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Summary

In weakly disordered metals, quantum interference of the electron wave-functions leads
to a negative contribution to the conductivity, reducing its classical (Drude) value. In
a semi-classical picture, it can be explained by contributions of pairs of coherent, time-
reversed electron trajectories propagating through the disorder landscape. This effect is
called weak localization and the amplitude of the interfering time-reversed trajectories is
described by the so-called Cooperon propagator. At low temperatures, when phonons are
frozen out, and in the absence of magnetic fields, electron-electron interactions provide the
predominant cause for decoherence in weak localization and determine the temperature
dependence of its contribution to the conductivity.

In this thesis, we calculate the so-called dephasing time 74, which is the time scale associ-
ated with interactions-induced dephasing, in the presence of a finite external AC-frequency.
Extensive studies on 7, have been carried out in the past [3,8,10,11]. In particular, dia-
grammatic methods for the calculation of 74 have been developed [11] and its temperature
dependence is well-understood in the DC-limit. However, the interplay between interac-
tions and a finite external AC-frequency w has not been studied in detail so far. Here, we
will repeat the diagrammatic calculation for the Cooperon in the presence of interactions,
developed by Jan von Delft et al. and published in 2007 [11], where the authors set up
a Bethe-Salpeter equation for the Cooperon. Due to the complicated structure of this
equation, no exact solution has been found. Instead, von Delft et al. solved the linearized
(first-order-in-interaction) equation approximately, using an exponential ansatz in the time
domain, and found results for 7, in effective dimensions d = 1,2, 3. Here, we will keep the
full dependence on the external frequency in the calculation and stay in the frequency
domain for clarity. To this end, we will reduce the linearized Bethe-Salpeter equation to a
Dyson equation, which is accomplished by omitting a subset of the self-energy diagrams,
the so-called vertex type diagrams, and solve the self-energy integral self-consistently.

We find closed expressions for 7,(w) in all dimensions and analyze their asyptotic be-
havior. Particularly, we identify three regimes, depending on the relative magnitude of w
with respect to 7" and 1/7,. The different scaling of 7, in 7" and w in these regimes is
discussed in detail. A summary of the regimes is given in the conclusion at the end of this
thesis.
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Chapter 1

Quantum transport in weakly
disordered metals

In this thesis, we will consider disordered metals. The disorder is due to vacancies, disloca-
tions, substitutional impurities etc., which perturb the periodic atomic lattice and scatter
the electrons in the metal. In principle, the impurities can also attract bound states,
which we will not discuss. The impurities can be described by adding a random and time-
independent potential V' (x) to the Hamiltonian. This disorder potential is described by a
distribution functional P[V(x)], such that P[V(x)]dV (x) defines the probability, that the
value of the potential at point x lies in the range dV'(x). In Fig.1.1, we depict schematically
a particular configuration of impurities. In the following, we will discuss electron propaga-
tion in the metal in the presence of weak disorder, where a criterion for weak disorder will
be given in the next section.

Figure 1.1: Illustration of a disordered system.

1.1 Electron propagation in weakly disordered metals

In this section, we will specify the weak disorder limit and introduce the diffusive regime,
which defines the time and length scales at which we will work throughout this thesis.
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Thereafter, we will give a brief introduction to electron propagation in weakly disordered
metals.

1.1.1 Weak disorder limit

Disorder in a given metallic sample is called weak, if the mean free path [., the average
distance between the locations of subsequent electron-impurity collisions, is much larger
than the de-Broglie wavelength A\. We assume that the electron energy E' lies close to the
Fermi energy Er, and since A = 27 /k with k& the momentum of the electron®, a criterion
for weak disorder can be given as follows:

kple > 1. (1.1)

In this limit, it is reasonable to asume that the electron travels balistically, i.e. on a straight
line, between two subsequent colissions. Further, for time-independent disorder potentials
V(x), the electron-impurity scattering is always elastic. For later use, we introduce the
transport time 7 via [, = vpT, where vp is the Fermi velocity. 7 gives the average time
between two subsequent collisions.

1.1.2 Diffusive regime

The diffusive regime is reached on length scales | > [., and hence on time scales ¢ > 7.
It is equivalent to say that we consider only small excitations with momentum and energy

(q,w):

wr K 1
(1.2)
qle < 1.
In the diffusive regime, the probability P(r,1r’,t) satisfies a diffusion equation:
a / /
E—DAN P(r,x',t) =d(r —1') (1.3)

with diffusion constant D = v47/d and d the space dimension. For infinite systems, the
solution to Eq.(1.3) is of the following form:

1 /2
P(r,r' 1) oc ——e IFTI/Dt (1.4)
Y ) \/ﬁt Y

and corresponds to a Gaussian which spreads out as time evolves. At time ¢, the diffusion
has covered a distance x of order x ~ v/ Dt. In this work, we neglect finite-size effects. The
neglect of the latter is only justified on time scales which are smaller than the typical time

'In this thesis throughout, we set ¢ = 1, A = 1. They can be reinstated by dimensional analysis.
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it takes the electron to reach the boundaries of the metal. This time is called Thouless
time. For d-dimensional samples of volume L¢, it is given as follows:
L2

Tth — 5 . (15)
In this thesis, we will thus work on time scales satisfying 7 < ¢ < t;1,, which is equivalent
to length scales which obey [, < | < L. On the contrary, on scales much larger than the
Thouless time, the particle will have encountered the boundaries many times and in the
limit ¢ — oo, the probability to find the electron at some point in the system becomes
uniform throughout the system.

Figure 1.2: Scattering sequences in disordered systems.

1.1.3 Scattering sequences and amplitudes

Following the idea of Feynman path integration [16], the probability amplitude for the
electron to travel between r and r’ is given by the sum over the amplitudes associated
with all possible classical paths which connect those points [17]. Since propagation is as-
sumed ballistic between scattering events, these paths correspond to sequences of impurity
collisions. We denote by a;(r,r’) the amplitude associated with the jth classical path,
and schematically show two typical paths in Fig.1.2. The total probability is the square
modulus of the sum over all a;(r,r’):

2

P(r,r) = : (1.6)

Z a;j(r,r’)

We write a;(r,r') = |a;(r,r’)| €. The meaning of the phase §; is specified as follows: We
assume that the electrons travel along straight lines between subsequent collisions. We fur-
ther assume the collisions to be approximately point-like in space and neglect interactions
for the moment. In this limit, the phase J; can be taken proportional to the length of the
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corresponding trajectory. We rewrite Eq.(1.6) as follows:

Plr,r) = 3 (e, )P+ 3 lay (e fa(r, 1) €65 (L.7)

i#]

This separation is instructive as it explains the difference between classical and quantum
contributions to P(r,r’). The first sum on the r.h.s of Eq.(1.7) contains no interference
between the trajectories, and hence corresponds to the classical result. On the contrary, the
second sum describes mutual interference between the trajectories and hence is inherently
quantum-mechanical.

1.1.4 Disorder average

In many situations, it is appropriate to consider a disorder average of quantities like the
transport probability P(r,r’) introduced above. The disorder average corresponds to an
average over all possible spatial distributions of the impurities. In general, contributions
to P(r,r’) from the pairing of arbitrary trajectories, c.f. Fig.1.3a), vanish after disorder
average. Since the phase difference associated with the pairing of those trajectories can be
very different for different configurations of the impurities, the phase factor averages to zero
when averaging over all possible configurations. On the contrary, the phase-independent
first sum in Eq.(1.7) survives disorder averaging. This contribution is related to the pairing
of indentical trajectories, as indicated in Fig.1.3b), and we will call it a classical diffusion,
as it corresponds to the classical result for P(r,r’). One might expect, that the second
sum in Eq.(1.7) vanishes after disorder averaging, as the terms in this sum depend on the
phase differences. However, the sum does not vanish identically. Consider Fig.1.3c). The
picture shows a pairing of two trajectories, which form a loop. The trajectories are identical
before and after the loop, and traverse the loop in exactly opposite direction. Thus, outside
the loop, the phase difference is identically zero. This part obviously corresponds to the
contribution in Fig.1.3b), which has already been discussed, and hence we focus on the loop
part. Such a loop corresponds to the pairing of closed time-reversed trajectories. For the
loop, the phase difference is exactly zero if and only if the system is time-reversal invariant.
If time-reversal symmetry holds, the loops thus give a quantum-mechanical correction to
the disorder averaged electron propagation probability. They correspond to the so-called
Cooperon, and lead to a reduction of the conductivity. The latter effect is called weak
localization and will be calculated in Ch.3.

1.1.5 Quantum crossings and loop-expansion

In the last subsection, we have seen that pairings of closed time-reversed trajectories(loops)
survive disorder averaging if time-reversal symmetry holds. In this subsection, we will give
an estimate for the probability of such a loop to occur. The estimate is built on the
following consideration: Given a metallic sample of volume L3, which is coupled to leads,
such that the electron can escape the sample. We ask for the probability p,, that two
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a;(r,r’) /
) T, ol Lo ) ey
4

~.

* / \‘\ / v/
aj(r, r’) \ - L
a;(r,r’) /
b) r \_/";\\~/'\\j“%,/\\./"\{\\\/\//’r
" N 47 7 7 .
a (r,v)
ﬁ’:\\\.
4 !
a;(r,r’) el S
) P ENF NSNS NS
aj(r, r')

Figure 1.3: a) Pairing of arbitrary paths. b) Classical diffusion. ¢) One-loop contribution.

diffusions , c.f. Fig.1.3b), intersect. We assign a length dl = vdt to the diffusion, where v
is the group velocity of the electron wave packets and is of order vp. Further, we assign a
finite cross section A to the diffusion, where A is of order of A\* oc 1/k%. Thus, dpx can be
written as follows:

A xdl dt
V kpV'’

dpx (t) ~ (1.8)

with V' the volume of the system. We have V ~ L3. With 7y, = L?/D from Eq.(1.5),
Eq.(1.8) leads to:

1 dt
dpy (t) ~ —. 1.
pell) ~ o pr e (1.9
Further, D = vpl./d yields
1 dt
dpy(t) ¥~ ——————. 1.10
pX( ) (kFle)(kFL) Tin ( )

The electron escapes from the sample after a time of the order of #,. Hence, the crossing
can only appear at a time t < ty,, and to find the probability p, we should integrate
Eq.(1.10) from ¢t = 0 to t = 7y,). Hence we find:

1

Px ~ Gerd)(op D) (1.11)
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The dimensionless conductance ¢ is defined in terms of the conductance G as follows:

9= (26—7;) G, (1.12)

and can be rewritten by use of Ohm’s law, for d = 3: [5, pp.274,275]:

g o< (kele)(kpL). (1.13)
Hence we obtain from Eq.(1.11)
1
Py ~ = 1.14
o~ (1.14)

Normal metals are good conductors, g > 1. Thus, the one-loop contribution depicted in
Fig.1.3c) yields a parametrically small correction to the classical diffusion. Further we infer
that for g > 1, pairings of trajectories forming two or more loops are negligible and it is
sufficiently accurate to include only the one-loop corrections.

1.2 Quantum diffusion in disordered systems

We consider electrons in a disordered metal, governed by the following Hamiltonian:

He -t A4+ V(). (1.15)

2m

In the following, we will discuss the disorder averaged probability P(r,r’,w), that an
electron of given energy e propagates from r to r’. We assume that the electron can
be described by a Gaussian wave packet of width much smaller than w. In this limit,
P(r,r’,w) to good accuracy does not depend on the electronic energy [5]. P(r,r’,w) can
be expressed in terms of retarded and advanced disorder-averaged propagators [5, Eq.4.9]:

Prv,w) = %pr(r,r’)Gé‘_w(r’, ). (1.16)

The Green’s functions introduced above are solutions to the following differential equation
5, Eq.3.17]:

(e — H +4i0)GFA(x,r') = 6(r' — 1), (1.17)

where H is given by Eq.(1.15).
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1.2.1 Disorder and impurity model

In this thesis, we will adopt the following time-independent Gaussian disorder potential [5,
Ch.2.2], which is entirely defined by

(1.18)

all other cumulants of the distribution being zero. Note that all even moments of this
model are non-zero. However, in this thesis we consider low impurity concentrations, and
we will neglect moments higher than the second. The model describes isotropic scatterers,
as it does not depend on the incoming and outgoing momenta. In Eq.(1.18), we have
introduced the disorder average ﬁQ and v, the measure of strength of a single impurity.

1.2.2 Drude-Boltzmann approximation

As a first step towards the calculation of P(r,r’,w), one neglects correlations between the
Green’s functions and replaces the average of the product with the product of the averages.
This approximation amounts to the pairing of two disorder-averaged propagators and is
commonly called the Drude-Boltzmann approximation. It can be intepreted as the pairing
of two electron propagators, which scatter off the disorder potential independently. As for
all calculations in this section, we work in momentum space, i.e. we find contributions to
P(q,w), which depends only on one momentum, since disorder average is well-known to
restore translational symmetry, as shown explicitly in Appendix A. The Drude-Boltzmann
contribution is represented by the diagram in Fig.1.43, and is written as follows [5, eq.4.68]:

Po(q,w) = ZG’ Jk—q). (1.19)

27rpV

\\__)_—’,/
—A
Ge—w (k - q)

Figure 1.4: Drude-Boltzmann contribution.

2Tt is convenient to perform the disorder average diagrammatically [5], and we will demonstrate this
procedure in Appendix A, where we calculate the disorder average of the electronic Green’s function.

3In this thesis throughout, we will represent retarded/advanced electron propagators by solid/dashed
lines.
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The disorder-averaged propagators af/A(k) are calculated in Appendix A, with the fol-
lowing result:

—R/A 1
k= ———
G (k) e—e(k) £

2T

(1.20)

where 7 = 1/2mpy is the transport time. 7 can be interpreted as the finite life-time of
momentum eigenstates: An electron changes the direction of its momentum after time
7, the average time between two subsequent electron-impurity collisions. Substituting
Eq.(1.20) into Eq.(1.19), we find:

1 1 1
Py(q,w) = 27?,0\/21{: (et L) (c—w—ck—q —2) (1.21)

In the diffusive regime, we expand e¢(k — q) ~ ¢(k) — v - q, where v = Vye(k) is the group
velocity of the electronic wave packet. Further we convert the sum over k into an integral
over € via

%%jg(k) = [agole) [asg@.0). (1.22)

where @ is the normalized solid angle. ¢ and k are related via the dispersion relation,
and instead of summing g(k) over all momentum eigenvectors, we can as well sum over all
energies. We need the density of states p(e) and the solid angle to take into account all
momentum states corresponding to a given energy. We obtain the following expression:

1 N 1 1
Po(q,w):%//p(f)dfdw (6—54—%) (e—w—{—l—vq—#) (123)

We perform the energy integral using the method of residuals, tacitly assuming that the
density of states does not vary greatly around Er, p(€) = p. Finally, we find:

dw
P = . 1.24
bl w) T/l—in—i-iTv-q (1.24)
This integral yields in the limit q = 0 the following result:
T
Fy(0,w) = 1.25
0( 7w> 1 — i’ ( )

which is directly related to the Drude result for AC-conductivity, as we will see in Ch.3.
For finite q, we obtain in the diffusive regime:

Py(qw) =7 [1 +iwr — D’ + O ((qle)4, (WT)Q)} ) (1.26)
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1.2.3 Diffusion ladder summation

In the Drude-Boltzmann approximation, we have paired two independent disorder-averaged
propagators. We obtain classical contributions beyond the Drude-Boltzmann approxima-
tion, if we take into account pairings of the type in Fig.1.3b), which correspond to the
diagrammatic equations displayed in Fig.1.5. The diagrams on the Lh.s. of the first di-
agrammatic equation are obtained from Fig.1.4 by inserting additional impurity lines to
obtain the so-called diffusion ladder [5, pp.97-101]. This ladder corresponds to sequences
of independent scattering events. Pictorially, we arrive at the diffusion ladder, if we start
from the Drude-Boltzmann approximation and take into account, that the electronic prop-
agators can also scatter off the same impurity simultaneously, and scatter independently of
each other before and after this event. Building sequences of such type gives the diffusion
ladder. We denote the contribution of the ladder by P;(q,w).

k+ 3 K + g

k—q

Figure 1.5: Diffusion ladder.

