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Abstract

Coherent effects in electronic transport constitute a fascinating topic in mesoscopic
physics of disordered materials. Among many others, coherent corrections to the clas-
sical Drude conductance are well studied theoretically and experimentally. The leading
correction, termed weak localization (WL), results from a long range interference ef-
fect. In two dimensional materials, the WL correction to the electrical conductance

determines the nature and existence of Anderson metal-insulator transition.

Interference effects and WL corrections result from quantum crossings in electronic
propagation. This interference affects the conductance in a matter determined by the
presence of time-reversal symmetry (TRS). This anti-unitary symmetry, along with
the particle-hole symmetry (PHS), classify disordered systems into 10 classes. This
is known as the Altland-Zirnbauer (AZ) 10-fold classification of topological materials.
Using a description based on effective non-linear sigma models, it was shown that in
three of the ten classes, all quantum corrections to the Drude conductance vanish for

undoped systems.

In our work, we present a novel interference effect associated with PHS which con-
tributes to the WL correction. This effect is responsible for the vanishing correction
in the above-mentioned three classes, where it cancels the interference associated with
TRS. Our method also provide an alternative explanation to the vanishing of all cor-
rections using simple arguments. Combining both effects, the sign of WL aligns with
known results in the literature, and thus provides a complete picture of WL for all

symmetry classes.

We also present numerical results for the scaling of conductance as expressed by the
beta function 3(g), using a tight-binding model of a bipartite lattice (e.q. graphene)
with various types of disorder. To this purpose we use the Thouless expression for
the electrical conductance, a very efficient computational tool. Each model of disorder
belongs to a certain AZ class. The sign of the WL correction to 3(g) is then computed
for each model, and the results back up our analytical calculations. In particular, the
vanishing of all quantum corrections to (g) is observed for disorder potentials which

maintained the anti-unitary symmetries of pristine graphene.






Abbreviations and Notations

WL
WAL
TRS
PHS
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B.C

weak localization
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Chapter 1

Introduction

In this chapter, the main topic and the results we have obtained are presented without
much details. The preliminary material is introduced in chapter 2, and the detailed cal-
culations leading to our main result are presented in chapter 3. The numerical results
backing up our calculations along with an introduction to the Thouless conductance

are presented in chapter 4.

Quantum coherent effects in transport constitute a multifaceted and active area of
research in mesoscopic physics, both theoretically and experimentally. In particular,
weak localization correction to electronic conductance has been the focus of many active
works. Since the prediction of disorder-induced electron localization by Anderson [1],
much progress was made in this field. The well known paper by Abrahams et al. [2]
suggested that the metal-insulator transition is continuous, and electrical conductance

g obeys scaling, i.e there exists 5(g), which for g > 1 takes the form,

Blg)=d—2-% 1. . (1.1)

g
Here «/g is the weak localization (WL) correction to the Drude conductance. As a re-
sult of scaling, its sign is important. A positive a leads to localization for any arbitrary
small disorder, whereas a negative « introduces a metal-insulator phase transition. In
[2], a negative a was found, however it was later shown [3] that in different symmetries,

such as systems with spin orbit scattering or magnetic impurities, sgn o could change.

Abrahams et al. used Langer and Neal [4] diagrams, which demonstrated that weak
localization results from an interference effect between crossed and ladder diagrams for
electronic diffusion. This approach provided a physical interpretation of sgna and re-
lated it to the existence of time reversal symmetry (TRS). TRS classifies systems into
the three Wigner-Dyson classes [5, 6]. A magnetic field breaks TRS and suppress weak
localization, which provides an experimental way to measure it through the magneto-

resistance time-of-flight experiments [7-10].



Altland and Zirnbauer [11] expanded the Wigner-Dyson classes so as to include
weak localization for metals in contact with superconductors, which induces particle
hole symmetry (PHS). Separately, families of gapped Hamiltonians were classified into
ten Cartan symmetry classes [12-14]. Each family of Hamiltonians was related to the
possible topological invariants it can support based on the symmetry class and dimen-

sion. Connections between these two approaches were proposed [15].

In our work, we provide a calculation and a physical interpretation of the weak
localization sign for systems with intrinsic symmetries TRS 7 or PHS P, belonging to
one of the Cartan symmetry classes, by combining two interference effects. This results
in the relation

sgn o = sgn 72 — sgn P? (1.2)

where sgn 72 (P?) denotes whether 7 (P) squares to plus or minus the identity. The
first term in the left-hand side results from interference effect of weak localization. Our
main result is that the second term also results from interference. This expands the
results from Altland and Zirnbauer [11], and provides another interpretation for the
vanishing of a. Through simple arguments, it can be shown that all of the quantum
corrections in three of the chiral classes vanish, as was found by Gade et al. [16] and
others [17, 18]. The novel interference effect originates from the perturbative expansion
of the disorder-averaged two-point Green’s functions W, GAGA appearing in the
Kubo formula, provided PHS is present. This leads to localization (anti-localization)
for systems with P2 = —(+)LL

A number of recent experiments on weak localization in two-dimensional materials
were performed in graphene [19-21], and show varying results for the WL sign. As
was previously discussed [22], long and short range potentials in graphene may possess
different symmetries. Disorder in the hopping terms or random vacancies (removal of
atoms) preserve the chiral symmetry and has both 7 and P squaring to identity at half
filling. In this case, we expect a scale-invariant conductance in a wide range of disorder

strengths due to the vanishing of 3(g).

Our second goal was to show the behaviour of f(g) numerically in a tight-binding
model of graphene with various types of disorder. To that purpose we used the Thouless
expression for conductance [23, 24|, where only the energy spectrum is needed, mak-
ing the numerical computations easier. It was shown [24] that in the diffusive regime,
Thouless and Kubo conductances are proportional. We find that a critical conductance
ge occurs for the Rashba potential, which adds a spin-orbit scattering (Figure 1.1). Ad-
ditionally, no such transition exists for on-site random potential, as we expect for a > 0

in this case. For hopping and random vacancy disorders, we find evidence that 5(g) is



scale invariant for a wide values of disorder strength (Figure 1.1), supporting (1.2) and

the general arguments presented in section 5.1.

