed as?

I:gl;(K' ils) if(k;ils) —
g(K; l@ = if*(—,K; I@ g*(—|,<; IQ (63)

and the self-energy as

1 | =
%P (K; i5) + 0% (K) = '('Qi(p;(%'()) _i(gi(%K)) . (6.4)

We insert (6.4) into (5.39), invert the 2 x 2 matrix according to

I ———
a b 1 d -b
c d T ad—-bh —Cc a ' ¢
and obtain 1
o —[FiTs(K)
9(kils) = d'%_g.i‘[;(K))(—EI-i'[;(K))"‘(Ps(K)(P;(K) ©o
and _ . _ 1 i9s(K)
if(k;ilg) = (6.7)

d - - .
O R0 TIK) + 9s(09(K)
Linearizing these relations with respect to the o [=diagonal matrix elements means neglecting

©0* in the denominators. Then, the integrations are elementary with the results

9s(K)
Tl

(The first integral is a principal value integral, cf. (5.40), the second one can for instance be
done by contour integration.)

Below we will see that sign(Ts{K)) = sign [g] hence we can make this replacement. If we
now insert these results into (5.32) and (5.37) and compare to (6.4), we obtain

g(k; ilg) = —imsign(Ts(K)), fF(k;ilg) =mn

(6.8)

([ oK) = Bi K d(K) MK, K i0g) (—insign(G-0e)),  (6.9)

CSD

=h ,
io(K) = é P d(K) MK, K': (5 1)) inlgg:,))l -
- 1 ‘@'ii_n!psc(K’)

_ 2,/ / * n -
d“K d(K") (K,K)BC N )]

Here, Bc = 1/T. since the linearized relations are valid close to the transition temperature,
T¢, only. In the first term of the last relation we have changed the summation over wsointo
a summation over [l where [ch= [gl— wso This summation may again be cut o[Cat a
large frequency [clwithout specifying the (earlier) cut o [af the low energy Green’s function
f(K;ilsh) because the factor A(insd) [CDI(iwso) lmgmz provides a su [Cieht convergency
factor.

(6.10)

2Compare (3.16) with (2.35) and (2.7). Then, from (5.27) with @—x{r,s) = oy, —s), transposition
of x with xHreplaces k with —k in the spin singlet Green’s function, and multiplication with Ttz in (5.4)
removes the factors —1 in the lower line of the Nambu matrix. For the o[=diagonal elements, (6.3) is an
ansatz which fixes the phase of the superconducting order parameter to be zero.

In view of (5.32) and (5.37), o has the same structure as g, only it does not depend on the sign of K due
to time reversion symmetry implying A(—k, —kY = A(k, KY, pH-k, —kY = pHk, kY.
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Consider first (6.9) and realize that A, like D, is an even function of wsm Hence, due to
the presence of the sign factor, in the s’-summation all items for positive ws=> |[5] cancel
all items for negative wso< —|[g]. Between these limits, the sign of [cI— wsois equal to the
sign of [g] and the final result is

|oos

o et e
Te(K) = [+ sign(ls) — d?K’ d(K') A(K, K'; i0dsD). (6.11)

st

Since from (2.33) (/B) %'Q 1 = |L], we see that the normal component of the
electron-phonon self-energy is proportional to A and proportional to [g] Eq. (6.11) holds
also for wpn > B~ > Bs* in the normal state where ¢ = 0 = f. This results in
G~! = il + A\) — Lk which for the quasi-particle pole means Tich = Lch/(1 + A), the
well known result for the normal state at low temperatures. Moreover, since A was defined
in (5.31) to be positive at imaginary frequencies (D is negative definite at imaginary fre-
quencies, cf. (4.14)), it follows from (6.11) that indeed sign(Ts(K)) = sign([s), consistent
with the assumption in (6.9).

The determination of the normal component of the low energy electron self-energy via
(6.11) reduces now to the computation of a finite number of Fermi surface integrals over A.