From the upper diagram in Fig.1.5, one infers

1

~R q, 54 _q AR . Dy A4 r9g
7 LG+ G~ L@l + HEL K = F). (127

and from the iteration for the so-called structure factor I'(q,w), which describes the impu-
rity ladder, we have, see the lower diagram of Fig.1.5:

D(a,w) =7+ 3 D Tla.w)GI )Gk - q). (1.28)

which factorizes to give

R AR D WANCRUEELEE S (A



10 1. Quantum transport in weakly disordered metals

with Py(q,w) given by Eq.(1.19). We solve for the diffusion structure factor I'(q,w) and
obtain:

~
T(q,w) = . 1.30
(@) = 7= (1.30)
In Eq.(1.27), the structure factor also factorizes:
Fo(@,w) S~ arp . 9y aa 9 Arqs, Daa g0 9
P = k+ = k—— k'+ = k' ——). 1.31
d(qaw) 27rpV2 ;Ge ( + 2)Ge—w( 2)G5 ( + 2)Gs—w( 2) ( 3 )
which, by using Eq.(1.19), yields:
Pi(q,w) = 2mpPo(q,w)’T(q,w). (1.32)
Together with Eq.(1.30), we find
PO(q7 w)
d(qaw) 0(q>w)7_ _ PO((L w) ( )
In the diffusive limit, we use Eq.(1.26) and find the final result:
Pilqw) = — (1.34)
AW  —iw+ Dq?’ '

We explicitly give the structure factor in the diffusive limit. From Eq.(1.30), we find

o 1
© 2mpr2 —iw + Dq?

I'(q,w) (1.35)

It is easy to check that I'(q,w) solves the diffusion equation, c.f. Eq.(1.3).

Figure 1.6: Maximally crossed diagram.

1.2.4 Cooperon ladder summation

In this subsection, we review the calculation of the leading quantum correction to P(q,w).
From Sec.1.1.5, we know that it should arise from diagrams which contain one loop. These
loop diagrams correspond to the class of maximally crossed diagrams [12], one example
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of the latter being depicted in Fig.1.6. To see this correspondence, reverse the advanced
electron line of this exemplaric diagram, i.e. twist it to entangle the impurity lines. From
this procedure we infer that the sum over all maximally crossed diagrams can be presented
as in Fig.1.7, exhibiting a ladder structure similar to the diffusion, with the important
difference, that the structure factor I'(Q,w) depends on the sum of the incoming wave
vectors, Q = k + k’, rather than on their difference. The contribution from the maximally
crossed diagrams is called Cooperon.

(q,w)

k
MQw) = x 4 r'Quw
] s

Q-k

Figure 1.7: Diagrammatic definition of the cooperon.Q = k + k’.

The Cooperon contribution to the propagation probability, denoted P.(q,w), is calculated
in a way similar to the diffusion:

1
2mpV'2

P0<q7 w) =

> Gk + %)G;“_w(k - %)F’(k F K, w)GRK + g)éf_w(kf _ %) ,
k,k’

(1.36)

which can be rewritten by the transformation k' = Q — k:

1 A q, 5 q A q, 5 q
P = Bk+2)GA (k— )Y "Q-k+2)GA —k—).
a) = o 3G+ POL = PQuIGHQ-k+ ELQ-k- 3
(1.37)
The Cooperon structure factor I (q,w) obeys:
M(Qw) =7+ 1 D T(Qu)GHI)G! Q- k). (1.38)
K

We asssume G(Q — k) = G(k — Q), which is true for isotropic dispersion relations. We
can use Eq.(1.19) again to find

r'(Q,w) = ’

1 —]DQ(Q,W)/T7

(1.39)
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which simplifies in the diffusive limit, c.f. Eq.(1.26), to give:

1 1

= 1.40
27p72 —iw + DQ?2’ (1.40)

'Q,w)

Next, consider Eq.(1.37). In the diffusive limit, we neglect the dependence on (q,w) in the
Green’s function, which would give only subleading contributions, c.f. Eq.(1.2). Further,
due to the peaked structure of I'q(w) for Q — 0, we also neglect the Q-dependence in the
Green’s functions and obtain:

Plaw) = 5o YRG0 Y — s (1.41)
k Q

In Eq.(1.41), the sum over k is calculated to give 4mp7? [5, Eq.3.107], and hence we obtain

T 1
P = . 1.42
c(q7w) ﬂ_pv EQ: —iOJ + DQ2 ( )

For later use, we define

1 1

Iy (w) = : 1.43
o) 2wpr? DQ? — iw (1.43)

P.(q,w) does not depend on q, hence the Cooperon is a short-ranged object. In real
space, Po(r,r’) ~ d(r —r’). The Cooperon is built of pairs of time-reversed trajectories.
If time-reversal symmetry is broken, which is accomplished by magnetic fields or electron
interactions, the contribution from the Cooperon vanishes.



Chapter 2

Keldysh diagrammatic perturbation
theory

In this thesis, we want to calculate the Cooperon self-energy due to Coulomb interactions
in the presence of an external AC-frequency at finite temperature. To this end, we will
use Keldysh perturbation theory, which is tailored for finite temperature situations, and
for which a diagrammatic framework exists which we will work with. In this chapter, we
will give a brief summary of Keldysh diagrammatic perturbation theory for the electronic
Green’s function in thermal equilibrium.

2.1 Green’s functions

In the following sections, we will see that many observables, such as the electric conduc-
tivity, can be expressed in terms of the following object:

G<(xt, x't") :¢<@T(x',t’)@(x,t)> , (2.1)

which is usually called a "lesser” Green’s function and defines thermal average of corre-
lations between the quantum field operators in Heisenberg representation!, WT(x/,¢') and

~

U(x,t). It is convenient to define also the ”greater” Green’s function:
G> (xt,x't') = —i <\if(x, t)xiﬁ(xgt’)> . (2.2)

Retarded and advanced propagators can be defined in terms of G<(xt,x't") and G~ (xt, x't")
as follows:

GR(xt, x't') = +i0(t — ') [G” (xt,x't') — G=(xt,x't)] ,

GA(xt,x't') = —if(t' —t)[G” (xt,x't') — G=(xt,x't)] . (2:3)

The Green’s functions introduced in this section will be heavily used in what follows.

LC.f. Appendix B.
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2.2 Contour-ordered Green’s function

The Keldysh formalism can be developed from the so-called contour-ordered Green’s func-
tion, G¢ which is defined as follows [1,9]:

Go(xt,x't") = —i (Tc¥(x, 1)U (x/,¢)) . (2.4)

G¢ corresponds to a thermal average of the contour-ordered product of field operators. The
contour C' is defined to run from —oo to +o00 back to —oo and is depicted in Fig.2.1 below,
together with the definition of the action of the contour-ordering Tc. Note that ¢,¢" are
not real time arguments, but rather lie on the contour. The action of the contour ordering
is such that W(x,t) is placed to the left/right of Wi(x',#'), if ¢t comes later/earlier on C
than t'. The contour-ordering leads to a more complicated structure of the Green’s func-
tion, compared to zero-temperature theory, where the field operators are ordered in real
time. However, G¢ can be expanded into its Feynman diagrams, as in zero-temperature
theory [9]. In particular, it is possible to rewrite the contour-ordered propagator G¢ in
terms of real time-ordering, which we are going to explain next.

C

U(x,t)0h(x',t) ¢ >

ToV(x, )V (X, t) =

U, (x,t) TS

Figure 2.1: Definition of contour-ordering.

2.2.1 Matrix structure

Let us divide the contour C' into upper(lower) branch C(C5), where C} runs from —oo to
+00, and C5 runs back again. The time arguments ¢ and ¢’ of the Green’s function can
both either lie on C or Cy, which gives four possibilities in total. G¢(xt,x't’) can then be
represented [9] by the 2 x 2 - matrix G, its components Gi; being associated with these
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four possibilities:

Gu(1,1') = —i(T¥(1)w' (1)),

G2(1,1) = G=<(1,1), (2.5)
Ggl(]_, 1/) - G ( /), ‘
Gao(1,1) = =i (TY(1)WH(1)),

where (j) is short for (x;,¢;). The first/second index of G is equal to 1 or 2, if the
first /second time argument of G¢ lies on C; or Cy, respectively. The space of the matrices
G is called Keldysh space. In the following, we derive the Feynman rules for Keldysh
diagrammatic perturbation theory, for scalar fields and particle-particle interactions.

2.2.2 Keldysh formalism for scalar fields

We consider a scalar field W (x,t). A generic diagrammatic expansion for the contour-
ordered Green’s function G¢(1,1’) in powers of this scalar field is shown in Fig.2.22, and
we will derive the rules for the coupling of particles to W (x, t) from the second diagram on
the right hand side of the diagrammatic equation, which corresponds to the first correction
G&(1,1') to the free propagator G&(1,1').

w(2)
1 ( = 1 - ! + 1———<— 1

1—()(—@(—(1’—'— "

Figure 2.2: Expansion of G¢ in powers of W.

This diagram represents a single scattering of a particle off the scalar potential and corre-
sponds to the expression

GL(1,1) = /dx2 /CdT2 G%(1,2)W(2)GL(2,1). (2.6)

Gé(l, 1") can be expressed in terms of a integration along the real axis in real time, rather
than along the contour C'. To this end, we divide the contour integration into two integra-
tions, where the first goes along C and the second along C5. We then use the definition of
C} and Cy and the notation of Eq.(2.5) to derive from Eq.(2.6) the following expressions

2In this chapter, we closely follow the steps in [9], where the Green’s functions are defined to point from
right to left, opposite to the electronic Green’s functions in the rest of this thesis.
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for the components of GL(1,1'):
GL(LY) = [dx [ dt [G4,0,2WRI6H(2.1) - GHLDW 2 1)]

GLlL1) = [dx [ dta [GLLAWRIGHE ) - GHLDW )G 1)
N (27)
Gh(L1) = [dxs [ dta [63(LAWRIGH2.1) - GHLDW )G,

GhlL1) = [dxs [ dta [G3(LDWRIGHE ) - GHLADWRIGH )]

where we took care of the fact, that contour-ordering is equivalent to anti-time-ordering in
real time, if ¢; and ¢} lie both on Cy, and where the integration along Cy was turned into
an integration over Cy, which gives a minus sign. Eqs.(2.7) can be written as follows:

Gi;(1,1) /olsc2 /dt2 L (1,2)00,Gl(2,1') (2.8)

where o2 is the 3rd Pauli matrix. Thus, we conclude that in Keldysh space, a scalar field
W (x,t) is represented by the following 2 x 2-matrix:

Wi(x,t);; = W(x, t)af’j . (2.9)

2.2.3 Particle-particle interactions

Particle-particle interactions are mediated by exchange of virtual particles. The Coulomb
interaction, which we will consider later in the text, is mediated by bosons, namely virtual
photons. We have to define how emission and absorption of the mediators is represented in
Keldysh space. Considering the diagram in Fig.2.3, which corresponds to the expansion of
Green’s function to linear order in the particle-particle interaction. In this thesis through-
out, we will draw particle-particle interactions by wavy lines and particle propagators by
straight lines.

Figure 2.3: First-order contribution to particle-particle interaction.
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We denote L%(i,7) the contour-ordered free interaction propagator between (x;,t;) and
(x;,t;). The analytic expression equivalent to the diagram in Fig.2.3 is given as follows:

GL(1,1) :/dx3/d73/dx2/d72 G%(1,3)G%(3,2)L(3,2)G%(2,1') . (2.10)
C C

We repeat similar steps as in the discussion of the scalar fields to find the following expres-
sion for G§(1,1’) in terms of an integral over ordinary time:

Gi;(1,1') /dx3/dt3 /de /dtQG 3G (3,2) L0 (3,2)7%,Go(3, 1), (2.11)
where 7 is the vertex tensor which obeys:

Vs = 005 (2.12)

with no summation over j implied. In this representation, there is no distinction between
emission and absorption vortices.

2.2.4 Upper-triangular representation

In Keldysh formalism, the Green’s function has become a 2 x 2 - matrix in Keldysh space.
However, the four components are not linearly independent, as it is straightforward to
show that the sum of the diagonal entries equals the sum of the off-diagonal ones. We
can transform G to an upper-triangular matrix, denoted by G, to remove part of the
redundancy and to simplify later calculations. To this end, we apply to G the following
linear transformation:

Gij = Gy = Moy Gim M, (2.13)
1 2
M;; = 7 (65 —io;) - (2.14)
Explicit transformation of the matrix in Eq.(2.5) yields:
Gtk Gk
a- (7 ). (2.15)
where we have defined the Keldysh Green’s function, G¥(1, 1), as follows:
GH(1,1) =G~ (1,1") + G=(1,1) . (2.16)

The explicit expressions of the matrix components can be read off from the definitions given
in Egs.(2.1), (2.2) and (2.3). Note that in thermal equilibrium, the three remaining com-
ponents are not independent either. Consider fermions: From the relation in momentum

space, G<(¢) = —e PG> (), we find [9, Eqs.2.65,2.60]

G (e) = tanh% [GF(e) — G*(e)] . (2.17)
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For bosons, we have a similar equation:
K(-\ _ Be g, - A~
L™ (w) = Coth7 (L (w) — LY (w)] . (2.18)

In the rest of this thesis throughout, we will work in the just derived upper-triangular
representation for the Green’s function. To this end, we have to find the new coupling
rules to scalar fields and particle-particle interactions.