10°
103t
10! :
1072
11073 10%f

104

10°

101

gr [e?/h]

100
100F

1 L L L L L
4x107T 6x1071 10°

W/t

Figure 1.1:  Thouless conductance gy with respect to the disorder strength W/t as
defined in (4.6)-(4.9). From top-left clockwise: Var, Varr, Vs, Vipr-






Chapter 2
Theoretical background

This chapter is divided into three parts. The first part is devoted to an introduction of
coherent effects and a definition of the mesoscopic regime. The second part introduces
the scaling theory of localization and the definition of the function $(g) for the elec-
trical conductance. This lays the ground to introduce the main concept of our work,
weak localization (WL) corrections. The third chapter discusses the two anti-unitary
symmetries time-reversal and particle-hole. These are the symmetries which a disor-
dered system may still possess, after all unitary symmetries were exhausted due to the
random disorder. The 10-fold classification based on these symmetries is presented, as
our main result associates each symmetry class with a sign of the WL correction. The
fourth chapter introduces the Green’s function method to compute WL as a part of
a diagrammatic expansion in the number of quantum crossings. First, the expansion
of the diffusion probability is discussed, and then related to the conductivity via the
Kubo formula. It then becomes apparent that WL is an interference effect. This helps
understanding the novel interference effect we unveiled in our work, which is a part of

a different yet similar diagrammatic expansion.

2.1 Electrical transport in mesoscopic conductors

Classical electronic transport in metals is well described by the Drude model. Under
the influence of an electric field, electrons propagate across the metal while scattering
off random impurities. A diffusive behavior results in a constant current, related to
the voltage difference by the conductance Gp through I = GpV. For a hypercube of

length L in d dimensions, Gp is given by

Gp(L)=op L2, op= ”;Te, (2.1)

where o4 is the Drude conductivity and n, e, m, 7. are the electron’s density, charge,
mass and scattering time, respectively. The parameter 7. holds the information about

the impurity disorder.



Electrons do not loose coherence when scattering off elastic impurities, however co-
herence depends on the coupling to external degrees of freedom (d.o.f) or irreversible
processes such as coupling to phonons at a finite temperature. The length an electronic
wavepacket transverses before loosing its phase information is defined as the coherence
length Lg. For L < Ly, coherent effects may be present. A second characteristic length
scale is the elastic mean free path [, related to the elastic scattering time 7. through
le = vpTe where vp is the Fermi velocity of the electron. I, determines the crossover
between ballistic and diffusive (multiple scattering) regimes. In this work we consider
le < L < Lg, defined as the mesoscopic regime (Figure 2.1). For low enough temper-

ature, Ly can be of 10 um, while [, can be of 10 nm.

L

< | | >
ballistic Mesoscopic /. classical
e . . . .
diffusive diffusive
le KL KLy

Figure 2.1: Different regimes determined by the two characteristic length scales, the
elastic mean free path [, and the coherence length L.

Conductance fluctuations are an example of coherent effect, observed experimentally
by Webb et al. [25]. A metallic ring of around luym in diameter was pierced by
Aharonov-Bohm (AB) flux ¢ (Figure 2.2. Electrons in the ring experienced a negligible
magnetic field, however, different electron trajectories acquired different phases due to
the vector potential A (Figure 2.2). The trajectories interfered at the other end of the

ring and an interference pattern was observed.

The Webb experiment was done for a specific realization of the disorder in the ring.
A question one can ask is whether coherent effects are self-averaging, i.e whether they
survive an average over disorder realizations. As was shown by Sharvin and Sharvin[26],
they do survive. A cylindrical conductor of height L > L, and diameter of R < Ly
realizes a disorder average of the Webb metallic ring, and the results showed that some

fluctuations persist, thus surviving the disorder average.

Another self averaging coherent effect is the quantum corrections to the longitudi-
nal Drude conductivity, the leading one is called the weak localization which will be

introduced in the next subsection. This coherent effect is a results from an interference

10
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Figure 2.2: Left: illustration of the electronic trajectories in a ring pierced by AB flux
¢. Right: experimental results, showing fluctuations G(¢).

affecting the back-scattering of electrons. Throughout this work, the dimensionless

conductance will be used, through
h
9(L) = % G(L) (2.2)

where h/e? ~ 25kQ is the quantum of resistivity.

2.2 Weak localization and Anderson transition

The Anderson metal-insulator transition is a disorder induced phase transition between
a metallic and insulating phases. Those phases are defined by the behavior of the elec-
trical conductance g as we take the length scale of the system L to infinity. Such an
insulating phase does not require a band gap, and through the entire work only gapless

materials are discussed.

In order to understand the Anderson transition, scaling theory of the electrical
conductance needs to be introduced. In general, a quantity g(L) has scaling if there

exists a function f such that
g(AL) = f(A,g(L)). (2.3)

Put in simple words, if an initial value go = g(Lg) is known, scaling allows us to deduce
g(L) for any scale L - useful when composing several systems of size Ly to build a larger

system. Assuming scaling, it is possible to define the beta function,

dlng

(2.4)

which will depend on g(L) alone, rather that L. Thus, by knowing g, we know its flow

- i.e its behaviour with respect to L. This is equivalent to the above statement.

11



When the disorder in a metal is weak enough such that electrons are not spatially
localized, the classical Drude model applies. The conductance g (2.1) is a homogeneous

function, and it therefore scales with a constant beta function

Blg)=d—2. (2.5)

In the opposite limit, for a very strong disorder, electronic wavefunctions are localized.

For a 1D insulator, using Landauer formula [27],

goce 5 B(g) o In(g) (2.6)

Assuming a similar behaviour for 2 and 3 dimensions , the scaling theory [2] suggests
that g scales in between as well, so we can smoothly interpolate 5(g) between (2.6) for
g < 1 and (2.5) for g > 1 (see Figure 2.3). In two dimensions, the sign of 5(g) - the

flow - is fully determined by quantum corrections.

B(9)
MetakInsulator 4

transition ~N P s
— < In
Strong localized 9e Drude regime ('g)

regime (insulator) (metal)

QU

=N W

Figure 2.3: The electrical conductance $(g) function in 1-3 dimensions. The arrows
represent the flow of the conductance for L — oo.