6.2 The T, Formula

Having computed the normal component of the self-energy via (6.11) and (5.30, 5.31), the
integral equation (6.10) for the anomalous component @s(k) may be considered. (The less
rigorous treatment of pu* from (5.36) is postponed to Section 6.4.) We symmetrize (6.10) by
introducing a new function

()
s = 6.12
¥ = o ©12
and the kernel
—1 F;
oy omde BF o H nd(k)
K(k,s; K s") = N3] MK, K i(]- H) — p* (K, K) B[R] (6.13)
T= (2s + 1)1/Be. (6.14)
Then, (6.10) reads
\
Ws(K) = d’k K(K, s; K, s') Us(K'). (6.15)

std

This equation may have a non-zero solution, if the operator defined by the kernel K has an
eigenvalue equal to unity. _

The integral operator K is defined by a finite sum and an integral over a finite surface
over the Hermitian kernel K which is bounded and continuous as a function of two variables
K and K’ on the Fermi surface. Hence K is compact and self-adjoint, and due to the Hilbert-
Schmidt theorem it has a bounded sequence of eigenvalues k; which cluster at k = 0.

In (6.11), the number of items in the sum is [C3d/m. Since A(iw) converges to a non-zero
value for  — 0, those items become equal for low ws, and the temperature dependence of
the sum is canceled by the prefactor: The normal component of the self-energy and THor
a given fixed s nearly temperature independent at low temperatures. Consequently, the
square roots in (6.13) and hence K itself are again nearly temperature independent, and the
summation in (6.15) introduces a factor B¢/m into the norm of K.
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The operator and hence its spectrum is tuned with this prefactor B./m. For T, - oo it
is tuned down to zero. Hence, if we lower the temperature, there may be a highest value T
at which the largest eigenvalue of K becomes unity. This is the superconducting transition
temperature, since above it the only solution for Ys(K) and hence for @s(K) is zero. (Below
this temperature, on the one hand we obtain a discrete sequence of temperatures for which
eigenvalues of K pass through unity and hence at which there are non-zero solutions, and on
the other hand all those solutions may have an arbitrary amplitude. Both facts are artifical
aftere [edts of our linearization. Non-linear corrections determine the amplitude of @s(K)
and enable nontrivial solutions of the equations (5.39), (5.32) and (5.37) for all T < T.: As
0s(K) is tuned up the temperature of the solution shifts downward.)

For a practical calculation in the general case, one would introduce a set of orthogonal
basis functions on the Fermi surface and expand Ys(K) and K in this basis. Appropriate
basis functions are the so called Fermi surface harmonics. The kernel K has the symmetry
of the Fermi surface, the point symmetry of the reciprocal lattice, and the solution Ys(K)
of this linear problem may always be chosen to have the same symmetry. Like the kernel
K, the eigenfunction to the highest eigenvalue will have no nodes on the Fermi surface:
Electron-phonon coupling leads normally to s-wave or extended s-wave pairing. (The latter
means that, although not constant on the Fermi surface, Ys(K) has no nodes.) It is clear
that rapid basis convergence is expected, and (6.15) is transformed into a purely algebraic
matrix problem with a not to high dimension which can easily be solved on a PC with
standard software. In most cases the largest eigenvalue is well separated from the absolute
values of all other eigenvalues of K (which are all smaller). Then, the simple von Mises
iterations are e [cieht to solve the eigenvalue problem for this largest eigenvalue.

The condition for this formulation of the theory in Bloch wave representation is that
the energy width of a quasi-particle k-state is small compared to the energy scale of the
superconducting coupling. This is the clean limit in which the Bloch electron mean free
path is large compared to the coherence length of the pair correlation for T = 0.