Scalar fields

We start from Eq.(2.6). Using the abbreviation £ for the kernel of the integral on the r.h.s.
and employing the transformation explicitly, we obtain

A ~

Q= GWaGM'. (2.19)

Inserting the identity MikMk = 0;;, we find

Q= GMIMWaGNT = GWGE. (2.20)

We conclude that the coupling to a scalar field changes in upper-triangular representation
to the very simple expression

W, (%, 1) = W(x, ) (2.21)

Particle-particle interactions

We label the integral kernel on the r.h.s. of Eq.(2.11) as
Qij = GV Gim Ly Gnj (2.22)

and specify to put the absorption vertex to the left and the emission vertex to the right.
Expressing the kernel in terms of propagators in the new basis, we find

QA . = zkalelmemnGnoL,uufYopG MT

= ikalelm VopquLqr’yrs GdeM
= sz:MklfYZmenLMVfYno Op]\/[Jr G
- szMklfylmO- M G Mpq()' A[ Lb(‘A[CVﬁYqTUrsMSde]

pa*=ab

szMklfylmo- MT M(IbG LbchqMCl/’)/qro-rsM;rdej :

no ,u,a

In the second line we inserted twice a resolution of the identity and in the third line we
marked the objects which we transform to the new basis in the fourth line. Rearrangement
leads to the fifth line, from which the transformation rules for the vertex functions become
apparent. The result is formally written as

Qij = QiklZOQOprcl;dej ) (223)
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where 1% derive from %4‘]- according to the following prescriptions:

Vo =MtV Mo a My 2.24)
Y =My Moo MY, (2.25)

Here, the first expression is the absorption vertex, and the second one describes emission.
Explicitly plugging in the transformation, we finally obtain

.. ) . 1 . 1
Emission vortices: 7' = Uilj, A2 =

R Z e (2.26)

Absorption vortices: ZZZ = —

Thus, the vortices for absorption and emission are now different from each other.

2.2.5 Feynman rules in upper-triangular basis

The structure of the Feynman diagrams is summarized in Fig.2.4.

Electron propagator G =~ ————

Photon propagator L VVVVWWWW\

Scalar potential W X
W,
absorption vertex emission vertex
1 1 ~1 1 1
Yig T 730 Vi = V2
2 _ 1 1 ~2 _ 1 5
Yig = V2% Yi; = va%i

Figure 2.4: Feynman rules in Keldysh space for upper-triangular representation.
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2.3 Discussion on instructive interaction diagrams

In this thesis, we will calculate the Cooperon self-energy in the framework of Keldysh
formalism, hence it proves useful to discuss already at this stage the types of diagrams
which will appear. The cooperon consists of two time-reversed electron trajectories, and
the Coulomb interaction may either affect only one trajectory by energy exchange with
the environment, or both via energy exchange between them. The former process, of so-
called self-energy type® corresponds to diagrams of the form depicted in Fig.2.5a), while
the latter, which is of so-called vertex type, corresponds to diagrams of the type depicted
in Fig.2.5b). Of course, those diagrams are not a priori related to the Cooperon, but we
can extract the diagrammatic rules needed for the Cooperon self-energy from this consider-
ation. More precisely, we will find in which combinations the components of the electronic
Green’s functions appear in the diagrams, which will help us to draw later the diagrams
contributing to the Cooperon self-energy.

R
4 < 4
] < 2 1
b) ﬂ
4—= 3 -« 4'

Figure 2.5: a) self-energy type diagram. b) vertex type diagram.

2.3.1 Self-energy type diagram

We focus on the diagram in Fig.2.5a), which we denote by zfqu(l, 1",4,4"), and obtain
from Eq.(2.11), in the basis Eq.(2.23)*

S5 (L1 4, 8) = [ 48 [ @2 G131 Gun (3 2Ly (3,275 (3. 1G4 1) (227

3We adopt nomenclature by Jan von Delft in [11].

4We consider only diagrams first-order in interaction. We denote by a superscript ”1” the first-order
contribution to the electronic Green’s function, and the free electron and interaction propagators get no
subscript at all.
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We carry out the pu, v-sums first and find

IYk:ZL/u//ymn LRrykl’ymn + LK’Ykl’ymn + LAfyklmen (228)

Inserting the vertex representations from Eq.(2.26), we get that the kernel of the integral

in Eq.(2.27), denoted ©,,,,(1,1,4,4") equals to the following expression

2911 44! G Gi? llmG21’LR32G44’+G G GQI’LK,32G;1);1/+G11’§ ]ilG G21’LA 32G44'

1ypq pg

(2.29)

where we introduced the condensed notation (Uiljll) to replace U,;(1,1') for U = L,G, Q.
From Eq.(2.29),

2911, :LRv32G44' GR13 K13 GR32 K32 0 1 GR,21’ GK,Ql/’
0 GA,lS 0 GA’32 1 0 0 GA’21

LB GR13 QKI13\ (GR32 @GK32\ [GgR2 qGgK2U
0 GA713 0 GA,32 0 GA’21/

ARG GR13 GK13 0 1 GR32 K32 GR2U K2V
0 GABJ\1 0 0 GA32 0 qAn )

Now we perform multiplication of pairs of neighboring matrices. Note that the matrix G*
is not coupled to the other matrices. We obtain

2911,44, —LR:32G44' GRIBGR32 GRI13(GK.32 + GK,ISGA,SQ 0 GA’21/
= 0 GA’13GA’32 GR’Qll GK’QF
K39 ! GRBGR32  (RI13(1K,32 + GK,13GA,32 GR,Ql’ GK,21’
+L77°G < 0 GA13 (A2 > ( 0 GA721'>
A,32 44 Gr3 Ghis GR32GR2Y QR32GQK2V | Q320421
L G430 0 A2 A2Y :

We specify for later use, that the retarded/advanced component of Q4" contains the
advanced/retarded component of G**', respectively. Thus we find:
QORATA _ R332 [ R32GR2V GAM || (K13 (1A32 [ R32(GR2L A
L GRIBORI KSRV GAM | K13(R32 [ A32 (GR21 (A
QOAIIAY _ (G ALB (A2 [ RE2 K2V qRAY | (A3 (GAB2 [ K32 (yA21 (GRAY
+GA,13GR,SQLA.SQGK,QYGR,ZM’ + GA,13GK,32LA,32GA,21’GR,44’ )

(2.30)

The combinations which are marked red in Eq.(2.30), do not contribute [9, Eq.4.39]. An in-
tuitive argument is that retarded/advanced propagators vanish at negative/positive times,
hence their product is zero. We do not explicitly show the structure of Q" 4'in Eq.(2.30),
since we will not need it in later considerations and since it is anyhow given in terms of



22 2. Keldysh diagrammatic perturbation theory

advanced /retarded components via Eq.(2.17). The non-vanishing part of retarded(R) and
advanced(A) components of Q"4 is shown in Fig.2.6. We learn that interaction can
be carried by all components of the propagator L. If the interaction is carried by the
Keldysh(K) component, the retardation of the electron line is unchanged. If the interac-
tion is carried by R/A component, the interaction changes the retardation of the electron
line, R/A — K and K — R/A.

A
A

A
A

Figure 2.6: Propagator combinations contributing to self-energy type diagrams.

2.3.2 Vertex type diagram

We proceed with the vertex type diagram depicted in Fig.2.5b), and denote it by Ewpq(l, 1,4,4").
Adopting the notation introduced just before Eq.(2.29), we obtain:
Niing = / d3 / d2 Gir(1, 27 G1y(2, 1) Ly (2, 3) G (4, 3)1,, G (3,4) . (2:31)

We Eqs.(2.28),(2.26) to find for the kernel of the integral in Eq.(2.31), denoted n}L44":

ijpq
2771144’ [G G2 }LR% [G43 1 G34/} [G G2 ]LKQS [G43 G34,}

ypq pm mn pm~"mgq

(2.32)

+|Gitab G| 14 6.l
The square brackets before/behind the interaction propagators correspond to the up-
per/lower electron line in Fig.2.5b). For later use, we keep the retarded/advanced part
of the upper/lower line, and denote the emerging structure I''*'*#'. Under this restriction

and after matrix multiplications we find:
o 1144’ [GR 1203, 21} [R23 [GA,43GK734’] i [GR,12GR,21’] K23 [GA,43GA,34’}

4 [GK,12GR,21'} A28 [GA,43GA,34’} ‘ (2.33)
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We display those diagrams in Fig.2.7 and conclude that all components of the interaction
propagator can appear. If the interaction is carried by the Keldysh component, the retarda-
tion of upper and lower line is unchanged. If the interaction comes with retarded /advanced

component, the retardation of the lower/upper line is changed. This concludes our discus-
sion on Keldysh perturbation theory.

R R
(FI\,W =

K
Ao < A

Figure 2.7: Propagator combinations contributing to vertex type diagrams.
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Chapter 3

Disorder-averaged AC-conductivity
of disordered normal metals

In this chapter, we will review how the disorder-averaged AC-conductivity can be ob-
tained from Keldysh diagrammatic perturbation theory. More precisely, we will obtain the
classical Drude result and the leading quantum contribution, i.e. the weak localization
correction, from a linear response calculation using the Keldysh technique developed in
Ch.2.

3.1 AC-conductivity of normal metals

Application of an electric field E(w) to a metal leads to current flow j(w) in the metal. In
linear response theory, the current is related to the field via the following relation:

Jo(q,w) = 0as(q,w)Es(q,w), (3.1)

which defines the conductivity tensor ¢(w). We will assume a spatially uniform field, and
we will use the gauge V = 0, A(w) = E(w)/iw. The expression for the conductivity is
obtained from a linear response calculation of the current.

3.1.1 Quantum-mechanical current operator in spatial represen-
tation

Electromagnetic fields are represented in the Hamiltonian operator via minimal coupling,
i.e. the momentum operator p is replaced with the generalized momentum operator:

p— (p—ecA). (3.2)

As a result, in spatial representation, the Hamilton operator becomes

i = % / Al B (x, £) [V + eA (D) B(x, ¢) (3.3)
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From Eq.(3.3), we obtain:
X 1 . .
H=o- /ddx Ul(x,t) [-V* +ie (V- A+ A V) + A% U(x,1), (3.4)
m

and by integration by parts, we shift the derivative acting on A onto Wf(x,t). Hence we
obtain

H=T+W (3.5)
where T is the kinetic energy,
1 . .
T=—5- [dx Ul(x,t)VAU(x,1), (3.6)
and W is the scalar interaction term:
W= / d?zj(x,t) - A(t), (3.7)

where we introduced the current operator j(x,t) [7]:
j = jpara + jdia 5 (38)

with the following paramagnetic and diamagnetic parts:

e

Jraral,8) = 5 — [(V\iﬁ(x, t)) U(x, 1) — Ul(x, 1) (v\if(x, t))} : a0

0 € A A
.]dia(X7 t) = %A(t)‘lﬁ(x, t)\I’(X, t) .

3.1.2 Current expectation value

It is convenient to rewrite Eq.(3.9) as follows:

~
.

j(x,8) = — lim = [V — V' — 2ieA()] i0 (x, ) (x, 1) (3.10)
x—=x' M

We denote the measured current by j(x,t). It can be shown [7] that j(x,t) is given as the

thermal average of the current operator j(x,t):

~
.

j(x,) = <J(X,t)> . (3.11)

Thus, from Eq.(3.10), we can express j(x,t) in terms of the Green’s function G<(xt,x't’)
defined in Eq.(2.1):

2

i(x,8) = — lim < (V — V) G<(xt,xt) — " A(1). (3.12)

x—x' M m
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3.1.3 Linear response and Keldysh technique

We use the Keldysh technique to find the leading correction to the electronic Green’s func-
tion due to the field A(t). In the representation in Keldysh space described in Sect.2.2.4,

this leading correction, denoted GU, is written as follows:

Gi;(1,1) /dxg /dt2 (t2) (V2 — Vo) G4 (1,2)G,,;(2,17)],_,, (3.13)

c.f. Egs.(2.6), (2.9) and (2.21). We consider linear response and hence dropped the diamag-
netic term in Eq.(3.13), which gives a contribution ~ A(t)? to the current, c.f. Egs.(3.9),
(3.7). We have to keep the diamagnetic part in Eq.(3.12), though. In Eq.(3.13), G;; de-
notes the unperturbed electron propagator, i.e. at A = 0. To write the linear response
j(1) from Eq.(3.12), we need G<(xt,x't'), which obeys

G< = % (G —GR+ G, (3.14)

as verified by use of Eqs.(2.3),(2.16). With Eq.(3.14) and Eq.(2.15), it is straightforward
matrix multiplication to arrive at

i(1) + %A(tl) _ —% /dxz /dt2 [A(tz) (Vs — Vo) (Vy — V)
X (GR(L 2VGE(2,1) + GK(1,2)G4(2,1") (3.15)

- GR(1,2)G(2,1) + G(1,2)G(2, ”)1 ’

1=1/,2=2'

where we employed Eq.(3.12). We perform a Fourier transformation of Eq.(3.15), see
Sec.C.1 for details. In homogeneous systems, only the q = 0 mode can contribute and we
obtain

. ne?
J(w) + WA(W) = 2m27rV ZZk1 kg /dE
X {Gngw(klakz)Gg(kz,kl) +GE, (K ko) Gk, ky)  (3.16)

- Gg—i-w(kl? k2)Gg<k2? kl) + Gg—‘rw(kl? k2)Gg(k2> kl) 5
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c.f. Eq.(C.3). In thermal equilibrium, the components of the electron Green’s function are
related by Eq.(2.17), and hence

@)+ 2 AW =+ iy Lkl fa

E
X |:Gg+w(k17 kz)G]%(k% kq) (tanh % — tanh

B(E —i—w))
2 (3.17)
+ GR L (ki k2)GE (ko ki) (tanh%E — 1)

+ GE+w<k1,k2)Gg(k2,k1) (1 — tanh @) :| .