Taking the quantum corrections to the Drude conductance into consideration, a
calculation which will be presented in section 1.4, the conductivity becomes scale de-

pendent, and the formula for g takes the form
g(L) = o(L)L"? (2.7)
such that g(L) preserves scaling, and for weak disorder g > 1 [2],

Blg)=d—2—+ ... (2.8)

g
the term a//g in the expansion is referred to as the weak localization (WL) correction
to the conductance. Originally, it was found that a > 0, leading to a small reduction
of g, hence its name WL. However, in some cases a < 0 increases g, a correction named
'weak anti-localization’ (WAL). In view of the scaling theory, this results in an Ander-

son transition in two dimensions (see Figure 2.4).

12



B(9)
A a<0
weak anti-localization

Ye
@_ > In(g)

a>0
weak localization

Figure 2.4: Electrical conductance §(g) in 2 dimensions, with the addition of quantum
corrections, depending on the WL coefficient ««. The arrows represent the flow of the
conductance for L — oo.

Our main results discuss the relation between sgna and the symmetries of the

systems, which will be discussed in the next section.

2.3 Anti-unitary symmetries and 10-fold classification

By definition of random disorder, there are no unitary symmetries remaining, hence
the system’s Hamiltonian cannot be further reduced into blocks. However such Hamil-
tonians can be distinguished by anti-unitary symmetries, which will be introduced in
this chapter. We will be working in the frame of single particle Hamiltonians, and use

first quantization.

Time reversal symmetry

Consider a particle moving in a random potential. Is the Hamiltonian symmetric with
respect to the inversion of motion, known as time-reversal symmetry (TRS)? 7. This
kind of transformation cannot be achieved by a unitary operator. In fact, 7 is an

anti-linear operator, more specifically anti-unitary. It is defined by [28]
T =UrC, (2.9)
where Ur is unitary and C satisfies
cict =—i, ckct=—-k cect=r. (2.10)
Without other internal d.o.f, 7 acts on momentum states as follows,
T |k) = 7| — k). (2.11)

13



T is a symmetry if it commutes with the Hamiltonian,
THT' = H. (2.12)

As an example, consider the Hamiltonian of an electron subjected to a magnetic field
B =V x A and a potential V (#),

(b — qA)?
2m

H= +V(#). (2.13)
For A = 0, it is easy to check that the operator 7 = C satisfies (2.12). For B =
V x A = 0, the choice Up = ¢* Jo Adr gives the desired 7. For a non vanishing B, it
can be shown that a Ur cannot be found and H has no TRS.

Relation (2.11) leads to 72 = I. However, this is not always so when adding d.o.f.

For example, consider a free electron in the presence of spin-orbit coupling,

) A
Hso: p7+

o 4nu?5-(vvwf)xﬁx (2.14)

where ¢ = (04, 0y,0) are Pauli matrices. After a Fourier transform to the momentum
k space, the eigenstates are labeled by |o, k) where o = £1 is the spin index. It can be

shown that the operator
T =io,C, Tlo, k) =0|—0o,—k) (2.15)

commutes with Hy, while satisfying 72 = —I.

For disordered systems, there exist 3 cases; T is absent or we have T satisfying either
7?2 = +1. Families of disorder Hamiltonians can be classified according to these three
cases; these are known as the three Wigner-Dyson classes, labeled by A, AI, AIT (see
Figure 2.5). It was shown [3, 29] that the sign of the WL correction depends on TRS
(Figure 2.5).

sgnT?| sgna

A 0

Al | 41 | +1
All | -1 | —1

Figure 2.5: Summary of the known sign of the WL coefficient « in the three Wigner-
Dyson classes [30].
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Particle-hole symmetry

For some systems, the Hilbert space can be divided into two subspaces, known some-
times as particle/hole or particle/anti-particle states in different fields of physics. The
particle-hole symmetry (PHS), can be thought of as the symmetry with respect to
flipping the particle’s motion while also flipping its charge. By nature, PHS requires
additional d.o.f, and it is anti-unitary as well. Contrary to TRS, it anti-commutes with
the Hamiltonian in first quantization [13], as is also known from charge-conjugation in
Dirac Hamiltonians,

PHP' = —H. (2.16)

Like with TRS, two cases are possible, P? = £I. As an example, consider the Hamilto-
nian of a honeycomb lattice in a nearest-neighbors tight binding approximation. Near
the Dirac points,

Hy = vp (/%xagc@]l—i—l;:yay@n) , (2.17)

where o, 7 operate on the sublattice {A, B} and valley {K, K'} spaces respectively.

The eigenbasis of Hy can be written as
5,7, k) = s|o,, 7, k) 4+ €%| — oy, 7, k) (2.18)

where s = =41 represents the band, 7 = K, K’ represents the valleys and ¢ =

arctan ky /k,. In this basis, the operators

T=—io.,®oy, e~k C
, (2.19)
P=—ioy@oze ¥+C

are the TRS (top) and PHS (bottom), satisfying (2.12), (2.16). They operate on the
eigenstates as
T|s, 7, k) = —ste k| s, —1, —k)

, (2.20)
P|s, 1, k) = —se k| — s, —1,—k).

Note that PHS flips the band index s. Since (2.17) was given at the band center, it

flips electron and hole states, as expected.

The Cartan symmetry classes

According to the presence and type of the two anti unitary symmetries P and 7, 9
symmetry classes are possible. Additionally, the chirality I', a unitary symmetry that
anti-commutes with the Hamiltonian is considered. It exists when both 7, P exist
and it is given by their product I' = PT, however it can also exist on its own, adding
a tenth class. These ten classes (Figure 2.6) have a WL sign associated with them
[11, 15, 16, 29] as given in (1.2). On the right side of the Table, homotopy groups

of the classifying spaces are given for topological insulators as has been obtained by

15



Kitaev and Teo et al. [12, 13]. Systems with the Z group are characterized by an
integer topological invariant, such as the Hall conductivity in the integer quantum Hall
effect. Zo denotes the possibility of two distinct topological phases, and the trivial
group means that the system has only a topological trivial phase. The development of
this part of the Table did not involve disordered gapless Hamiltonians. However, there
seem to be a connection between the groups and the vanishing of all quantum correc-
tions to (g) in the chiral classes BDI, CII, AI1I. This will be discussed in section 5.2.

symmetry dimension
T2 | P2 | T 0 1 2 send
A Z Z 0
Alll 1 Z 0
Al | +1 Z +
BDI\+1 | +1 | 1 | Z, | Z 0
D +1 Zy, |\ Zy | Z -
DHI -1 |+1| 1 Zy, | Zy -
All | -1 Z Z, -
ci{-1|-1] 1 Z 0
C -1 Z +
cr{1|-1]1 +

Figure 2.6: Classification table of weak localization and topology. Left: the ten Cartan
classes of Hamiltonians along with the anti-unitary symmetries present [11, 16]. +1
indicate a symmetry that squares to I, vacant space indicate lack of symmetry. Mid-
dle: Homotopy groups related to the classifying spaces of the Cartan classes [12—-14].
Vacant spaces are trivial groups. Right: the sign of weak localization in each class, as
given by (1.2).