6.3 The Dirty Limit

If there is impurity scattering, then K is not conserved any more. For strong impurity
scattering the Bloch function representation looses its physical relevance. In this dirty
limit we return to the Hamiltonian (5.22) and include the impurity potential into v°. The
stationary eigenstates @, (r),

%, (r) = gy ()L (6.16)
are again to be considered in the low energy range only. We denote with ¢_, the time
reversal of the state ¢, (that is the complex conjugated and spin reversed orbital) and have

to consider the analogue of (3.4) for pairs of mutually time reversed states.
Instead of (5.30, 5.31) we now have

I b 0 0
Awinnii0) = [ v DA, N; i0g) 1 N v (6.17)
paao U QU=

The functions @, (r) have phases randomly changing from atom position to atom position,
which in particular are not correlated to the phases contained in D. Products ¢} ¢,chave
again random phases and the average of Ay, ,v(iws) over v’ will essentially not depend
on v; any more. The average over v’ and vy,

Ny

A(iws) = Ay v, vi(i0s) (6.18)

is a function of ws only.
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Instead of (5.32) we have

0 - 1 L1 1 ) _ )
Oyyilils) = B vy, vi(i0s)Gy, vi(i[s1— Twso), (6.19)
st vy, v
where

guvi(ils) = Mg(r, r’;ils)v' O (6.20)

averaged over v’ keeps only a dependence on [l

1
(]

o(Mi) = guyeils) . g(ils) =  drg(CiL). (6.21)

If now (6.19) is averaged over v, then the summation over v; only averages gy, vt and after
this the summation over v; eventually averages A:

1 L1
) A(iws)g(ils) (6.22)

]

0%(i5) = o, (i5)

Finally, instead of (5.36, 5.37) we have

0.0 p!PEE O
T TR 9(ilsh) ;; (6.23)
SEI

where p* is the average over the analogue of (5.36).
Now, (5.39) is replaced by

] 1
T3i 1= T dyvi— O (ils) — 0850y gyw(ils) = Todyym (6.24)

Vl_\
Averaging this relation over v” yields
(I . ]
T3ilsl— To[F 0°P(ils) — 0® g([dL) = To. (6.25)

In the dirty limit, (6.25), (6.22) and (6.23) are the analogues to Eliashberg’s equations (5.39),
(5.32) and (5.37). They have precisely the same structure except that averaged quantities
figure and there is no K-dependence. This holds obviously also true for the solutions which
read

e i
To— G+ sign(lg)B— A(iwsD), (6.26)
s | =]

s = — M) —p = 6.27
9s =5 N (II;H@BulI;IJJ (6.27)

The latter equation may be written as

=t

Ys = Ksstst  Ys = “I%l (6.28)

with the obvious meaning of Kgsw This T¢-equation is solved in the same manner as (6.15),
only it is even much simpler.

This analysis shows that non-magnetic impurities (we used spin singlet pairing conditions
and did not introduce spin flip scattering) do not suppress superconductivity. It does,
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however, not really provide a computational approach to the averaged coupling terms A(ils)
and p*. If the electron mean free path is small compared to the coherence length (which is the
condition for the dirty limit) but still large compared to interatomic distances, then Bloch
functions are not a bad starting point to describe the electronic states, and the averages
(5.34) and (5.38) may be used in the above relations. This is the case for which most strong
coupling calculations of T, in the literature have been done.

6.4 The Cut-O [Hrequency

The Green’s function (6.3) is the low energy low frequency Green’s function according to
the splitting (4.7). It should die away somewhere between the characteristic phonon energy,
the Debye energy wp say, and well below the Fermi energy. The solution (6.8) of the lin-
earized Eliashberg equations does not automatically provide this behavior for the frequency
dependence.

For the Nambu diagonal component g(i[s) this is not a problem. Due to the dependence
of A on w2 only, first of all the s’-sum of (6.9) is cut o[alt |[5} independently of the actual
form of damping of g(ils) for large [l Moreover, since A [C@k? for ws [@gd, this sum
converges towards a constant for large |[s], where this constant is determined by the low
frequency part of g(ils) only.