The Fermi distribution satisfies

1 1

J(€) = g = 5 (1 tanh(8e/2)) (3.18)

and thus Eq.(3.17) can be rewritten as follows:

. zeA
jw) + FA( =t ZZkl kg/dE

x Kf(E) - f(E+w)) G (ki ka)Gh(ko ki) (3.19)
— [(E)GE,, (ki,k2)G (ko ki)
+ f(E 4 w)Gp. (ki ko) G ks, kl)} :

By Eq.(3.1), we identify the conductivity o(w) [9]:

ne
ow) + imw m w7rdV szl ks /dE

k1

<[ (- f<E+w>)G§+w<k1,k2>Gé<k2,kl> 520
— [(B)GE, (ki ka)GE (ko ki)

+f<E+w>Gé+w<kl,kz>Gé<k2,k1>] |

where d is the spatial dimension. In this section, we consider only small excitations at low
temperature, w < Fr and T' < Ep, for which the following replacement is valid:

f(B)—f(E+w)  Of(E)
- ~ - o=~ —0(E ~ Ey). (3.21)
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Eq.(3.21) reflects the fact that at low temperatures and excitation energies only electrons
at the Fermi energy are relevant for transport phenomena. We adopt this approximation
and obtain from Eq.(3. 20)'

2
0'((4)) + - =+ m27rdV szl k2 E +w(k17k2)GEF(k2akl)

2w7rdV Z Z kil / ar
ki

x [f(E+ w)G§‘+w(k1, k)G (ko ki) — f(E)GE,, (ki k) GEi(ke ki) -
(3.22)

3.2 Disorder averaged conductivity

This section is devoted to a disorder average of Eq.(3.22). As in Ch.1, we denote disorder
average by a bar on the quantity to be averaged, and we find from Eq.(3.22)

2
o(w) +— =+ mzde szl koG R (ki k2)Gg (ko ki)

ki ko

b wndV mzwﬂdV Z Z kil /dE

x| f(B+ L R GRR R) — 1B R G )
(3.23)

Note that the second term on the Lh.s. of Eq.(3.23), the so-called diamagnetic term,
diverges in the limit w — 0. GE/AGR/A = GG 4 O(1/kpl.) in the diffusive limit [5,
Eq.4.194], i.e. correlations between propagators with equal retardation is negligible, and we
will use that fact to show in Appendix C.2, that the GE/AGR/A-contributions to Eq.(3.23)

cancel the diamagnetic term. Hence, we are left with
2

2rdV Z Z ki - koGE, (ki ka) G, (ko ki) - (3.24)

ki ko

o(w) =

3.2.1 Drude limit

In this section, we will derive the Drude result for the conductivity, denoted o4(w). The
Drude result corresponds to the neglection of all correlation between the propagators, and
hence corresponds to the Drude-Boltzmann approximation discussed in Sec.1.2.2. The
Drude approximation can be represented by the diagram in Fig.3.1. This diagram equals
to the following expression:

62

o(w) = —— > KT, k)T, (k). (3.25)
k
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Er+w

Figure 3.1: Classical conductivity diagram.

Since the relevant contribution to electronic transport comes from electrons in the vicinity
of the Fermi surface, we substitute k? = k% in Eq.(3.25). Thus, we are left with:

o(w) :m%dVZGEW )T, (1), (3.26)

Using Eq.(1.19) and Eq.(1.25), we find:

2pk%e? T
. o
and using Eqs.(A.12), we obtain the Drude expression for the conductivity:
oa(w) = 5 _"fl?m, (3.28)
where we have introduced the static limit,
0o =04(w=0) = cnt (3.29)
m

3.2.2 Weak localization

The Drude approximation neglects all correlations between the electron propagators in
Eq.(3.22). In this subsection, we discuss the leading contributions associated with corre-
lations. It is well known, that the diffusion ladder diagrams discussed in Sec.1.2.3 give no
contribution to the conductivity in the case of isotropic collisions considered here [2]. In
our case the leading correction to the classical Drude result comes from the set of maxi-
mally crossed diagrams [4,12,13], which are associated with the Cooperon, c.f. Sec. 1.2.4,
and which corresponds to the leading contribution in a 1/g-expansion, as pointed out in
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Figure 3.2: Weak localization correction to the AC-conductivity. Q = k + Kk’

Sec.1.1.5. This correction, depicted in Fig.3.2, is called weak localization correction.
We make use of the results from Sec.1.2.4. The diagram corresponds to the following
expression:

e —R —

S kK G, ., (K)Gr, 1 (K)C5, (K)T5, (K)o (w), (3.30)

KKk

do(w) =

wdm?

We average k - k' = —k# in Eq.(3.30), due to the peaked structure of 'y (w), and since
contribution to transport comes from electrons at Ep. Further, we set k' = —k in the
Green’s functions. By a calculation similar to Sec.1.2.4, we find the final result for the
weak localization correction, expressed in units of the DC-Drude result o, c.f. Eq.(3.29):

do(w)

1 1
(o)) __E%:DQQ—Z'UJ'

(3.31)

where v = pV is the level-density. Note that the weak localization correction is negative.
If time-reversal symmetry is broken by a magnetic field, the correction vanishes and hence
leads to a negative magneto-resistance, which has been observed experimentally [6].
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Chapter 4

Bethe-Salpeter equation for
interacting Cooperon

At low temperatures, when phonons are frozen out, and in the absence of magnetic fields,
electron-electron interactions are the primary cause for dephasing in disordered conduc-
tors [3]. Interactions lead to dephasing of the Cooperon, and hence the weak localization
correction to the AC-conductivity, which was calculated in Ch.3.2.2, is decreased. The
characteristic time scale of interactions-induced dephasing is denoted 7,. In diagrammatic
perturbation theory, the Cooperon in the presence of interactions is the solution of a
Bethe-Salpeter equation, an intricate integral equation which has not been solved analyt-
ically. However, approximate results have been obtained by von Delft et al. [11]. Using
Keldysh diagrammatic perturbation theory, the authors found expressions for the first-
order-in-interaction correction to the Cooperon. To obtain these results, they transcribed
the linearized(first-order-in-interaction) Bethe-Salpeter equation to the position-time rep-
resentation and approximately solved it using an exponential ansatz. In this chapter, we
will review how to linearize the Bethe-Salpeter equation. We will stay in the energy-
momentum representation for clarity, and we will explain that the latter equation can be
reduced to a Dyson equation, if vertex type diagrams are neglected [11]. We will discuss
the consequences of neglecting the vertex diagrams, and we will define the dephasing time
in terms of the self-energy which appears in the Dyson equation. Note that the thus ob-
tained expression for 7, will contain the full dependence of a finite external AC-frequency
w.
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4.1 Bethe-Salpeter equation for the Cooperon

4.1.1 Bethe-Salpeter equation

In the presence of interactions, the Cooperon structure factor, which we denote by I'?, is
given by the following Bethe-Salpeter equation [11, Eq.(7a)]:

L2 (Qouts Uin) = Fo(Qout) | 270 (Qoue — Qi) + / AL (Qoue, QT (2, )| (4.1)

where the superscript £ denotes the electronic energy and Fg(Qout) denotes the structure
factor in the absence of interactions, c.f. Eq.(1.43):

1 1
2772 D% — 1Q0u;

1—‘Oq<Qou‘c) <42)

In the presence of interactions, the Cooperon depends on the two energy differences €,
and gy, i.e. the incoming and outgoing difference of upper/lower electron line. In the
absence of interactions, Eq.(4.1) reduces to

FqE(Qouta Qin) = Foq(Qout)zﬂ- 5(Qout - Qin) (43)
The Bethe-Salpeter equation Eq.(4.1) corresponds to the diagrams in Fig.4.1.

Igzl—t p(J)rut‘Sz(A;lt‘ me1; /4_g23m ])o—ﬁnslet
rg(Qouts Qin) = E + F(I;‘(Qoul 3 Qin)
le_n ;ltgzgllt mgzljx 1)/ (2011l [)outgzout
let) ])+Q+ p(TmQ(TuL
N o | oomn
Qi“ = Qm Q_
52()ut - Szout Sz(;ut lngzm p S poutgzout

Q=0"—-Q"

4= Py + Pin = Pout +Poue =P +p =p" +p"

Figure 4.1: Bethe-Salpeter equation for the Cooperon.

We mentioned above, that the Cooperon depends on the electronic energy E. We define
the in-going Cooperon energies (£2F, Q) and thus our energy convention as follows:

QII =F+ w,
Q- =F.

m

(4.4)

with the AC-frequency w. Thus we match our notations with the conventions in Ch.1.
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4.1.2 Interaction propagators

We use the unitary limit of the disorder-averaged! screened interaction propagator Ly(@),
which is given as follows [11, Eq.(A3)]:

L.(@) = (Lg(@) LK@)) ’ (4.5)

with components

LE(@) =2i coth %%Lg(@)

_ . 4.6)
" Dq? — i (
LE@) =[Li@)] = —————

1@) = [14@) =~
to describe interactions involving momentum /energy transfer (q, @) between electrons. The
given form of the interaction propagator corresponds to the impurity-averaged random

phase approximation [7, 14, 15].

4.1.3 Cooperon self-energy

The cooperon self-energy EqE(Qout, 2), which appears in Eq.(4.1), accounts for all possible
Coulomb interaction processes between Cooperon and Fermi sea and we write it as an
integral over (q,w):

dw
25 (Qout, 2) = Z/ > Saa(Qow, 0.0) (4.7)

s.t. 25 Q(Qoqu,@) includes all possible interactions at momentum and energy transfer
(q,w). In the next section, we will linearize the Bethe-Salpeter equation and present all
diagrams which contribute to the self-energy of the Cooperon to first order in interaction.

4.2 Linearization of Bethe-Salpeter equation

4.2.1 Linearization

The Bethe-Salpeter equation can be linearized in the interaction by making the replacement
Eq.(4.3) in all Cooperons which appear in the self-energy EqE (Qout, ©2). This replacement
leads to an expression for the so-called bare self-energy Z};E (Qout, 2), where the superscript
”1” indicates that it consists of diagrams which contribute in first order in interaction. The
interaction must be of one of the following types: Either, the interaction line connects to

'In the discussion on interactions, we use disorder averaged propagators throughout. The ”overbar” is
omitted for brevity.
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only one electron line of the Cooperon, or it connects to both. In the former case, we
speak of self-energy type processes, and in the latter of vertex-type processes, inspired
by the nomenclature in [11]. Using the energy convention Eq.(4.4), we display a typical
first-order vertex type and a typical first-order self-energy type diagram in Fig.4.2%:

w
EFE+wl E+w—o F+w EF4+w §/§E+w—a}
<
M(w — @) Mw— o)
3 § ’ %PWN\’A; bre
a) self-energy type w b) vertex type

Figure 4.2: Self-energy vs.vertex type diagrams.

For self-energy type diagrams, the energy difference between in-coming upper and lower
electron line equals the energy difference between out-going upper and lower line: Q.. —
i, = 0. For vertex type, we have that Q.. — i, + 2w = 0. The bare self-energy can be
written in the following form:

] )
1,E _ E —
Eq (Qouta Ql) _V - /dwx

[6(Q0u — 21) 552" (Qous, @)
+5(Qout - Q1 + 2@)2(117727V(Qout7 @)} )

(4.8)

YLE,S YLEV

where collects all first-order self-energy type diagrams and consists of all
first-order vertex-type diagrams with energy-momentum transfer (q,@). In the following,
we will show and discuss the diagrams which contribute to LV c.f. [11, Eq.(A5)].

4.2.2 First-order diagrams

The diagrams contributing to the Cooperon self-energy to first order in the interaction
are depicted in Fig.4.3. For clarity, we give meaning to all symbols which appear in the
diagrams in Fig.4.4 below. In the bare self-energy diagrams, we distinguish three groups.

e The self-energy type diagrams depicted in Fig.4.3a) are equivalent to the diagrams
in Fig.2.6: The diagrams in Fig.4.3a) with Keldysh component of interaction prop-
agators correspond to the two to the left in Fig.2.6, and the diagrams with re-
tarded/advanced component of the interaction propagator correspond to the up-
per/lower diagram to the right, when keeping only the retarded/advanced part of
the Keldsyh component of the electronic propagator, c.f. Eq.(2.17).

2We suppress the momenta-dependence, as we only want to make an argument concerning energy labels.
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e The two diagrams shown in Fig.4.3b) with retarded/advanced component of the in-
teraction propagator derive from the upper/lower diagram to the right in Fig.2.6
by keeping only the advanced/retarded part of the Keldysh component of the elec-
tronic Green’s function. Thus, instead of free Cooperon propagators, the diagrams
in Fig.4.3b) contain a product of four alternating retarded and advanced electronic
propagators, denoted as boxes with capital R/A, refering to the retardation R/A of
the interaction. Those boxes are conveniently called Hikami boxes, and we sketch
the calculation of those objects in Appendix H. It is important to note, that al-
though the Hikami diagrams contain two additional diffusion propagators, denoted
by the thick bars, they are of the same order in wr and ¢l. as the other diagrams,
c.f. Eq.(4.9) and Appendix H. Note further, that the Hikami box has to be dressed
with additional impurity lines, c.f. Fig.H.1, because this dressing gives contributions
of the same order.

e The vertex diagrams depicted in Fig.4.3c) correspond to Fig.2.7.

The diagrams translate into the following analytic expressions:

I wies,
orpr2 o (w, @) =
1 _ _ _
+§L§(w) [To_g(w+@) +To_g(w—@)] x 2mpr?
: I B
—i—%Lg(@)tanh +26; ) x 2mpr° T _g(w — @)

UoA,
—§Lé(w) tanh




e

a) Self-energy type 1

+
K+q-qF+w—-w@lK +q F+w
~‘(-')_/ \_ ‘7//[.
' k' E q.@

b) Self-energy type 2: Hikami
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+

K+aqF+o
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Figure 4.3: Diagrams contributing to the bare self-energy.
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= +2impr?

= (2mpr*) [D(q — q)* — i(w + @)] = —2impr>
LT Y\
= @mpr") [D(a - @) —i(w — @) V
/ o 9 w%%% = —3Lq(@)/Lg(@)/Lg (@)

K p,e

= (G{(p) — GZ(p)) tanh (57)

Figure 4.4: Ingredients of self-energy diagrams.

Energy and momentum are conserved on each interaction vertex.
The Hikami boxes in a) are derived in Appendix H.

At the interaction vertices, sums over external momenta of products of three elec-
tronic propagators are performed. The retardation of the propagators in those prod-
ucts is either RRA or RAA, symbolically written in b) as a triangle pointing up
or down, respectively. The sum over those products is performed by the residual
calculus or by consulting [5, Table 3.2].

The bars in ¢) denote diffusion propagators.

The wavy lines in d) denote interaction propagators, c.f. Eq.(4.6). The interaction
propagators come with a factor of 71/2”. This factor accounts for the two vortices
in Keldysh space, which bring a factor of 1/4/2 each, c.f. Eq.(2.26). The additional
factor of 71" comes from the usual Feynman rules [16].

The straight lines in e) denote electronic Green’s functions, whose retarded /advanced
components are given via Eq.(1.20), and the Keldysh component is related to those
via Eq.(2.17).
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4.2.3 Linearized version of the Bethe-Salpeter equation

We substitute our result for the bare self-energy from Eq.(4.8) into the Bethe-Salpeter
equation Eq.(4.1) and thus obtain an equation for a linearized Cooperon F}l’E (Qout, w) as
follows:

T4 (Qout, w) =T'g(Qout) {2n5(90m —w)+ / dOSEE (Qowe, DTG (Q,w) |

I [
Z(ll:E(QoutaQ) :V Z /dwx (410)
4

[6(Q0us — Q) X455 (Qout, @)
+6(Qous — Q + 20) 555V (Qou, @)]

with the energy convention from Eq.(4.4) and El E,5(V) (Qout,Q,(D) taken from Eq.(4.9).
Eq.(4.10) can be rewritten as follows:

F(ll’E<Qout, (U) :271'5(901145 — (A})Foq(Qout)
+F0q<Qout)E}_1’E75(Qout)raE(Qout> w)

1
0 -\\1L,E,V = LE(-
+Fq<Qout)V Z /dwzq (Qoutvw)rq (@,w), (4.11)

1
E}{Es outy W VZ/d ZIES Out7w)7

with © = (@ — Qout) /2. We remind that for the vertex type diagrams, Qo = w — 20.