Matrix elements

A repeated method that will be used in this work is to compute matrix elements
of unitary operators while inserting the (minus) Identity - 72 or P2, and then use
(anti) commutation rules and applying 7 or P on states. This process should be
done carefully, as anti-linear operators do not have properly defined matrix elements.
Operation of an anti-linear operator A is defined as operating on the ket state, denoted

by parenthesis. The following relation applies,

(| (Alwn) = (| (AT20)). (2.21)

16



For an anti-unitary operator A satisfying A% = =+I, it can be shown that AT = +A.
Given a linear operator O and a commutation relation [A,O] = 0, we can have a

relation between matrix elements of O,

(| O ) = {100 | OA ) = (60 | O (A|Atp)) = (tha| (AO|AWy)).  (2.22)
Using (2.21),
+(ta] (AO|Avy)) = (A | (OTAT 1)) = (Ady | O JAGG)  (2:23)
Thus giving

(tha | O [thy) = (Athy | OF | Athy). (2.24)

This calculation can be repeated for anti-commutation relation {4, O} = 0, resulting
in

(Va | O i) = —( Ay, | OF | Athy). (2.25)

2.4 Diffusion probability and Kubo formula

The Kubo formula involves the disorder-averaged probability for an electronic wave
packet to diffuse from 7 to ' in time ¢, denoted as P(r,r’;t). For a wave packet

centered around energy ¢, its Fourier transform to frequency space is proportional to

P(r,r’ w) « Gg)(r, r’)Gé_w) (ryr") (2.26)

where G4 are the retarded, advanced Green’s functions, related by GF = GA”, and
(...) denotes average over the disorder. The probability amplitude G represents a sum

over all multiple scattering amplitudes,

Gio(r,r') = D |A(r, ' Cylet P, (2.27)
N=1Cx

where A(Cy is the amplitude of scattering in a trajectory Cy, and k is the electron

momentum.

Plugging (2.27) into (2.26) leads to a sum of different trajectories for G4 (Fig-
ure 2.7) of lengths Ly, L)y with a phase of k(Ly — Ly). In the low disorder limit
kle > 1 where [ is the mean free path, Ly — L'y is at least of order l., and thus the
phase is much larger than 27w. Hence, it oscillates rapidly between random different

trajectories. On average over disorder, most terms disappear.

The phase of the terms where the trajectories of G4 are identical to each other

will cancel out and they will survive the averaging (2.8). These correspond to classical

17



Figure 2.7: A process contributing to the diffusion probability P(r,r’,w) for a specific
realization of disorder.

diffusion, and represent an excitation called the "diffuson”, denoted here by P;. They
contribute to the classical Drude conductance [30]. Using the reciprocity theorem, one
can reverse one of the trajectories. The phase will cancel out almost everywhere, how-
ever, a crossing needs to be present (Figure 2.8), which adds phase information due to
the difference in the trajectories. This corresponds to the first order quantum correc-

tions is called "cooperon”, denoted by X, [30].

Figure 2.8: Left: parallel trajectories, contributing to the classical diffusion probabil-
ity P, (diffuson). Right: inverse trajectories and a crossing, contributing to the first
quantum correction X, (cooperon).

P; and X, can be represented diagrammatically by introducing vertex functions,
representing the summation of scattering processes. In the case where the trajectories
are parallel (as in P;), the vertex function is denoted by T'?. For inverse trajectories
(as in X,), it is denoted by I'°. A disorder that is isotropic on average is assumed, and
the Fourier transform to momentum space, (r — ') — ¢ is taken. The contributions to
the Kubo conductivity that we will consider involve a spatial summation of diffusion
processes, corresponding to the limit ¢ — 0. Moreover, the d.c conductivity corresponds

to the limit w — 0. The diffuson P; and cooperon X, (Figure 2.9) have the following

equations,
— R, =A —R A
Py(w,q—0) =Y Gry(k) Gy (k) TE(q) Gy (k) Gieuy (K)
ko
’ 2.28)
—R A e n R A (
Xe(w,q = 0) =Y Gy (k) Gy (k) TE(Q) G5y (k) Gy (—F),
k,Q

18



where Q = k + k' and the disordered averaged Green’s functions are

—RA 1
ey (k) = — (k) £ ih/27,

(2.29)

where 7. is the elastic scattering time. The independence of X. on ¢ indicates that it
is spatially localized, and thus affects mainly the return probability P(r,r,w). Note
that this does not mean the quantum effect is localized; As will be explained in the

following, when TRS exist, I'® is long ranged.

Figure 2.9: The ladder and crossed diagrams for the diffuson and cooperon. Q = k+k&'.
w notation is omitted.

The vertex functions satisfy a Bethe-Salpeter equation (Figure 2.10),

I(q) = BYq) + Y. G (k) G (k — q) BY(¢) T*(q)
k

e (2.30)
I(Q) = B(Q)+)_G (k)G (Q — k) BY(Q) T*(Q),
k

where B%? denote elementary vertices which describe a single scattering process in
(2.26),
B =k [VIK) (k|V|K)"

. (2.31)
B = (k|V|K) (=K [V| - k)"

The effect of TRS can be demonstrated as follows; when one of the trajectories is
reversed in direction, it is in fact motion reversed - and when TRS exists then the
inverse trajectory equals the original one, and thus I'® = I'°. From (2.30), I'? satisfies
the diffusion equation, )

L = —iw + Dg? (2:32)
where D = wl./d is the diffusion constant in d dimensions. In the limit w — 0, it
represents a long-ranged Goldstone mode. Thus, in a system with TRS, I'(Q) will
also satisfy the diffusion equation. The long range of I'® in the coherent Cooperon X,
explains why the conductivity, a local classical quantity, is now scale dependent (2.7).
Recalling that Q = k + &/, its main contribution will be in back-scattering processes
where k' = —k.