The same decay of A(iw) provides a decay of the A-contribution to the kernel K of
(6.13) or of (6.28) away from the diagonal. Together with the [I*-decay along the diagonal
this provides su [cieht convergency again to render results independent of the actual high
frequency damping of the Green’s function. This is, however, not the case for the p*-
contribution since it does not decay ol[the diagonal of K. To get rid of an unphysical
dependence of the results on the frequency cut-o [_I¢] through this contribution to K, one
introduces a compensating [cidependence of pu* in the following way:

Since the correction term in (6.11) converges to a constant, one has To¥ g1 1 for large
|ls] and hence, from (6.8), [g(i[s)]12 = T[0%¢]12/| L] in this limit (where the contribution of
[0®P]12 can already be neglected). From (5.37) one then has

S

(@ w(@ B, b O
[l

(6.29)

It is convention to determine u* for [[1= 5wp, and it is good scientific practice to report
the value of [clused in publications whenever a p* was determined or used. With a pu*([c)
according to (6.29) the results for TJland @s normally well converge as functions of [c1for
[]= 5wp.
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Chapter 7

Physical Properties of the
Superconducting State

The relative simplicity of the theory of the transition temperature derives from the lineariza-
tion of Eliashberg’s equations (5.39), (5.32) and (5.37). This linearization (with respect to
the anomalous self-energy @s(K)) is only justified in the vicinity of T, where @ is small
indeed. Otherwise, the full non-linear Eliashberg equations have to be solved.

The solution of Eliashberg’s equations yields the low energy Green’s function and hence
all the information on the superconducting state in thermal equilibrium which is contained
in this Green’s function. As an example for the spectral information we consider below the
quasi-particle spectral density, and as an example for the information on thermodynamic
potentials we consider the thermodynamic critical field.

This chapter concludes our introduction to the modern microscopic theory of supercon-
ductivity. Much more can be obtained on its basis for which we have to refer to current
literature. The microscopic theory is used in both important directions: to obtain quanti-
tative results ‘from first principles’ and to guide the formation of phenomenological model
theories. Both fields have proved their predictive power in the history of the physics of
superconductivity.

7.1 Eliashberg’s Non-Linear Equations

We return to the Green’s function (6.3), the self-energy (6.4) and the expressions (6.6, 6.7)
for the solution of (5.39), which we write as

- iTs(K) + [

gU<ik) = dOOEIR),  O(KEIL) =~ o (7.0
and ]
f(kil) = dO(kGL), f(kC) = 9s (k) (7.2)

Ts(K)? + [+ |gs (K)1?

In the spirit of the high-energy cut-o [the first integral is again to be treated as a principal
value integral like (5.40). Technically it can be obtained by closing the integration path half
by an upper and half by a lower infinite half-circle in the complex [=plane. The result is

I — )
AT = TR + lesGoOP "
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The second integral is again converging and is for instance obtained by closing the path in
the upper half-plane with the result

. nPs(K)
f(K; E g m— . 7.4
(1) = 0 + s (0P e
In the limit |ps(K)|?> — 0, the linearized results (6.8) are reproduced.
Instead of (6.9, 6.10), we now have
=h ,

= +E d’k’ d(KD MK, K i(e— '—|t;t(K) , 7.5
B =g K AON KR ) Bl R (75)

L=t . = /

_n 2,/ / 1o _ o ’ —1 (pSE(K)

000=F O AR ) W oK) R

(7.6)

These are Eliashberg’s non-linear equations for the electron self-energy o®P + o®. Their
simplified variants in the dirty limit are readily read o [ftom (6.27, 6.28):

I g
&= |;|+E Sm)\(”;l |@%%, (7.7)

= Dl | .

T =

szf A- — i - * . .
=3 . (ill—ilsh) — TP (7.8)

A notation To¥ [c1= Z([g) is often used in the literature.

A most important feature of these equations is again, that the expressions under the
s’-sums in (7.5) and (7.7) change sign together with [ch(recall sign Tgl= sign [g) while those
of (7.6) and (7.8) do not: the relevant solution @s related to the largest eigenvalue in (6.15)
or (6.28) has a unique sign since the kernel K has a definite sign.