4.2.4 SEO-approximation and Dyson summation

Due to the entangled frequency-dependence of Eq.(4.11), an analytic solution has not been
found. However, it is possible to reduce Eq.(4.11) to a Dyson equation, if the vertex part
Z}l’E’V(Qout, @) is neglected [11]. We call the corresponding approximation self-energy-only
approximation(SEQO), to indicate that only self-energy type diagrams are included.

Dyson summation

We thus neglect the vertex type diagrams and keep only self-energy type diagrams in
Eq.(4.11). We make the following ansatz for the Cooperon propagator F}l’E (Qout, w):

F}{E(Qouta W) = 27T5<Qout - W)PQE(W) 3 (412)
which leads to a Dyson equation:

IyP(w) =Tow) [1+ 355 ()L (W)] | (4.13)
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and the latter is formally solved by

1 1
(W) = . 4.14
a W) 27p7? D — iw — -1 Z}iE’S(W) (4.14)

2mpT2

Self-energy and dephasing time

At this point, we can make contact with the dephasing time 74. Let us separate real and
imaginary part in the self-energy E}l’E’S (w):

_1
TLE (w) = Zmpr? . (4.15)
D@2 —i|w+ gzaE’S(w)] L RRLES ()

T 2mpr2

The imaginary part leads to a shift of the AC-frequency, which corresponds to a retardation
in the time domain, which we will not touch in this work. The real part of the self-energy
corresponds to exponential decay in the time domain, and the dephasing time will be
defined in terms of the real part below, c.f. Eq.(4.25).

4.2.5 Neglect of vertex terms and infrared divergence

We will see explicitly in due course, that the $1%(w) is infrared divergent in the limit
(q = 0,0 =0) for d =1,2. It will turn out, c.f. Ch.4.3, that the infrared divergence
comes from the L (@)-terms which contain factors of coth(w/2T). An infrared divergence
is unphysical. The dephasing time 74 is associated with a finite life-time of the Cooperon,
and since energy transfers w < 1/7, are simply to slow to affect the Cooperon during
its life-time, they should not contribute to the self-energy integral. The full linearized
self-energy, c.f. Eq.(4.9), is indeed divergence-free. By direct inspection of Eq.(4.9), one
confirms that the Lf{ (w)-terms cancel from the self-energy type and vertex type diagrams
in the limit @ = 0. The neglect of vertex terms thus forces us to deal with an unphysical
divergence, and we will cure this divergence by inserting an infrared cut-off by hand into
the self-energy integral, which is intended to mimic the infrared behaviour of the full bare
self-energy, see Ch.4.3.4 for details.
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4.3 Cooperon self-energy in SEO-approximation

In the SEO-approximation, which amounts to neglect of vertex contributions to the Cooperon
self-energy, the latter is given by Z}l’E’S(w), c.f. Eq.(4.9). In this section, we will calculate
a spatial average of this quantity with respect to the interaction, and thus we will take
the limit g = 0 henceforth. Since the free Cooperon propagator, c.f.Eq.(1.43), is peaked
around q = 0, keeping finite q would give only small corrections. In the limit q = 0, we
find the following expression:

1 s 1 7d@
SLES () = — fnad
2mpr2 0 () 2V Z 2 %

iLY (@) [Mo(w + @) + T (w — @)] x 2mpr”

1> e
+iL % (@) tanh (%) x 2mpr?Ta(w — @)

Qi

(4.16)

E—-w
A 210 _
—ilLg (@) tanh <7) X 2mpr I'g(w + @)

EFE4+w—w

LE(%) tanh
—H()an( 5T

) [27p7°T2(@)]° [D? — i(w + @)]
A E—-w 210 _\72 _9 . _
—iLg (@) tanh T [2mpT?Te(—w)]” [DG® —i(w — )] | -
Using Eq.(1.43) for the Cooperon structure factor, and rearranging the terms yields:

1 ps 1 7dw
SLES () =— bl
2mpr2 470 () 2V Eq: o

[LK(w) + LR ) tanh

oo

/\/—\

i {Lff (@) — LA(@) tanh )} - z-l<w+w> i
+iL(@) tanh (E Z‘; 5’) D(qp; ZEMZI)W)
—iL{ (@) tanh (Esz@) D?;(;Z'J(Z;);D)

In the second and fifth line of the r.h.s. of Eq.(4.17), we shift w — —@. This transformation
leaves the integral over @ invariant and allows us to combine second with third as well as
fourth with fifth line. Further we substitute the explicit form of the interaction propagator
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components, c.f. Eq.(4.6). Hence,

1 1,E,8
quzo (w) =

1 7 do
21/qu:/§><

[ 2i@ @ Dq? +iw E+w+o E—o 1
th (o) + oo (tanh (=2 ) 4 tanh
Z{quo or) " 2D (an ( 2T )+ o ( 2T ))} DG —i(w+ )

i F4+w-—w E+®\]| D@ — i(w+ @)
s [ (B2 s (£22) | Rt

(4.18)

Next, we shift @ — @ —w in the second line of the r.h.s. of Eq.(4.18) to combine the second
with the third line. We obtain:

I Gims
qu:o (w) =

Ly 70 o
2mV 4~ | D@ (D — i) (4.19)
_ w—w w EFE+w—-w E+w
[(w — w) coth (T) + ) [tanh (T) + tanh ( 5T )}

4.3.1 Electronic energy averaging

A finite external frequency w changes the energy statistics of the electrons, since the elec-
trons may get excited by the external field. To take this effect into account, we average

our final results for F;’fo (w) over electronic energy E. This average is defined as follows,
c.f. [11, Eq.(4)]:

<...>E:—/dEf(E+“£_f(E)(...), (4.20)

Instead of averaging F}l’fo (w) directly, we adopt an approximation and only replace Ecll’fés(w)

with its average <E(11’£(’)S(w)> , see the discussion after [10, Eq.24] for arguments for
E

the validity of this approximation. To calculate <E;’fés(w)> , we need the averages of
tanh ((£ + w — @) /2T) and tanh ((E 4+ @)/2T), as apparent from Eq.(4.19). The explicit
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calculation of these averages is found in Sec.D, and the results are given as follows:
tanh m _YTY coth vowy e coth <i>
2T B w 2T w 2T
E+o w —Ww —Ww +w —W +w
h =——coth|{— | — h .
<tan < 2T ) >E w cot ( 2T) w ot ( 2T )

We insert Eq.(4.21) into Eq.(4.19) and after rearranging terms, we find:

—2

1 LES 1 7 dw w w Ww—w
2 pr? < a0 (@) =57 Z DG —iwwDg | \or) T O Taor
w—w
th )
27TVV Z / Dq — w0 Dq “ ( 2T )

(4.22)

In the r.h.s. of Eq.(4.22), we symmetrize the integrands and furthermore separate real and
imaginary part. We obtain for the real part:

1 LE.S 1 ]O do  @? — w? O+w O —w
sLE > - th [ 29) — coth
27 pT? < a0 () g vV ; D2g* +w?  4dw «© 2T © 2T ’
0

(4.23)

and the imaginary part is given by:

1 *3

1 dw ww w+w Ww—w
h h .
+7rquq:/D2q4+w24Dq2 {COt ( 2T )“Ot ( 2T )}
0

The imaginary part will not be considered further.

4.3.2 Energy-averaged dephasing rate

We define the energy-averaged dephasing rate of the Cooperon due to interactions, 1/7,,
in terms of the real part of the self-energy Eq.(4.23) as follows:

LR (RELES W) (4.25)

To 2w pT? a=0 E

B 0+ w w
IS0 2 coth (i) —coth (£ — coth
2mpr2 <\y Q=0 E 7TVV Z/ D2g* + wQ 4wDq? |: €0 2T «© 2T “
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such that

1 w? — w? 0+ w 0—w
— (w) = th — coth . (42
7‘¢ v Z/ D2q* + w2 4w [CO ( 2T ) «© ( 2T )] (4.26)

In the integral in Eq.(4.26), we have introduced a finite infrared cut-off frequency 2, which
is needed because the integral diverges in the infrared limit for d = 1,2. In d = 3, the
integral is finite. This divergence is an artefact of our neglect of vertex contributions, as
noted before. We will specify our particular choice for 2 in Ch. 4.3.4 below.

4.3.3 Energy-averaged spectrum

We write Eq.(4.26) as follows:

1

— = T w,& 4.27

T¢ WVZ/DQ W (T,w0,0), (4.27)
where the energy-averaged spectrum or weighting function W (7T, w, @) is defined as follows:

_ w? — w? W+ w 0 —w
W(T,w,w)=— 1 {coth( 5T ) —coth( 5T )] . (4.28)

W

It is instructive to check the limiting cases of W (7T, w,®). An asymptotic analysis yields

Wo<gwgT) — T

Ww<wogT) — T

WewgT<o) — T(@/T)>2%e T (429)
W T<w) — T '
Wli<o<w) — w/2

WIT<w<a) — (w/2)(@/w)?ew /T,

From this analysis we infer that our theory properly incorporates the Pauli principle. To see
this, consider first the case w < T'. In this case, transfer energies o > T' are exponentially
suppressed, with the spectrum behaving as ~ @w?exp —w/T when @ — oco. In the case
w > T, the AC-frequency plays the role of temperature, in the sense that now, transfer
energies w > w are suppressed. This reflects the fact, that a finite AC-frequency extends
the phase space for electron-electron scattering. That the AC-driving plays the role of
temperature in the regime w > T also becomes apparent by comparison of the first and
fifth limit in Eq.(4.29). In the limit w = 0, we obtain from Eq.(4.28):

w/2T

, (4.30)
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which is the result calculated by von Delft et al. [10, Eq.(70)]. The authors derived this
result using a functional influence approach, hence it is nice to see the coincidence here.
On the Lh.s. of Fig.4.5, we provide a plot of W(T,w,®) as a function of w for different
values of w, and on the r.h.s., we show a three-dimensional plot of 2W (T, w, @) /T vs. w/2T
and w/2T. 1t is clearly apparent from Fig.4.5, that the phase space is extended as w grows.

w/2T

2W(T w,@)/T 2015 10 05 4

4
3
2 2W(Tww)/T

—_

+ /2T

Figure 4.5: Spectrum W (T, w, ).

After this short discussion on the spectrum of the interaction, we now turn to the specific
choice for the infra-red cutoff 2.

4.3.4 Self-consistent infrared cut-off treatment

The infrared cut-off 2 is chosen in the following way:

/ 1
Q=,[|w+ =, (4.31)
)

For w < 1/7,, this choice reproduces a self-consistent treatment of 7, which is motivated
as follows: Since modes w < 1/7, are simply to slow to affect the Cooperon during its
life-time 7, they do not contribute to dephasing. Hence, the cut-off should be provided by
1/74 itself. Consider w > 1/7,. Here, as aparent from relation Eq.(4.15), the dephasing is
dominated by the AC-frequency itself. A finite AC-frequency corresponds to oscillations
of the Cooperon amplitude in the time-domain. On time scales ¢t > 1/w, the Cooperon
vanishes to zero, hence for w > 1/74, the Cooperon dephasing is mainly due to w. In the
limit w > 1/74, @ ~ w. From the discussion in Ch.4.3.3, we also have the ultra-violett
cut-off w, such that the window for w becomes very small. We will see below in Ch.5,
that this leads to very weak dephasing. Again, this is consistent, since for 1/7,, dephasing
should be due to AC-frequency merely than due to interactions. Our choice Eq.(4.31) for
the cut-off takes care of the two limiting cases in a symmetric way and is hence considered
a reasonable model, which, however, can only be confirmed after a calculation including
the vertex contributions has been performed.



Chapter 5

Dephasing in large system-size limit

5.1 Large system-size limit and regimes

5.1.1 Quasi-infinite limit

We consider disordered metals of very large but finite volume L¢. In a finite volume,
the smallest possible value of the internal momentum ¢ is of order of 1/L. As long as
D/L? = Ey, < €, a replacement of the sum over internal momenta in Eq.(4.27) with an
integral is valid. From Eq.(4.31), Q > 1/7,. We define the limit of large system-size as the
limit in which the Thouless energy is smaller than the dephasing rate, i.e. Ey, < 1/74. In
this limit, the energy-averaged dephasing rate is given by the following expression, which
is derived from Eq.(4.27) in Appendix F:

(e 9]

1  cy(Bg)' 2 / dw

— (w) =
7—(1)( ) Ja w2—d/2

W (T,w,@). (5.1)
Q

cq is a small constant of order O(10~%) and g4 is the dimensionless conductance. We will
always assume good conductors, hence g; > 1. The cut-off Q is given by Eq.(4.31) and
the weighting function is defined by Eq.(4.28).

5.1.2 Energy scales and regimes

We consider four energy scales. Temperature 7', AC-frequency w, dephasing 1/74 and
Thouless energy FEy,. In general, we would thus have 24 possible orderings of them with
respect to magnitude. However, this number is severely reduced by constraints, as we
would like to discuss. In the regime of weak localization, the relation 7’7, > 1 holds [§].
Further, we have Ey, < 1/74, from the discussion in Ch.5.1.1. Thus, we have the fixed
ordering Ey, < 1/74 < T, and hence there are only four possible orderings left: It is the
question where to put w. In our analysis, we will divide as follows: The external frequency
can be a) larger or b) smaller than temperature. If smaller, i.e. in the high-temperature
regime, both w < 1/7, and 1/7, < w are possible. In the former case, we may have
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w K Ey or By, < w, in the latter Fy, < 1/7, < w. If the AC-frequency exceeds the
temperature scale, in the so-called AC-regime, then Ey, < 1/7, < T < w. We give a
sketch of those four regimes in Fig.5.1, and the rest of this chapter is devoted to examine
1/74 in all four regions of this "phase diagram”, for all effective dimensions d = 1,2, 3.

&~ ~ LL&/

Vo vy

Ry | 5

1 B2 L&
v N

1 1

3 sy |

1/74

En

Eth 1/T¢

Figure 5.1: Phase diagram for the dephasing rate 1/74 as a function of (w,T).