The total return probability P = P; + X, describes an interference pattern. This
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Figure 2.10: Diagrams for the vertex functions. Top: for the diffuson. Bottom: for the
cooperon.

interference is constructive when no other degrees of freedom are present (free electron
gas) and it increases the return probability, hence enhancing WL. As shown in Chap-
ter 3, additional degrees of freedom may result in this interference being destructive,
leading to weak anti-localization. This will depend on the type of TRS present, as
suggested by Figure 2.5.

The diffusion probability will now be linked to the electrical conductivity via the
Kubo formula. Consider a Hamiltonian perturbed by a weak random disorder H =
Hy 4+ V. At zero temperature, the Kubo formula can be brought to a form where the

longitudinal d.c conductivity o, is a trace over current and resolvent operators [30],

2h ALAD A 1o ana A | NN
Ozx ({‘:Fvw — O) = ETT <]IG5RF‘7IG?Fw - iszfpijgpfw - §jIG?ijG?F7w )
(2.33)
where e denotes the Fermi energy, j* = e[ 2, ﬁo] and
AR,A 1
6(57 = . (234)
€ — Hy 140t

Once the trace is expanded, it can be seen that the first term in the right-hand side
corresponds to the diffusion diagrams at ¢ — 0 with vertex corrections given by the
current,

A —R —A

Ao = £ j(k) j(K) G (k) G (—k) Q) T (k) T (—k), (2.35)

kK’

where f is a constant, and the ¢,w notation was dropped. Under the summation
over the momentum direction k, the contribution of the current adds a minus sign,
since (j(k)j(k')); ~ —k%/d. Ao gives the WL correction to the conductivity. In the
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computation of (2.35), the coherence length cutoff Ly is taken, which suppresses long
trajectories where phase coherence is destroyed. In two dimensions, the WL correction
leads to [30]

Ag=——In—. (2.36)
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Chapter 3

Weak localization and

symmetries

This chapter presents our main results - the dependence of the WL sign on the symmetry
class of the system (1.2). Systems with general degrees of freedom are discussed. In
the first part, the dependence of WL on TRS is presented, summarizing the known
results in a more compact form. In the second part, we present the new contribution
resulting from the presence of PHS. This contribution, along with the former known

contribution due to TRS, may cause the WL correction to vanish.

3.1 Time-reversal symmetry

In section 2.4, it was demonstrated that the Kubo formula for the electrical conductivity
o = 04+ Ao involves the diffusion probability. Namely, crossed diagrams (Cooperon)
along with vertex corrections due to the current j, contribute to the WL correction Ao.
For non-interacting electrons with random elastic impurities, the absence of magnetic
field and the existence of TRS lead to a doubling of the return probability. It is due
to inverse trajectories in the crossed diagrams being identical to parallel trajectories in

ladder diagrams.

In the Kubo formula, the current vertex corrections result in an overall minus sign to
the cooperon, ensuring that the WL correction Ao is negative. This makes sense phys-
ically, as an enhanced return probability reduces the propagation of electrons through
the conductor. However, as introduced in section 2.3, adding d.o.f may change this

behavior.
This section’s goal is to show that in the presence of TRS 7T, inverse and parallel

trajectories are equal up to the sign of sgn(72). Additionally, the current j, always

contributes a minus sign, so that sgn(Ac) will be dependent on sgn(72) alone.
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In this chapter we assume that the eigenfunctions of the clean Hamiltonian H( are
labeled by a multi-index « describing the quantum numbers due to the additional d.o.f
along with momentum k. In this case both diffuson and cooperon (Figure 3.1) take the
form [30],

Pi(g—0)= S GN(k)To(k) Ty s5(a) TH(K) G5 (K)

o, B,k k! (3 1)
X (g—=0)= S GLk)G3(—k) Ts.50(Q) Th (k) Gy (k)
a,B,k,Q

where Q = k + K/, and the limit ¢ — 0 is taken as discussed in section 2.4. Here, GS’A

are the disorder-averaged single-particle Green’s functions,

—RA 1
Ga™ (k) = e —ealk) £iX,’

(3.2)

where e, (k) = (a,k|Ho | a, k) is the clean dispersion relation and 3, = ih/27, is the
self energy. Since we eventually take e — 0, we will often drop the € notation. As dis-
cussed in section 2.4, @aR’A(k) represents the amplitude of free propagation broadened

by a width of the elastic scattering time 7.

Figure 3.1: The ladder and crossed diagrams for the diffuson and cooperon for systems
with degrees of freedom.

The vertex functions Ffm;ﬁﬁ(q), I'G5.50(Q) become tensors, and Py, X, involve a
trace over the d.o.f. These vertex functions are given by the generalized Bethe-Salpeter

equations, similar to (2.30),

Fiﬁ;’yé(q) = 045 ’75 + Z G )Bgu;vé Fiﬁ;yy(‘])

ok (3.3)
Zﬁ;'\/é(Q) - 04,8 'y& + Z G Q k) /W Y6 Faﬁ MV(Q)

w,v.k

as illustrated in Figure 3.2. The elementary vertices B%¢ represent a single scattering

event in the two-particle scheme,

Bgﬁ;’y5 - <Oé, k ‘V’ Vs k/> <Ba k ‘V‘ 67 k/>*

. / ) . (3.4)
Baﬁ;’yé = <Oé, k |V| Y, k > <57 —k |V‘ /Ba _k> .
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Figure 3.2: Diagrams for the vertex function with the addition of indices. Top: for the
diffuson. Bottom: for the cooperon.

Similarly to the scalar case, we will relate I'® with I' in the presence of TRS. In par-
ticular, different tensor elements are related, but such that the overall trace X, have a
relative sign sgn(72) with respect to P;. This results in an enhanced or reduced return
probability and thus a negative or positive WL correction Ag. Some tensor elements
will not adhere to this relation, but we will show that those are not massless Goldstone

modes and hence dephase quickly, therefore not contributing to WL.