There are several ways of rewriting these equations prior paieif—consistent nemerical solu-
tion. First, the T — 0 limit (B - oo) is obtained via (n/B)  F(s) - (1/2) dE(DJ The
summation over the Matsubara frequencies may be transformed into a contour integration
by means of Poisson’s formulas: Observe that
1

—lilX=0and By =(2s+ 1)

etPZ = e=PX(cos By + i sinBy) =
(cos By BY) +1i[X¥=0and By = 2sn

(7.9)

with any integer s. Hence, (e*®™ 1)~ has single poles at the fermionic Matsubara fre-
quencies [ ilg) and (e*P® — 1)~1 has single poles at the bosonic Matsubara frequencies
® = iws. With Cauchy’s theorem,?

1 s o P
=T C C
E —
F (iwe) = % do e;)(‘i)l _ —% dwie;(ng - (7.11)
S=—00 c c

1There is of course no relation between the frequency [appearing here and on the next page and the
same letter Cappearing in (7.1, 7.2).
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where C is a closed contour in the complex frequency plane which encircles all Matsubara
frequencies counterclockwise and excludes any singularity of F. (F must not have singular-
ities in a connected set containing all Matsubara frequencies as inner points.) If F has only
poles as singularities and the contour C is folded out into the contour C’ without slipping
over singularities of F as shown in Fig. 7.1, then one has

L Lretl) -, TRl

F(ils) =B N B e BT (7.12)

S=—00
where Fres([5) is the residuum of F at its pole [5land the sum is over all poles of F. It is
assumed that F (D7 (e 1) — 0 su [<Ciehtly fast for |[[J- oo, so that the infinite circle of
the contour C’ gives no contribution. The sign of the exponent can be chosen with respect
to further demands.

Ime
Lo TR
“‘::““‘- )
! -.
<> Re ¢
y
¢ oo
_____ VIS

Figure 7.1: Deformation of the contour C into C’ as described in the text.

The general case of Eliashberg’s equations rather corresponds to an F (Dlwhich continues
to retarded Green’s function expressions in the upper half-plane and to advanced ones in
the lower half-plane with the real [=axis forming a branch line. In that case the contour C
may be folded out into an upper and a lower infinite half-circle, each closed along the real
axis, with the result

r_1 [3i0) — F([Fi0
— F(IE):_ZEH s Ieg‘j—l( 2 =
> (7.13)
e
B (= i0) — F (= i0)
T 2mi d'Jj e—BCL ]

(In case of a bosonic summation, F (0) has to be added since it is not encircled by the folded
out paths.)
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When applied to (7.5-7.8), one must realize that A(w) inherits the branch line of the
phonon Green’s function D(w) as readily seen from (5.31). Hence one has to insert (5.31) and
(5.33) into Eliashberg’s equations before one can make these transformations. In the dirty
limit, (5.34) may be inserted instead. As regards the continuation of the Green’s function
(7.3, 7.4) to the real frequency axis, one first uses a notation iTe(K) = IT(K; i[s) = iIEZ(K;il)
which implies iT(k; Dd= [A(k; Ddby replacing ilglwith [LIWith the same replacements one
obtains

A G (ke = ey 2K D (7.14)
—2Z2(k; DH |o(k; D —ZZ2(k; DH |o(k; DP

with branch lines of the square root on the real [=axis for |[4(K; D] > |¢(K; DJ. This makes
connection to the real frequency representations of Eliashberg’s equations in the literature
which are usually given in the dirty limit, that is, averaged over K.

g(k; DJ= —m

7.2 The Quasiparticle Density of States

As seen from the definition (3.6), the Nambu component Gi; of the Green’s function is
the normal electron propagator. Its analytic continuation from the positive imaginary Mat-
subara frequencies to the real frequency axis yields the retarded propagator which, if it
continues to a pole on the ‘unphysical sheet’ of the Riemannian surface of G" below the real
axis, describes a quasi-particle excitation according to (2.18-2.20).