5.2 Calculation of the dephasing rate

5.2.1 Prerequisites

For calculational use, we make the integral in Eq.(5.1) dimension-less by the transformation
¢ = /2T and obtain

| B (2T\Y2 [ d¢ €2 — 2
T_¢ (0) = — " (E_th) mﬁl—@ [coth(§ + 0) — coth(§ — 0)] , (5.2)
A

where A = Q /2T is given by Eq.(4.31), and 6§ = w/2T. The regimes introduced in Sec.5.1.2
are characterized as follows in terms of the dimension-less parameters, as immediately ver-
ified by use of Eq.(4.31):

Epn<w<l/t,<T — 0<AK]1
wL By <l T - I<KAK]
Ehn<l/np<wgT — rAK]1
En << T<w — 1<0=A.



5.2 Calculation of the dephasing rate 49

We will now examine Eq.(5.2) in all of those regimes for d = 1,2, 3.

5.2.2 Dephasing in the high-temperature regime
General considerations

We will start and consider external frequencies much smaller than temperature. As long as
w/T < 1, we have also § < 1 and A < 1. This motivates an expansion of the integrand
in Eq.(5.2) in powers of #. We find

52 — 2 52 1 1
0 [coth (€ 4+ 0) — coth (§ — 6)] = T osmh’e [1 + 67 (coth2 @ 5) +0 (94)] ,
(5.

3)

We substitute Eq.(5.3) into Eq.(5.2). The result is written in the form

1 coE (2T \ ¥ ( 92> reide Oogdﬂdg( , 1 2)
= 9) = = 14+ 2 0 m2e_ L _2
To ©) 294 (Eth) "3 sinh? ¢ * sinh? ¢ «©

A A

(5.4)

There is no general analytic solutions to the integrals in Eq.(5.4), and hence we will perform
an asymptotic analysis. This analysis is carried out in Appendix G. We obtain the following
result, valid up to leading order in A and 6:

( 2TE 62 )
a 1 0915VA+ — ), d=1
(91 A 3
1 CQT 1 92 A2
—(0) = —— ln— 1+ = 1—-In2+—1|, d=2,, 5.5
Td>(> 92 {nA(+3)+ n+6], (5.5)
2.456¢3T | 2T
SO S [1 - 0.814AY2 £ 017467, d =3
. g3 E, J
Dephasing in the regime w < 1/7, < T
We consider A in the limit w < 1/75 < T and obtain from Eq.(4.31):
Q 1 2
1+ 9 0 1m]. (5.6)

o arr, | T 2
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The latter result is used in Eq.(5.5) and leads to the following implicit equations for 7,(w),
to leading order in all the small parameters 1/7'74, w7, and w/T"

/

2c1T (wry)? 0915 1

VEars |1- - + =

th7¢ 4 2T, 12

1 T 1 1 5 In(2T7,)
— =< — In(T - To 1 (T
To () g2 n(Tr9) [ In(Tr¢) 2In(TTo) (w7) 12In (TT¢)

2.456c,T [2T | 0.814 < Ck
\ g3 Eth A/ 2T7—¢ 4

(
(

> +0.041 (%)1 ,d=3

NI E

NI €

L d=1

y
)] 4

Vs

(5.7)

We are interested in the leading corrections from finite external frequency and temperature.
Thus, in Eq.(5.7), we compare the corrections using the restriction w < 1/7, < T'. For
d = 1, the first and second correction cannot be directly compared by this relation, and
we will discuss their relative importance in Ch.6.1. Since (w/T)/(wTy) = 1/T'7, < 1, and

(w/T)?/(1/\/TT1y) = (wT4)?/(T7,)*? < 1, we neglect the third correction. In d = 2,3, the
third correction is neglected for similar arguments. We thus obtain:
( 7 )
2c,T 2 0.915
a vV Etthb 1-— (WTd)) - > d=1
9 4 2TT¢
1 cT 1 1 1
—(w)=<¢ — In(T — 2 d=2
. g 2 79) { b (Trg) 2 (7o) ™ |
2.456¢5T [2T 814 2\ |
5663 E_ _ 0.8 (1+ (w7¢) ) ’ d=3
L g3 th 217, 4 | )

We emphasize that our leading results parametrically coincide with those obtained by von
Delft et al. in the DC-limit within a influence functional appproach [10, Eq.(74)]. Further,
the leading temperature correction which they wrote in [10, Eq.(75)] parametrically match

our leading temperature corrections.

The achievement of the present calculation is the

prediction of the leading correction which arises from finite AC-frequency. We will discuss
on the latter below, in Ch.6.1. We want to obtain explicit expressions for 7, and hence

iterate Eq.(5.8). To this end,

<261T\/ Eth
(231
1 T
—(w) = 2
To g2
2.456¢3T 2T
g3 th

we find:

|-
(%)

1—1517<

1
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1+

(

1

g’
43T? By,
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C T 1/4 2
300" 1o

C%Eth
2g3T

2/3
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To find an explicit result in d = 2, we used 1 < In(T'7,) < ga/co, which is straightforward
to check. Note that in d = 2,3, the frequency corrections are parametrically small with
respect to the temperature corrections. In the quasi-one-dimensional case, we will see that
the frequency correction can dominate the temperature correction, c.f. Ch.6.1.

Dephasing in the regime 1/7, < w < T

In this regime, we expand A as follows:

Q w

= = (5.10)

1
© ||
(wTg)*
We see from this expansion, that corrections in 1/w, are always subleading in the present

regime, since they always come with an additional factor w/T < 1. Inserting the expansion
into Eq.(5.5), we find the following results, accurate to leading order in 1/w7, and w/T"

I

;

2T [E 1
G Em 0915,/ 2 - = | d=1
g1 w 2 4(wTy)? |
1 T (T 1 1 1]
= S Y 14— 1= ——— ||, d=27¢ , (5.11)
s 92 w In (L) 2(wTy)?
2.456¢3T | 2T [ w ( 1 >-
S - 0814y — (14— )|, d=3
L g3 th 2T A wTy)? ) | )

In the present regime, (w/T)/(1/w7y) = (wTy)?/T'74, which can not be estimated in gen-
eral. Hence, we expect that in d = 1, the corrections can compete. We will discuss this
competition in Ch.6.2. In d = 2,3, the (1/wTy,)-correction is sub-subleading, as pointed
out above. In d = 1, we find an explicit expression for 7,(w) by iteration, and in d = 2, 3,
we neglect sub-subleading corrections:

(20,7 [E 272 B ]
2 1= 0915, [ = DD g
g1 w 2T giw?
1 T (T 1]
— = o (E) 14— |, d=27, (5.12)
To Go w In (;)_
9.456¢,T [2T { \/7
20T I 0814y 2|, d=3
\ g3 Eth 2T_ )

The discussion of the results obtain above is devoted to Ch.6.2. We emphasize that in the
present regime, the dependence of 7, on AC-frequency is leading in d = 1,2, and to our
knowledge, this regime was not examined before.
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5.2.3 Dephasing in the AC-regime w > T

If > 1, the cut-off A > 1. We perform the shift { — £ 4+ 6 on the integral in Eq.(5.2)
and obtain the expression

1 o CdEth /2 T f—|— 29)
T—(b(@) i (Eth) 5/ I, [coth(€ 4 20) — coth (] (5.13)

where 0 < 1, c¢.f. Eq.(4.31). More precisely:

5= QQ;“’ - 4T;2)w {1 +0 [(W;)Q” . (5.14)

Next we will perform an expansion of the integrand in Eq.(5.2) in powers of £/6. Since the
integrand goes as £%/2 exp(—2¢) when & — oo, only & up to O(1) contribute substantially
to the integral, and the error in keeping only leading powers of £/6 is exponentially small.
We rewrite Eq.(5.13) in terms of powers of £/6:

U el [ w NPT 2(e/0) ¢ (€0
T—(b(é’) = — 10, (Eth) / I3 L [coth(§ + 20) — coth ] , (5.15)

We set coth(§ + 20) = 1 in Eq.(5.15), which amounts to neglect of exponentially small
corrections. Further, we expand the integrand in (£/0) and are thus left with

%(0) ) Céf;h (E%)d/z 012 jdf [g %g? o) (0_12)] (cothé —1) .  (5.16)

Using Eqs.(E.2),(E.3) and the following expansion:

g(cothg—l)_1—§+€32+(9(§) , (5.17)

we obtain to next-to-leading order in 1/6 and o:

( 1201V wEhy, 4 15¢(3)  124] - 1‘
6g16? 720 2 |
1 w2 T [ 12¢(3)  124]
—(0) = — |1 d=2y . 5.18
T¢< ) 12g,6 [ 20 72|’ (5.18)
wlesT [w 9¢(3)  124]
— |1 d=3
[ 12930 | Ey [ * w20 772 ’ )
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We restore the variables w, 7, and by use of Eq.(5.14) we get, neglecting sub-leading cor-

rections:

( 21%ciJwFi,

391 (

w2cyT

692

T\’ [
_> N
w L
(51
—) |1+
w L
mel [w (Z) '
693 En\w/ |

The results for the AC-regime will be discussed in Ch.6.3.

(5.19)
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Chapter 6

Discussion of the results

In Ch.5, we have derived the leading w- and T-contributions to 7, in dimensions d = 1, 2, 3.
The present chapter is devoted to a discussion of the results obtained there.

6.1 The high-temperature regime w < 1/75 < T

We present the results from Eq.(5.9) in dimensionless form:

( 261T 2/3 - 1 ﬂ 2/3 0L C%Eth 1/67 . 1\
g1 E, 6 \4c3T2Ey, ’ 2¢2T
1 T ( 92> 1 1 ( Gow )2'
= n(=)|l1+———|1—-=| ——+— ., d=2
ToEin g2 B Co In (g2/c2) 2 \ 2T In(g2/c2) 1
4 T 3/2 2 1/4 2,2\ ] 1
3. 475¢s <—> 1 - 1.517( = ) {1 +0.021 (g?"“j Bth) d=3
L g3 En g?,Eth CgT 1] }
(6.1)

It is important to note, that these results have been derived using the assumptions 7, Ey, <
1l and w <« 1/75 < T. We note further that the leading results for 7, and the leading
corrections from finite temperature have already been obtained before, as pointed out in
Ch.5 [10,11]. In this work, we have derived the AC-frequency corrections to 7,, and the
discussion of the latter will be central to what follows. We will consider the cases d = 1, 2, 3
one after another.

6.1.1 Quasi-one-dimensional systems

We consider only the leading contribution to the result in d = 1, from Eq.(6.1), and we
readily find that the validity of this result requires:

Eth < 1/T¢
w <K 1/T¢

—  T/Egw> g1/2c

6.2
— W/Eth < 2C1T/g1Eth . ( )
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Combining both results yields that provided that T is large enough to satisfy Eq.(6.2), w
can be smaller or larger than FEjyy, for the result to be valid. We will examine the ratio
between the first and the second sub-leading correction in the d = 1 result. We denote this
ratio by r(w, T):

1/6
1 C Eth
T Jo.610 (2 . 6.3
=g () /o (55) 63
We obtain the cross-over frequency w(7),—1:
W(T)y—1/Em = (1.541c1 /1) * (21T ) g1 Em)® (6.4)

We plot w(T"),—; in Fig.6.1, and in Fig.6.2 we show plots of 7, for several values of w. As a
reference, we also plot 74(w = 0), i.e. the DC-result of von Delft et al [10,11]. By ¥(w/Ew)
we mean the lower bound on temperature at given frequency w.

w,=1(T)

200+

1.00

050+
w,(T)
020+

0.10

005+

260 560 1 dOO 2600 5000 T/Ew

Figure 6.1: w(T"),=1. g1 = 50.

6.1.2 Quasi-two-dimensional systems

In d = 2, the w-corrections are parametrically smaller than the leading DC-corrections. As
for d = 1, we check for validity of our result. We obtain

Fg < 1/T¢ > T/Eth > 91/201 (6 5)
w<l/ty — w/Ey <K20T/g1Ey,. '

Hence, as in d = 1, w can be larger or smaller than the Thouless energy, but this fact is
of little importance here, compared to the one-dimensional case. We provide plots of 7,
for different values of w in Fig.6.3. ¥(w/Ey,) is the lower bound on temperature at given
frequency w.

6.1.3 Quasi-three-dimensional systems

The w-corrections are parametrically smaller than the DC-corrections, and the validity
conditions read as follows:

Egw < 1/1y =  T/Ey > (g3/3.473¢3)%3

6.6
w1y +— w/Ey < (3473c3/g5)(T/Em)? . (6.6)
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Figure 6.2: 7, in quasi-1d systems. w < 1/7, < T. g1 = 50.
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Figure 6.3: 7, in quasi-2d systems. w < 1/7, < T. g2 = 50.
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We show plots for d = 3 in Fig.6.4.
ature at given frequency w.

T(bEth

XN |

4(10) |

Again, ¥(w/Eyy,) refers to the lower bound on temper-

T5(w=15Ey,)

To(w=10Ey,)

1.5x10?

: T/Eth
103

Figure 6.4: 7, in quasi-3d systems. w < 1/7, < T. g3 = 50.

6.1.4 Conclusion

We have found that as long as the AC-frequency is much smaller than both dephasing rate
and temperature, the w-corrections to the DC results derived by von Delft et al. [10, 11]

are sub-leading for all spatial dimensions.

In d = 2,3, they are parametrically small

with respect to the next-to-leading finite-temperature correction. In d = 1, the finite-
frequency contribution becomes dominant with respect to the leading DC-correction as
soon as w > wy—1(T"). The external frequency can be smaller or larger than the Thouless

energy.

6.2 The high-temperature regime 1/7y < w < T

In dimensionless form, the results in this regime are given from Eq.(5.12) as follows:

T¢Eth a

\ g3

( 272 - 3
QCIT,/E 0015,/ _alBal
g En V w 2 Glw? |

3.473cs

1
n ()

T
ln(—)
w
3/2 w:
1—-0.8144/ — d=3
) [i-osr] a=s

1+
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As noted above, the contributions to the dephasing time from finite AC-frequency are
leading in d = 1,2. In d = 3, the w-contribution is sub-leading. This regime is substantially
different from the last one considered, and we regard the prediction of this regime as one
of the main results of this thesis. In what follows, we will discuss and plot the results for
alld =1,2,3.

6.2.1 Quasi-one-dimensional systems

Taking only the leading contribution to the result in d = 1 into account , we find from
Eq.(6.7) the following conditions:

En < 1l/1y «— T/w> g1/2c1\/ Ew/w
w>1/ty — T/w<g1/2cv/w/Ew .
We only obtain the requirement w > Ei,, which directly follows from Ey, < 1/7, and

w > 1/7,. If this inequality is fulfilled, a temperature window opens which grows with
increasing frequency:

(6.8)

g1/2c1/ B Jw < T/w < g1/2c1\/w/Exy - (6.9)

At a given frequency, the derived result for 7, is valid within a definite temperature range.
We elaborate on the ratio between the first and the second sub-leading correction. Again,
we denote this ratio by r(w,T):

w CT?Ey,
r(w,T):0.915,/ﬁ/ 1g%w3t . (6.10)

We obtain the cross-over frequency w(7T),—1:

W(T)ye1/Ewm = (0.273(g1/c1)*(21T ) g1 Fen )/ . (6.11)

and plots of dephasing time and cross-over frequency are provided in Fig.6.5 and Fig.6.6.

wr=1(T)
104 L
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= (T)
100}
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Figure 6.5: w,—1(T"). g1 = 50.
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Figure 6.6: 7, in quasi-1d systems. 1/7, < w < T. g; = 100.