We now consider a general TRS 7 such that THTT = H. It acts on eigenstates of
Hy, |a, k), according to
Tlo, k) = tor| @, —k), (3.5)

where @ denotes time-reversed indices. For example, in this notation, @ = —o in
example (2.15) where o denotes the electronic spin. The phase factor ¢, depends on
the choice of basis. Using (2.10), the effect of T2 can be calculated,

7-2’ &, k> =T (ta,k’ «, k>) = t;,kta,*k‘ &, k>7 (3'6)

which gives
sgn7? = to kla,—k- (3.7)
From Equation (3.3), in the limit ¢, @ — 0, tensor elements of I'“ are related to those of

'Y provided that the elementary vertices B>% and the average Green’s functions éA(k),
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éA(—k) are related. Starting with the Green;s functions, we compute the commutation

relation of the average resolvant operator using (2.12),

R

1 1 ~
Al =Gy (3.8)

S—ﬁo-f-iOJr _8—12.’0—1'0+

~ A
TGoT =T

Then, matrix elements of the average Green’s function can be related by the inserting
T, through (2.24),

~ A ~A ~ A
(o, k|G o, k) = sgnT2<a,k]G 7'2|a,k> =(a,—k|G |a,—k), (3.9)
leading to
G(k) = GA(—k) (3.10)

The elementary vertices (3.4) can be similarly related,
(B,k|V |6,k =sgnT?(B,k|VT?|5,k) = tytp (0, =K' |V B, —k), (3.11)

so that
d

By identifying the coefficients in (3.3), as detailed in Section A.1.

Fiﬁ;,y(s (]{7 + k'/) = t;k/tﬁJgFZB;,yg (k + k/) . (313)

Only tensor elements of the form I'y 5 5, I‘dw;ﬁﬁ. may be Goldstone modes [30], Other

terms have mass and get dephased, hence they do not contribute to Ac. According

to (3.13), these are related through I‘é 880 X Fiﬁ; & Therefore, any crossed diagram
contributing to Ao must satisfy a = 3, leading to

d
Faa;@

= tg7k/ta7krc (314)

[eTeReTe'

As we take the limit k + k' — 0, using (3.7),

d
Faa;@

=sgnTTSrn (3.15)

ao;oo”

Recalling the Kubo formula (2.33), the trace of the GEGA term can be expanded as
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Ao =1fl S Galk)js(K) Ca(k) Gy (k) Tep.50(Q) Ch (k) Ga(—k),  (3.16)
o, B,k k!

where f is constant. Through summation of the Goldstone modes where o = f3, it
appears that the vertex corrections due to the current account for an overall negative

factor like in the scalar case (2.35), due to
Ja(k) = —ja(—k) (3.17)

as a result from the assumption of 7771 = —J.
This means that the current operator is odd with respect to the momentum operator.

As a result, the overall negative factor ensures that 93.16) results in
Ao = —sgnT2M. (3.18)
g

indicating a reduction (enhancement) of the conductance due to the enhancment (re-

duction) of the return probability.

3.2 Particle-hole symmetry

Accounting for TRS alone, the method in the previous chapter determines the sign of
the WL correction for the three Wigner-Dyson classes, A, AI, AII. The GEGE, GAGA
terms can be also diagrammatically expanded. However, these diagrams do not con-
tribute to the first order term in 1/g [30].

But when considering our new contribution from the addition of PHS P - these
diagrams will contribute, and the interference effects due to crossed diagrams modify
Ao, this time according to sgnP?. As the absence of TRS implies the vanishing of the
leading term in GEGA, the contributions of GREGA and GRGE, GAGA result from TRS

and PHS respectively but in a separate manner. This leads to our main result (1.2).

In the following, we will refer to the GEGE term only. In Section A.2 we show
that GAGA, appearing in the Kubo formula (2.33) with the same factor as GEGE,

contributes identically to Ao.

In order to see how the diagrams of GEG® contribute in the presence of PHS, we

write their first order contribution,
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—R, =R . —R,, =R
Xc (q — O) = Z Ga (k) G,B (_k) raﬁ;,@a(@) Gﬁ (k) Goz (_k)a (319>
a767k7Q
where [¢ satisfy
36;75(62) = aﬂ 'y(i + Z G Q k) nriyd [rocﬂ ,UJ/(Q) (320)
wvk
and
B g.ye = {a, k |V, kK'Y (B, —k|V|§,—K). (3.21)
Assume that P satisfies PHP! = —H, and its action on eigenstates | a, k) of Hy, is
given by
P‘a7k> :pa,k|a7_k>7 (322)
where @ are the charge-conjugated indices. For example, in this notation, s = —s in

(2.20) where s is denotes the band index in graphene. As in (3.6), the action of P? is

732’ «, k> = p;,k pa,—k:’ «, k>7 (323)
which gives
sgnP? = Dok Da,—k- (3.24)
Notice that
~ A 1 1 ~ A
PGP =P————— P = — ————— = -G (3.25)
e+ Hy+ 10t —& — Hy + 140t

leads to (at the band center € — 0)

Gl (k) = —GE(~k). (3.26)

[0

From (3.3), (3.20) it is possible to relate tensor elements of I'? and ¢, so that the first
term of GEGE diagrams plays a similar role to the first term of the diffusion probability
GEGA diagrams. What is left now is to relate B to B®. As was done in (3.11), a similar

computation is performed,
(BRI V6K =senP? (B, k| VP?|8,K')" = —p§ vk (6, K |V [ B, —k)".  (3.27)

This time, a minus sign appears due to P anti-commuting with V. Since V' is hermitian,
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(6, =K' |V |B,—k)* = (B,—k |V |5, —K'), thus (recall (3.21))
Bgﬁ;’y& = _pz,k'pﬁ,kBZEng- (3.28)
Again, we can use (2.24) to relate vertex functions,

T s s (k+k) = —pip sk I35 (k+K). (3.29)

Including only massless Goldstone modes, as in (3.14), (3.15),

From the Kubo formula (2.33), the trace of the GEG® term has the form,

Do =—JIfl S Jalk) i) CaR) TH(~F) T, (Q THHR)TH(R). (331)
a,B,k,k’

Through summation of the Goldstone modes where o« = 3, the vertex corrections due

to the current now account for an overall positive factor, since
Ja(k) = ja(—k) (3.32)

as a result of PJPT = j. Therefore, an overall negative factor similar to (3.16) is
present, which, accounting only for the GEGZE term, results in
|al

Ao = sgnP2?. (3.33)

Along with (3.18), Our final result (1.2) is obtained.
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Chapter 4

Numerical modelization

In this chapter, our numerical results for 5(g) in a tight-binding model of a bipartite
honeycomb lattice (e.q graphene) using the Thouless conductance are presented. In
Section 4.1, the Thouless expression for conductance is introduced. The results are

discussed in Section 4.3.