Strictly speaking, the analytic properties can only be taken for granted for the full
Green’s functions G = G'°% + GMdh_ |f this splitting were made in an analytic way, no
part would be exactly zero in any frequency region because as an analytic function it then
would automatically be zero for all frequencies. At best one can expect that G'°V is a very
good approximation to the full G for low values |[J,] and governs the analytic continuation
of the full G" in the region of interest. (Anyhow, the analytic continuation to a pole in
(2.18-2.20) was a mere vehicle to describe Lorentzian shape features of ImG" on the real
[=axis.) The same considerations with negative Matsubara frequencies apply to G2. In this
understanding we consider the analytic continuation of the right expression of (7.1) to the
real frequency axis to be a good approximation to Gﬁa. We change the energy notation in
this expression to [ in order not to confuse it with the general complex frequency [Jand
introduce again a notation

iTlk; D= [A(k; DI (7.15)
for generally complex frequencies [ Recalling that A(K, K’; iws) or A(ins) depends on ®?
only (cf. (5.33, 5.34)), it can be inferred from (7.5) or (7.7) that To(K) = —Tk(K). Moreover,
(7.15) is purely imaginary for imaginary [Cin the frame of our approximations (since A is
real). Hence, Z(K; Ddis a real and even function of imaginary [ If it is analytic around
¥ 0, then its Taylor expansion has only even orders with real coe [ciehts, which means
that Z is also a real and even function of real LJWe introduce additionally the notation

lo(k; D = A%(k; DZ?(k; DI (7.16)

where consequently A must also be real. Then, for Citeal and low, the right expression of
(7.1) yields

r - [A(K; D+ Ld _
PO 2o o - 270 D2 D)
~ A L) + A L)

T3 AR +DA2(K) [ ZYZ(K) + O(K)

(7.17)
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where we further approximated Z(k; Dl= Z(K;0) = Z(K), A(K; D= A(K;0) = A(K). The
spectral weights are

1
R, /40

ALk L) = oI 7.18
(K, L 2Z(K) 2YZ2(K) + A%(K) (7-18)
From these expressions one reads o [the quasi-particle energies
1
E(k,Gd = [VZ3(K) + A?(K) (7.19)

with an excitation gap A(K).

At each point k of the Fermi surface, the bandstructure energies +[Jboth contribute to
both quasi-particle poles (7.17) (of electron and hole type), and their common contribution
in both cases is

ALK, [+ AL(k, —L) = Z7H(K). (7.20)
The total quasi-particle spectral density is obtained as
1] [
D(l= d?kd(k) dLJZ Y(K)3((F E(K, LJ). (7.21)

Note that these last considerations are only semi-quantitatively correct. A more accurate
approach needs a numerical analysis of the first line of (7.17).

7.3 The Thermodynamic Critical Field

To calculate the Inner Energy of the system we return to (2.66) and transform it with the
help of (2.32) into

1
O 0 .o S . :
W =+ ETILm_0 dxdx; d(X — xl)a—T + h”(X, X1) B e G(Xy, Xx;ilg) =
S
G — _
= ET'L”B e'=t dxdxs  Qrn(X)Pkn(X0)ilsH
s kn
1
- dXdX; Qren () Pin (X I (X', X Prernc (X)) PemclXa)  G(xa, X;ils) =
kn, kA
¢ . L A0l (| )
= 3 Img) ellst il Odh G(k,n,n;il).
T—
s kn

(7.22)

In the second equality we replaced the 3-function by a completeness relation of Bloch eigen-
functions of h® and inserted in the same manner two further integrals over d-functions.
With (2.64), the expectation value of h® is

1 1
MPCE  dxdxy hO(x, X1) n1(X1]|X) = —iC lim ~ dxdx; ho(x, x1) G(X1, X; —it) =
T——
Z 11 (7.23)
=2 1lim e'"  [hG(Kk, n,n;il).
B =0 S kn
These two results may be combined to yield the Inner Energy E = P + W Cas
z . C_ 101 )
E= o lim ellst i+ Gh)G(K, n, n;ilg). (7.24)
T—
S kn
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The eigenvalues [}, of the grand canonical Hamiltonian ho (band structure) are again mea-
sured from the chemical potential p.