6.2.2 Quasi-two-dimensional case

In d = 2, the constraints 1/7, > Ei, and w > 1/7, yield the following temperature
window:

E T
2 (—th) <<% __ (6.12)

which can be solved numerically for the bounds on 7T'/w, after g, has been specified. We
plot the result for 74 in Fig.6.7.

6.2.3 Quasi-three-dimensional case

For the case of d = 3, the leading result is identical to the regime w < 1/74, but the
finite-frequency contribution is much more pronounced in the present case. The regime
constraints give the temperature window:

g5 N T _ (o \7(Ew)"” (6.13)
3.473c3 w w 3.473c3 w '

We show plots of the results in d = 3 in Fig.6.8.

6.2.4 Conclusion

The prediction of this regime is one of the main achievements of this work. We have found
that the regime is accessible for w > FE}y,, in which case a temperature window opens,
which grows with frequency. The upper bound on temperature arises due to the constraint
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Figure 6.7: 7, in quasi-2d systems. 1/7, < w < T. go = 100.
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Figure 6.8: 7, in quasi-3d systems. 1/7, < w < T. g3 = 100.
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1/7p €< w. In d = 1,2, the w-dependence is leading. In d = 2,3, the frequency corrections
are subleading with respect to the temperature corrections, while in d = 1, we found that
both corrections can dominate, depending on system size and frequency.

6.3 The AC regime 1/7, < T < w

In the regime of large external frequencies, w > T, the results from Eq.(5.19) can be
written in the following dimensionless form:

4 2 2 T 2r T ] )
T™C1 i L 1+ BOC(3> - , d=1
301 By \w L 2 W/

1 2 i ]
_ meeoT (Z) 14 24¢(3) (Z) Cd=27 . (6.14)

ToEn 6goFm \w/ | m? w/l

e T [w (T _1_}_18{(3) T _’ J—3
\ 6g3En V| En \w/ | w2 w/ | )

We infer from the leading results, that dephasing is weak in the AC-regime, as the dephasing
rate is proportional to at least one factor of (7'/w) < 1. We have seen in the discussion
on the spectrum W (T, w,w) in Ch.4.3.3, that w begins to play the role of temperature as
soon as w > T. Further, in this regime, w provides the ultra-violett cut-off, and also the
infra-red cut-off, due to our choice for €2. Hence, the window for dephasing is small in this
case and weak interactions-induced dephasing in this regime should be no surprise.

6.3.1 Quasi-one-dimensional systems

The regime constraints lead to the following temperature window:

S0 )" (B 1/4<<Z<< s ) (@) (6.15)
2m2¢y w w 2m2¢y Ey ) '

Since we need T'/w < 1, we have to restrict Eq.(6.15):

T
_<<17
w

w 39 2
1
By, (2%201 )

In Fig.6.9, we plot the 1d-result for several values of w/F}y,.

(6.16)

6.3.2 Quasi-two-dimensional systems
By the regime constraints, we have the following temperature window:

BNY2 1/2
(692 th) «-< (@) , (6.17)

T2eow T2y
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Figure 6.9: 7, in quasi-1d systems. 1/7, < T' < w. g3 = 100.

and using T'/w < 1, we derive

T

b€t
o 6g (6.18)
Eth 7T202 ’

We plot the two-dimensional result in Fig.6.10.

6.3.3 Quasi-three-dimensional systems

Our result in d = 3 is valid for the following range of temperature,

T
_<<1’
w

w . 693 2/3
Eth 7T2C3 )

We plot the result for d = 3 in Fig.6.11.

(6.19)

6.3.4 Conclusion

In the AC-regime, dephasing is weak. For w > T, the AC-frequency provides both the
infrared and the ultra-violett cut of the self-energy integral, hence the window for dephasing
processes is very small.
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Conclusion and outlook

Conclusion

In this thesis, we have studied the interplay between interactions-induced dephasing and a
finite AC-frequency in weakly disordered normal metals in the diffusive regime: We calcu-
lated the frequency-dependence of the Cooperon self-energy which defines the dephasing
time due to interactions, 7,(w). In this work, we considered the large system-size limit,
defined by the condition Ey, < 1/7,, where Eyy, is the Thouless energy. In the diffusive
regime, which we considered throughout, the temperature is always larger than the dephas-
ing rate, T' > 1/7, [8]. Hence,the AC-frequency w can be a) smaller than both temperature
and dephasing, can b) lie in between or can c¢) be larger than both. We found that these
three possibilities correspond to three physically distinct regimes, which are distinguished
by the different scaling of 74 in 7" and w.

e In the high-temperature regime w < 1/7, < T', the frequency gives only subleading
corrections to 7,. While in d = 2, 3, those are always parametrically smaller than the
corrections from temperature, which were obtained before by von Delft et al. [10,11],
the situation is different in d = 1. In this case, we found that the frequency correction
becomes comparable to the temperature correction as soon as w is of the order of
the Thouless energy E}y,, and even dominates, if w is increased further. This can be
considered one of the main results of this work. The leading correction from finite
w, denoted A, is given as follows for d = 1,2, 3:

AL gt N
wA=LT T 6 \ 4T By,

v ()
Aw,d:Z = -
2In(ga/c2) \ 2T In(ga/c2)
27 1/4 2,2F
Apams = — 1.517( = ) x 0.021 (93‘” th) .

2
g3 Lh csT3

e In the regime 1/75 < w < T, we found the frequency contributions to be leading,
and the scaling of 74 is substantially different from the former regime. We obtained
temperature windows within which the regime exists, and these windows grow with
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increasing frequency. We give the leading results for the dephasing time:

1 _QClT Eth
Toa=1Em  g1Em V w

1 _ csT In (Z)
Tod=2Emn  goEwm w

1 3473¢; [ T \*?
T¢,d:3Eth B g3 (E_th) ’

The temperature window is given as follows, for d = 1,2, 3:
g1/2c1\/ B Jw < T Jw <g1/2c1\/w/Ew,

92 L T 92
coIn(T'/w) < w > < w <<C2 In(T/w)

o 2/3 Fa <<Z<< o 2/3 Fa 1/3
3.473c3 w w 3.473c3 w '

e The situation is again substantially changed as the frequency is further increased
towards w > T. We found that in this last regime, the external frequency plays
the role of temperature. This statement refers to th fact that the spectrum for
electron-electron-collisions, W (T, ww), behaves as ~ (w/2) for small w, instead of the
DC-behaviour~ T, c.f. Eq.(4.28). Further, also the width is ~ w such that energies
larger than 7' can contribute to dephasing. We found that the dephasing is weak in
this regime. The leading expressions for the dephasing rate are given as follows:

1 _27r201 w [(T\?
Toa=1Em 301 \/E:th <;>

1 B w2e T (T
Toa—aBm 692 (;)

1 T [w (T)
Tod=sEwm  693Ewm \| Em \w/

Outlook

The derived results rely heavily on our particular choice of the infrared cut-off, Eq.(4.31).
We remind that our results are obtained after neglect of all vertex diagrams, which allowed
us to reduce the Bethe-Salpeter equation to a Dyson equation and solve the self-energy
integral self-consistently. It would be interesting to see, wether calculations which include
the vertex contribution confirm the validity of our particular choice for the cut-off. Fur-
thermore, it would also be very interesting to consider a finite system-size, such that the
Thouless energy can exceed all other scales, and look for new regimes there. This motivates
further study.



Appendix A

Diagrammatic disorder average

In this chapter, we will review the calculation of the disorder-averaged electronic Green’s
functions G&/ 4(k), which leads to Eq.(1.20) of the main text [5]. We work in real space
first and define the full electron Green’s function G(r,r’,) and the free electron Green’s
function GY(r,1’,t) via the following equations:

(6 + %AQ Gir,r') =o(r' —r) (A1)

(e + %Ar - V(r)) G.(r 1) = 6(r' — 1),

cf. Eq.(1.15) of the main text. It is well-known [18], that an expansion for G¢(r,r’) in
powers of V(r) can be written as follows:

G.(r,v") =G%r,v') + /dr1 G2r, 1))V (r))G(ry, 1)

rydry GO(r, vV (r))G2(ry, 15)V (rs) GO (1o, v’ (A.2)
+ [ [drydn, GO )V () Ge1 vV (1) 621

+....

This expansion is depicted in Fig.A.1. Note that we draw interaction propagators as
dotted lines and electron propagators as solid lines, while impurities are denoted by crosses.
The disorder average is performed using Eq.(1.18), and the averaged Green’s function is
displayed in Fig.A.2. All odd moments vanish, hence the first non-zero contribution is
quadratic in the potential:

Ge(r,r') =G°(r,v') + 7//dr1 dry G2(r,r1)d(r; — 19)GO(ry, 19)GO(ro, ¥') + ... (A.3)
It is important to note, that the disorder average restores translational invariance. This can

be seen as follows: G is translationally invariant by definition, and the higher-order terms
in the expansion in Eq.(A.3) are invariant by the definition of V(r), c.f. Eq.(1.18). The
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Figure A.1: Green’s function before disorder-averaging.
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Figure A.2: Green’s function after disorder-averaging.

diagrams which contribute to the disorder-averaged Green’s function are built by pairing
the interaction lines with impurities in all possible ways, c.f. Fig.A.2.

Due to the translational symmetry of Eq.(A.3), it is convenient to work in momentum
space, and we obtain from Eq.(A.3):

G.(k) = Gk VZGO )Gk — q)GO(k) + ... . (A.4)

A.1 Self-energy

In Fig.A.2, we encounter diagrams, which can be separated into two parts without cutting
an impurity line, and diagrams which can not. For example, consider the third diagram on
the r.h.s. of Fig.A.2, which can be separated. Its contribution can be written as follows:

ZZGO k)GY(k — q)GY(k)GY(k — )G (k)
2 (A.5)
=GV (k Z;GO (k- q)Glk)| .

and can thus be expressed in terms of the second diagram on the r.h.s. of Fig.A.2, which
is not separable. We call separable diagrams reducible, and non-separable diagrams irre-
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ducible. In general, all reducible diagrams can be reduced and written in terms of irre-
ducible diagrams, since the internal momenta are independent. It follows that the infinite
sum of all diagrams can be written as a geometric series:

Ge(k) = G2(k) + G2(k) > [S(k)G(k)]" | (A.6)

where Y. (k) is called self-energy and equals by construction the sum over all irreducible
diagrams. The self-energy is depicted in Fig.A.3.
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Figure A.3: Self-energy diagrams.

Eq.(A.6) can be rewritten in the form of a so-called Dyson equation [16]:
Ge(k) = Gi(k) + G (k) Sc(k)Ge (k) . (A7)

In the main text, we will need the disorder-averaged version of the retarded and advanced
electron propagators, which are defined via Eq.(1.17), in momentum representation. From
Eq.(A.7), we obtain [5, Eq.3.68]:

AR/A (1) _ 1

G (k) ) EE/A(k) . (A.8)
The imaginary part of the self-energy defines a characteristic decay time 7 [5], conveniently
called the transport time, which describes the decay of eigenstates of the momentum op-
erator, due to scattering with impurities. Without loss of generality, we consider only the
retarded self-energy. In Fig.A.3, the diagram denoted ¥; gives the leading contribution to
the self-energy, since the other diagrams are smaller by at least one factor of 1/kpl.(phase
space constraints), or ¢;(impurity concentration), which are both small in the limit of weak
disorder. According to Fig.A.3, the imaginary part of 3, is given by the expression

32 (k, €) Z\SGR (A.9)

A.2 Density of states and convenient definitions

It is convenient to define the imaginary part of SG¥ as follows [5, Eq.3.21]:

R _ 1A
7
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We define the transport time as 1/27 = X and we make use of the following relation
for the density of states per unit volume p(e) [5, Eq.3.32]:

ple) = —% S SGH(K). (A.11)

, Note that p is related to the level density v, v = pV. Further, a useful relation valid for
free electrons in d dimensions reads:

ple) = 29 (A.12)

where ne is the electronic density and s = 2 for unpolarized electrons. In this thesis
throughout, € = Er, and we will put p = p(Er) as well as n = n(Ep).

A.3 Transport time

Using the definitions above, we find from Eq.(A.9):

1
i 1
o Ty, (A 3)

and the disorder-averaged retarded and advanced propagators can be finally written as

1

G (k) = c—ek) L’

(A.14)

which is Eq.(1.20) of the main text.



Appendix B

Time evolution in Quantum
mechanics

We review the characteristics of the three well-known and equivalent representations of
quantum-mechanical time evolution [1].

B.1 General remarks

Consider a given quantum system described by the Hamilton operator H. According to the
Schrédinger equation, the time evolution of a given quantum state |¥) is given as follows:

) .
i ) = H(t) |[¥) (B.1)

Every measurable physical quantity A(t) is represented by an operator A(t), whose eigen-
values {a;} equal to the possible outcomes of a measurement of A(t). The expectation

value of a measurement of A(t), <A(t)>, is defined as follows:

(A@)) = (| A@)|9) | (B.2)

and is in general time-dependent.

B.2 Schrodinger representation

We will first introduce time evolution within the Schrodinger picture. Within the Schrodinger
representation, the dynamics due to Eq.(B.1) affect only the state vectors, not the observ-
ables. Eq.(B.1) allows us to write

(1) =Ut,t) [ e(t)) | (B.3)
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where the time evolution operator U(t,t') obeys

0(t,t) =1 (B.4)

Ui(t,t) =U(t, 1)~ = U, 1) (B.5)

Ut t) =U(t, U, t) . (B.6)

We insert Eq.(B.3) into Eq.(B.1) and write the result in the equivalent form

t

Ot t) =1 — z'/dT (). (B.7)
tl
From an iteration we obtain the formal solution

N 7i}dTI:I(T)
U(t,t') ="Te v : (B.8)

In the special case of time-independent Hamilton operators, Eq.(B.8) simplifies to
Ut t) = e 1, (B.9)

We may take a look on the scalar product (¥ (¢')| W(¢)), which is equivalent to a transition
amplitude, and assume that we know the state at a given instant, |¥(t = 0)) = |¥y), say.
Then the scalar product may be rewritten in the form

(W) W(t)) = (Vo| S(t,1) [Wo) (B.10)
where we employed the convenient definition of the scattering matrix S (t,t),

Sty =UmU ). (B.11)

B.3 Heisenberg representation

For the expectation values in Eq.(B.2) we may now explicitly write

<A<t>> — (U T (t, YA T (L, ) [ T()) . (B.12)

We may choose our time axis such that ¢’ = 0 and set |V (¢’ = 0)) = |¥y). Using this choice
in Eq.(B.12), we derive the Heisenberg representation! by identifying

Ag(t) = U AU (), (B.13)

i.e. we take the state vectors to be constant in time, |¥(t)) = |¥y), and shift the dynam-
ics upon the observables. Note the equivalence between the Schrodinger and Heisenberg
pictures, which becomes apparent in Eq.(B.12). We immediately deduce an equation of
motion for the Heisenberg operators, the so-called Heisenberg equation:

d - A . 9 .