4.1 Thouless conductance

The Kubo formula requires information about the system’s wavefunctions. Numeri-
cally, one has to find the eigenvectors of the Hamiltonian matrix. A measure for the
localization of wavefunctions using boundary conditions (B.C) was proposed by Ed-
wards and Thouless [23]. This measure is known as the Thouless conductance gp. Its
notable advantage is that it is based on the energy spectrum alone. The numerical
computation of a matrix eigenvalues is easier than calculating its eigenvectors as well,

and this is why we turn to gp in order to find 3(g).

The main idea behind gp is the sensitivity of delocalized states to a change of
B.C compared to localized states, whose wavefunction vanishes near the edge. When
changing B.C, the shift in energies of delocalized states will be larger that the shift of
localized states. Thus, a measure of this average shift is an indicator of the localization

and hence the conductance of the system.

We propose a change of B.C applied to a periodic two dimensional system (cylinder)
by means of an Aharonov-Bohm flux ¢ piercing the cylinder. This is equivalent to

changing the periodic B.C by the phase ¢,
$(0) = (L) (4.1)
where L is the size of the system. The change of each energy level n with respect to
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the flux, E,(¢), can be measured by its curvature, denoted as Thouless energy Er:

(@B \
(),

where (...) denotes the disorder and spectrum average. This energy, when compared to
the mean energy level spacing A, defines Thouless conductance gr,
Erp
=—. 4.3
9gr =} (4.3)
When combining two samples of length L with different realizations of disorder, new
B.C are formed in the middle. Since Er represents the level’s sensitivity to this change,

it results in the broadening of the levels with respect to generating new states that are

delocalized across the 2L system (Figure 4.1).

/S

LY TN ~A

Figure 4.1: An illustration of the Thouless conductance gr and the wavefunction lo-
calization. Top: A 2L system is built out of two L cubes with different realizations of
disorder. Middle: A part of the energy spectra of the two cubes before their combi-
nation, with mean level spacing A and a broadening described by Er, represented for
two cases with small and large gr respectively. Bottom: Illustration of wavefunctions
of the 2L system, corresponding to the spectra above. Delocalized wavefunctions have
energies denoted by the dotted black lines, when they overlap.

The relation between g and the Kubo conductance was discussed in previous works
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[24, 31, 32]. It was found that in the metallic regime, both quantities are proportionate
to each other. This is a remarkable property consider how differently g is defined.

4.2 Models of disorder

For our calculations we use a tight-binding model of a bipartite honeycomb lattice (e.q

graphene), described by the Bravais vectors

a1:(170)7 as = (27

-(3:5)

Denote 6, = Ryr,/30 where Ry is a rotation matrix of angle 6 in the plane. The bulk

and a basis vector

Hamiltonian is

Hy =+ > |R,A)(R+8,,B|+ h.c (4.4)

n=0,1,2
Res

where t is the hopping parameter between neighbouring sites, A, B are the sublattice
indices, and S € {R =na; +mas|R* < Laiz, RY < Las,}, such that the lattice
forms a square of L x L unit cells, producing zigzag and armchair B.C before applying
periodicity (Figure 4.2). Then, we apply periodic B.C in the x direction along with the
Thouless phase change in the y direction (Figure 4.2), such that the Hamiltonian is

Ho=Hy"" +t > |R;,A)(R;,B|+te'* > |R;,A)(R;,B|+ h.c,  (4.5)
(0.3 (i.3),

where (i, j) »(y) denotes nearest neighbours R;, R; are when we shift the sites in the

x (y) direction L — 1 unit cells, such that the boundaries connect.

x el®
. .
5 .
—
. .
. .
x el®

Figure 4.2: Honeycomb lattice used for the model and Thouless B.C (red). Dashed
blue lines indicate periodicity in the x direction. Solid blue lines and orange dots
illustrate the bulk.

Four distinct random potentials are added to Hy:
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o On-site disorder,

Var = Z&‘\R&MRJ + h.c, (4.6)

where ¢; € [-W/2, W/2] are uniformly distributed. This is the Anderson model
on the honeycomb lattice and it belongs to class Al - there is only TRS that

squares to the identity, similar to the Anderson model for a free electron.

e On-site disorder with Rashba spin-orbit coupling,

Varr = Zsi|Ri,a><R¢,o| +iA Z (Fx )77 |Ri,0)(Rj,0'| + h.c, (4.7)
io (i,5)
o,0’
where each site contains two spin states ¢ = £1. By adding this coupling, the

system moves to the AIT class, as in (2.14).

» Hopping disorder,
Vigpr =Y otij |Ri)(R;| + hec, (4.8)
(i.4)
where 6t;; € [W/2 W/2] are uniformly distributed. This disorder maintains the
sublattice symmetry of the Hamiltonian - Its matrix can be put in the form of off-
diagonal blocks, like Hp. As a result, it anti-commutes with the matrix o, ® I/,

in this basis, which is the chiral symmetry of the BDI class.

e Random vacancy disorder,

i€ (50)
where 7 is a random sample of the N lattice sites such that |Z|/N = W. This
accounts for the removal of [W - N] atoms from the lattice, which preserves the
BDI symmetry class as well [33, 34].

4.3 Results

In order to compute gy according to (4.3), we set up a lattice of L x L unit cells de-
scribed by (4.5) with ¢ = 1. For each realization of disorder, we computed its spectrum
E,(¢) (Figure 4.3) and took a numerical second derivative at ¢ = 0, averaged over the
entire spectrum. This was repeated for a set of sizes L, and for a range of disorder

strength W, for each type of disorder potential.