Although it was not considered in Section 2.8, it is clear from the derivation given there
that (W [¢ontains all interaction energies of electrons with other particles appearing in the
Hamiltonian in interaction terms with the electrons, notably phonons. It does not contain
the single-particle energies of those other particles which would have to be added in analogy
to (7.23).

For the undressed phonons one has

_ i 1 Y g
D(a, A —it) = == e T RIRY TG (—i)0ia(0) =

ne (7.25)
= =5 N - [ e RN s =
= _m TT bq;\(—lT)bq)\(O) + TT bq)\(—IT)bq;\(O)
Hence, _ - - . |:1] =
2iIQAMgAD(q, A\, AT =0) = bq;\bq)\ + bq)\bq)\ = 2ngx + 1, (7.26)
and
~ [ I— 1 :l_ -1 CI1 1 ) .
[ (= Qgr Nga + 5 = ? Mq?\Qq)\D(QJ\y)\, i0s), (7.27)
qA S qgA

which has a structure analoﬂis to (7.23). We used a notation of ‘mode masses’ in the spirit
of (4.13), that is Mgx =  ex(gK)ex(gK) with properly normalized polarization vectors as
in (4.13). The Qqx are the frequencies of the bare ionic lattice without electrons (but of
course with a neutralizing charged homogeneous background).

The thermodynamic critical field B. of the superconducting state is defined as

VB2
2Ho

= En — Es = AE, (7.28)

where Eg is the Inner Energy of the superconducting state and Ey is the normal state
reference energy of a thermodynamic state in which the anomalous self-energy @s(K) is
forced to be zero. (It can likewise be defined with the Free Energy dilerknce, since small
changes are the same in all thermodynamic potentials.) If we use the same indexing for the
Green’s functions, we have

vez 1 =P _ =
T =ﬁ (il Gh) Gn(k,n,n;ils) —Gs(k,n,n;ils) —
s kn

—1. O (7.29)
=2 MgaQix Dn(a, A A iws) — Ds(q, A, A; iws)
qA

Since the dilerknce between the normal and superconducting Green’s functions vanishes
rapidly with increasing frequencies, we need not bother any more about the T-limes. Of
course, Gs is again the Nambu 11-component of the Green’s function.

The electronic quasi-particle renormalization of Section 5.1 is not specific for the su-
perconducting state. The electronic Green’s functions in (7.29) may be replaced by the
renormalized ones, gy and gs. The band structure [, is then of course also to be taken
renormalized, that is, with the potential (5.12).

Although the modification of the phonon Green’s function D from the normal to su-
perconducting state does to leading order not influence the electron self-energy, it can not
be neglected in (7.29). Nevertheless, the phonons in both states may be considered in
harmonic approximation, whence (7.27) is just twice the kinetic energy T of the nuclei.
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The kinetic energy T is homogeneous linear in the inverse average of the nuclear masses,
i = MYMxLJ u(@/0p)T = T. If the superconductor condensation energy (7.28) has an
isotopic dependence p?* (thatis, He (5F), then, by a Hellmann-Feynman argument,
20AE = p(0/0p)AE = pA (0/0p)H = AT. Hence, the second line of (7.29), which is
2A\T, is 4a times the left hand side. If we additionally insert (7.17) and its normal state
counterpart (with A(k, DI= 0) into the first line, we obtain a semi-phenomenological expres-
sion (depending on the phenomenological isotope exponent a) for the condensation energy
and hence for the thermodynamic critical field:

2 C L1 1
e e ()
Ho da—1 2[3 K
s . 1 (7.30)
||_EZS(K, I@ + lI”] + 1
ZZ3(K,iG) + 2], + A2(K, 1) Z2(K, i) 1LEN(K, i) — Geh

Again, by means of the summation technique described in Section 7.1, there are dilerkent
ways of writing these results possible which are met in the literature. By moving between the
real and imaginary frequency axis for the various parts of the expressions to be calculated
one may optimize the numerical e [ant and stabilize the numerical convergence of the routines
used. These are, however, technical problems, although of practical importance.
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