!Quantities written in Heisenberg(Interaction) representation carry a subscript H(I).




B.4 Interaction representation 73

B.4 Interaction representation

We consider Hamilton operators of the form H(t) = Hy + W(t), where Hy is time-
independent. If W(t) can be considered a perturbation small with respect to Iflo, the
interaction representation suits best for the elaboration of such problems. The interaction
representation of operators derives from the Schroodinger picture via

Ay (t) = ot A(t)eiHot (B.15)
and the transformation from the Heisenberg representation amounts to the replacement
Ap(t) = Ut (£)e ot A, (1) e oD (¢) . (B.16)
The quantum states in Interaction and Heisenberg picture relate via

(W (1)) = ety (t) | W) | (B.17)
and the relation between Schrodinger and Interaction picture is given by

[Ty (t)) = e[V (L)) . (B.18)

The quantum states obey the following differential equation,
0 5
iy [Yr(1)) = Wi(t) [ W1 (2)) . (B.19)

In interaction representation, the scattering matrix S 1(t,t') is given as follows:

R R —iftd‘rWI(T)

Si(t,t') =Te ¥ : (B.20)
for ¢ > t’. For convenience, we also give

R ] deW ()

Sig, ¢y =Te v | (B.21)

where the time(anti-time) ordering T(T) arranges operators acting at earlier times to the
right(left) of operators acting on later times.
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Appendix C

Derivation of the conductivity

C.1 Fourier transform of the electric current

The goal of this appendix is to find the Fourier transform of Eq.(3.15) of the main text.
We infer from this equation, that the expression for the current is a sum of terms of the

following structure,

') =- /dx2 /dtg (V1= V1) (Ve — Vo) A(t2)G(1,2')H (2, 1’)]1,:172/:2 : (C.1)

where GG, H represent electron propagators. Note that the propagators are invariant under
translations in time and thus satisfy

G(]_, 2) = G(Xl,Xg,tl - t2> .

We use Eq.(C.2) and rewrite Eq.(C.1) in terms of Fourier integrals,

F(le tl

3V4/dX2 /dtzZZZZ/da /dE/dy

ki ki ko ky

77,E(t2 tl) k1+k1/)X1 Z(k2+k2/)- X2

x etz gl e el e
X A( )G(kl, kg/ Oé)H(k27 k1/ E) (kl — kl/) . (kg — kQ/)

(2 3v4/dx2 /dt2ZZZZ/da /dE/d’V

ki ko ky
(’y a+E)ts e—Z(CX E)tl el(kl—l-kl/) X1 ez(kz—‘rkz/)

a(ti—t2)

X e
X A(’}/)G(kl, kg/7 Oé)H(kQ, kl/7 E) (kl — kl/) . (kg — k2/) .

We evaluate the integrals over (X, t2),

F(le 1

2V32222/da /dE/dy

1/ ko k
x e tem Bl latlan X §(B 4y — a) i ricy.0
X A(7)G(ky, ko, ) H(ko, ky/, E) (k1 — ky/) - (ko — ko)

(C.2)
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and in the next step the now trivial integrations over (a, ko ):

g L o fre

ki k/ ko

X A(V)G(kb _k27 E + P)/)H<k27 k1’7 E)2k2 : (kl - kl’) .

The Fourier transform of I'(xy,¢;) equals to the following expression:

I'(q,w) :W;kazlkzlkzz/dxl/dtl/dE/dfy

% e—i(’y—w)tl ei(kl +k1/ —q) X1

X A( )G(kl, —kz, E+ "}/)H(kg,kll E)2k2 . (kl — k1/>

27TVZZZ/dE/d757 W) Oy +ky—q,0

ki kl’ ko

X A( )G(kl, —kg, E+ ’7)H(k27k1/, E)2k2 . (kl — kl/)

dEY > ko - (2ki — q) G(ky, —ko, E + w)A(w)H(ky, q — ki, E) .

ki ko
Finally, we obtain for the q = 0 mode:
2
[(w) = e /dEZ > ki ko Grpu(ki, ko) A(w) Hp (ko ki) . (C.3)

ki ko

C.2 Cancellation of the diamagnetic term

This section is devoted to show that the following equation holds true for small excitations,
w <K EFI

ne? e?
= k? [dE
mw  miwrdV ; /

(C.4)
Y [f(E LT (T f<E>6§+w<k>6§<k>] .

In the square brackets of the integral, we shift £ — (F — w) in the first term and since we
consider w < E, we further neglect the w-dependence in the Green’s functions. Thus, we
arrive at

ne’

Tmw

- m%fidv DK / AE f(B) |Go)C(k) - CLR)GLK)| . (C5)
k
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The following relation for the disordered Green’s function is immediately proven by differ-
entiation:

—R/A
oG, —R/A—=R/A
A (C.6)

and using this relation we obtain:

= iy 1€ 4B 1) [0 -] 1)

mw

At low temperatures, f(F) ~ O(Er — E). Using this approximation and integrating by
parts once, we find:

7’L€2 2

—__ % Ny A
imw m2wrdV zk:

£()] (C.8)

/dE 5(E —~ Er) [GF0) ~ @

We use Eq.(A.10) for the definition of the imaginary part of G* and obtain

ne’ 2ie?

= /dE 5(E — Er) Y K*SG (k). (C.9)

mw m2wrdV

Now the pinning of the energy to E = Ef allows for the approximation k? & k%, and to
this accuracy, we find

ne? 2ie*ky
imw  m2ordV Z C\GEF (C.10)

We write this last expression in a slightly different form,

_LV 3 gagF(k)] , (C.11)

2 27.2
ne®  2eky

mw  miwd

and use Eg.(A.12) to identify

n(Ep)e* 2’k
mw miwd

(Er). (C.12)

SettingEr = k% /2m, we obtain

ne?  2e* x 2mEpnd  ne?

= = C.13
mw AErm2wd mw’ ( )

which proves the claim. The diamagnetic term is absent in normal metals.
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Appendix D

Electron energy averaging

In this section we perform the average defined in Eq.(4.20) over tanh [(EF + w — @) /27T
and tanh [(E 4+ @) /2T]. The calculation goes along the following lines. For arbitrary ©,

(e (50),

= - 70dEf<E+°") —JE) o (EQ—_T@)

W

—0o0

+oo
1 E+4+w E E—-06
=20 / dE {tanh( 5T ) — tanh (ﬁ)} tanh (T) ,
where we used that f(E) = 1/2(tanh(E /2T — 1). Substitution, F/2T = z,dE = 2Tdz
and ©/2T =y, as well as w/2T = €, leads to the following expression:

(tanh (z — y))

+oo
1
= 50 / dz [tanh (z + Q) — tanh ] tanh (z — y) . (D.2)
Consider the indefinite version of the integral of Eq.(D.2), let us call it I. This indefinite
integral is given by the following expression

I = — coth(2 + y) [In cosh(z + ) — In cosh(z — y)]

+ coth(y) [In cosh(z) — Incosh(z — y)] . (D-3)
which is readily confirmed by explicit differentiation. We use the further identity
xlggo Incosh(x + a) — xEIElOO Incosh(z £ a)| = +2a, (D.4)
to proceed from Eq.(D.2) via Eq.(D.3) to the result,
(tanh (z —y)), = g cothy — 2ty coth(Q2 +vy) . (D.5)

Q
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Finally, we obtain the desired results:
EF+w—w w—w w—w w w
o (B2 2YY 8w g (So0) L9 (2)
<an ( 2T )>E w ( 2T ) w o7
o _ - - -
tanh tw :—gcoth ) Cd+wcoth wrw .
2T 5 w 2T w 2T




Appendix E

Useful integrals

£d¢
sinh? ¢

oo

/dff(coth§ -1)

0

71.2

12

/d§§2(coth§ —1) = @
0

= —¢cothé 4+ Insinh €.

(E.1)

(E.2)

(E.3)
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Appendix F

Integration over internal momenta in
infinite system size approximation

In the approximation of infinite system size, we replace the momentum sum in Eq.(4.27)
of the main text with an integral,

1 d_ B

where d is the spatial dimension of the system. We see that the problem reduces to finding
the integral of 1/(D?q* + @?). We adopt spherical coordinates and with S; denoting the
surface of a d-dimensional unit sphere, we obtain

/ _da ﬁf a7 (F.2)
D2t +w? @2 ) (D?/ot)qt+1° '
0

R4

Scaling, £ = g+/ D/, gives

Sd, % £d_1d£
D2 + @2 = Ddj2g2-d/2 i1’ (F.3)
d 0
and therefore we find
1 [ dw i
Q

where we have defined the parameter Cy as follows:

254€q

Ca= (27)d+1y D2’
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where £; is given by the following integral

B o0 gd—l df
a- | S (F.0)

with the results &, = & = 7/(2v/2) and & = 7/4. We will give the expressions for Cy for
d = 1,2,3 in terms of the dimensionless conductance in d space dimensions, g4, and the
Thouless energy, Ey, = D/L?. From the Einstein relation ¢ = e*>vD and from Ohm’s law
for the conductance, G4 = 0 L%2, we have the following relation [5]:

ga = 2nvDLY2. (F.7)

By use of Eq.(F.7), we obtain from Eq.(F.5):

Cy = 2 od=2y, (F.8)

where ¢; = 1/(2v/27), ¢; = 1(/87%) and ¢35 = 1/(8v/27%). This finally yields from Eq.(F.4):

oo

1 B Cd(Eth)l_d/2/ dw

Ts W)= 94 w2=d/?
Q

W(T,w,o). (F.9)



Appendix G

Asymptotic analysis in the
high-temperature regime

We derive Eq.(5.5) of the main text from Eq.(5.4). The latter equation reads:

1 Ew 27\ 62\ [ei2d [ ed/2d 12
gt (20 [ e et 1))
To 294 \ Ew 3 sinh” & sinh” & & 3

A A

(G.1)

Consider the first integral in Eq.(G.1). In the one-dimensional case, we rewrite the integral
by adding and subtracting 1/£2 in the integrand, to find

00 0o 0 A
S S 2| L 1 2|1 1
A/m—A @*0/‘1’55 e ¢ ‘0/@‘gf seE @

The second integral on the r.h.s. of Eq.(G.2) is evaluated numerically,

r 11
0

and from the first and third integral we obtain the following leading and subleading con-
tributions in A:

. A
d 1 1 2 2 ..

/6?52 B /d&l/2 Linh% - ?] ~ VA + §A3/2 +O(A™?). (G.4)

A 0

For d = 2, the integral can be done analytically,

o0

d 1 A
/_{ gf = AcothA + Insinh A zlnz—i- 1 —1n2+?+0(A4)‘ (G.5)

sinh
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For d = 3, the integral is convergent in the limit A — 0. We write

) o0 A
3/2d 3/2d 3/2d
5- 25 = 5 25 - § 25 ) (G.6)
sinh® & sinh” & sinh” ¢
0 0

A

where the first integral is done numerically and the integrand of the second integral can
be expanded in powers of A. We find

o0

£¥/2dg
and
o 3/2d
inhé =2A2 40 (A%?) . (G.8)

0
Now we turn to the second integral in Eq.(G.1) and write this integral as
0 A

£42q¢ ) 12\ £42q¢ ) 1 2

where 'y is calculated numerically

. 0.078 .d—1
grag (L1 2
I'i= [ >——=|coth®™{ — = — < | =4 0080 ,d=2, , (G.10)
sinh® & & 3
0 0.093 ,d=3

For the remaining integral in Eq.(G.9), we find to leading order in A < 1:

) \

—A3/2 A?/Z d=1
Agd/2d€ 1 2 45 +O( ) |

1

S 5 th2¢e — — — 2 ) = —AZ? 4 = ) G.11
sinh? ¢ (CO c2 3> 3 TO@RY) d=2 (G-11)

2 5 9/2 _

\75A + O(AY7) ,d_3)

Putting all pieces together in Eq.(G.1), and keeping only leading terms in A and 6, we
finally find

( OTE, 62 )
a 1 0915VA+ — ) ,d=
g1 A 3
1 CQT 1 92 AQ
—(0) = —— In—(1+=)+1-In2+—| ,d=2,, G.12
%() 92{nA(+3>+ n—|—6}, ’ (G.12)
4
2456es T [21 [1—0.814AY2 +0.1746°] ,d =3

N g3 th J
which is Eq.(5.5) of the main text.



Appendix H

Hikami calculus

E““"_Q EF+w-w
ST bk S kta g “Kta-a
3; ;-—. I T Em
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-~ —k' e —k 71(’
E E
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H ' ' r
i H SpeY Py : :
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E-o E- E-

Figure H.1: Definition of the Hikami box.

In this appendix, we calculate the Hikami boxes which appear in the self-energy dia-
grams for the Cooperon. The impurity-dressed Hikami box corresponds to the diagrams
in Fig.H.1. We consider first the R-Hikami box in Fig.H.1a), which translates into the
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following expression:
H" =H{' + Hy' + H',

=3 S [GR Lk @) Gl o+ a - @)GA(K)
NCIEETE

Y ~ 2 A 0
Hy V) Z [Gg-‘rw(k + Q)] Ggw—w(k +q-— Q)] X
k

H?f%: 1 ZGE-H/J k+ng+w w(k+q q)G ( k)

V2
(H.1)
In the diffusive limit, we expand the Green’s functions in Eq.(H.1):
_ _ _ 2 _ 3
Gk +a) = G — (@ -v-a) |G et [GF ) )

where v = Vye(k). We substitute the expansion Eq.(H.2) for the Green’s functions in
Eq.(H.1). To evaluate sums of the type

o= 25 ok [oho0] m

we use [5, Table 3.2] and note that the calculation is straightforward using the residual
calculus. Using the angular average (v - q)(v - q)) = v3qq = Dqq/7d [5] and thus arrive at
the following result, to leading order in wr, ql.:

Hiq(w,0) = (2mpr*) [D(a — §)° — i(w +@)] . (H.4)
We repeat similar steps for the A-Hikami box in Fig.H.1a). The expression

H* =H{ + Hy + Hy

1 = 37 [GA0) GE (ko @GR ok~ )
i = | X [GH0) GE v a)| | S GHKO G o )| (019

2

VQ

Hy =L Zég )GE, (—k+q)GE__(k—q)
k

leads to the result:

H“ﬁq(w @) = (2npr?) [D(q —q)? —i(w— Jj)] ) (H.6)
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