By computing gp(L, W) (Figure 4.4), we obtain the flow of g(L). For on-site dis-
order given by Vr, gr decreases with the size L for every disorder strength W tested,
even at small disorder where W ~ t. In contrast, the addition of spin-orbit coupling

through the potential V4r; induces a change in the flow around g, ~ 2.8, where gr
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Figure 4.3:  Behavior of the energy spectra E,(¢) of the honeycomb tight-binding
model for the four disorder potentials, from top-left clockwise: Var, Varr, Vi, Vipr-

increases with L for g < go and decreases for g > g.. This indicates a transition from a
negative to positive 3(g). For the BDI potentials, it is shown that g7 does not depend

on L for a large range of disorder strengths.

We also found scaling parameters of the form s = L*W" and s = L*(W — W,)¥
for the AI, AII cases such that gr = f(s) (Figure 4.5). Then, 3(gr) was computed by

means of

dIn(g) s(9) .
= dn(D) =" 4 f'(s(g))- (4.10)

The results are presented in Figure 4.6. For the BDI cases, since the results are L

B(g)

independent, the scaling parameter is W and thus 8 vanishes.
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Figure 4.4: Thouless conductance gr with respect to the disorder strength W/t as
defined in (4.6)-(4.9). From top-left clockwise: Var, Varr, VEinr, Vipr-
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01 3.2F -
-1 3.0k .
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1 2 -3 -2 -1 0 1 2
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Figure 4.5: Thouless conductance gr plotted as a function of scaling parameters
s1 = LO58WL5 for the Vs potential, and sy = L%7 (W —3.03)%2 for the V77 potential.
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Figure 4.6: Plot of 5(gr) for the Thouless conductance gr, using (4.10). Left: for the
AT potential, 5(gr) is always negative. Right: for the AII potential, where a transition
can be seen.
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Chapter 5
Conclusion and open questions

In our work, we have related weak localization corrections to the topological classifi-
cation according to two anti-unitary symmetries: time-reversal and particle-hole. We
have presented a physical explanation to the vanishing of weak localization in three
of the chiral classes as a new interference effect. This effect arises in the presence of
particle-hole symmetry and cancels precisely the known interference due to the time-

reversal symmetry in these classes.

We have presented numerics for the behaviour of the 3(g) function associated to the
conductance for a tight binding model of bipartite honeycomb lattice, e.q graphene, a
system which belongs to the BDI class in its pristine form. To that purpose, we have
studied the Thouless conductance, which uses less computational resources. For dis-
order types preserving the BDI symmetry class, we have shown that §(g) vanishes,
as is known in the literature. When the disorder corresponds to a different symmetry

classes, we obtained results that agree with the expected theory.

5.1 Higher order corrections

The vanishing of the lowest order weak localization correction occurs both for systems
without symmetries (class A) as well as for the three chiral classes BDI, CII, and
AIII. However, all quantum corrections vanish only in the latter three classes, as was

found using the method of non-linear sigma models [16, 17].

In class A, it was found that the second order (oc 1/g?) correction is negative [29].
This can be obtained by computing second order diagrams. When two crossings are
present, some diagrams will have no inverse trajectories (Figure 5.1). Thus, interference

with the classical diffuson does not require time-reversal symmetry.

In classes BDI and CII, our method of comparing the vertex functions can be

39



Figure 5.1: An example of a second order diagram with two crossings contributing to
weak localization in class A.

extended to higher orders. For every order, using the methods in Section 3, one can
relate [ in the diagrams of GEGRE toT? in W, as a result of the presence of particle-
hole symmetry. Then, I'Y can be related to I'¢ due to time reversal symmetry. In that
way each I'® in a given diagram is related to ['¢ in its matching diagram, according to
the sign of the two symmetries (Figure 5.2). Although not shown directly in chapter
3, one also can define parallel vertex functions in GEGR and denote them by ¢, and
similarly relate them to I'Y. Thus, each order will have separate canceling interference

effects.

Figure 5.2: An example of second order diagrams of GE G4 (left) and GE GE (right)
with crossed terms, which cancel each other in classes BDI, CII, and AIII.

The vanishing of higher corrections for class AIII can also ne explained using our
methods by considering the chiral symmetry and its effects on relations between tensor
elements of I'“ and ['“. These relations can be made directly as the chiral symmetry does
not flip the momentum. It can then be shown that every two corresponding diagrams

(Figure 5.2) cancel each other.

5.2 Relation to topology

Graphene with a vacancy is known to be a topological material [34]. One can ask

whether the vanishing of ((g) is a topological property. When taking into account
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defects in materials, the columns of the classification Table (Figure 2.6), which asso-
ciate topology to symmetry, are no longer determined by the spatial dimension. A
more intricate formalism was developed which associates topology with the defect co-
dimension, as well as the properties of Clifford algebras related to the symmetry class of
the Hamiltonian. In this formalism, graphene with vacancy disorder has a co-dimension

of one and can thus support an integer topological invariant according to the Table.

An interesting implication of topology and the vanishing of $(g) occurs when com-
bining two films into a bilayer graphene with vacancies. Separately, each layer belongs
to the BDI class with topology [34] and B(g) = 0. We have found that the two pos-
sible stacking of the layers, AB or AA [35], behave differently [36]. The AA stacking
with vacancies belongs to the AI class with corresponding no-zero WL term in 3(g).
In contrast, the AB stacking with vacancies belongs to the C'II topological class with
B(g) = 0. This is a typical example of the interplay between topology and quantum

transport.

In our numerical results, it appears that 5(g) vanishes for a hopping disorder as well.
This suggests that this kind of disorder makes graphene topological. The calculation
of the sign of weak localization in Chapter 3 did not address topological zero-modes,
as only k states were considered. Provided a time reversal symmetry is present, it
can be argued that these zero modes do not contribute to the conductance as they are
localized and stationary. However without this symmetry they can flow, as happens in
the integer quantum Hall effect. Therefore, in class AIII, those zero modes require a

more thorough approach.
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Appendix A

Supplementary Calculations

A.1 Relation between vertex functions

We wish to obtain the relation between tensor elements of I'® and T'%, as given in (3.13),

provided we have the relations

d
Bapis = tiw to Bogs

_ _ (A.1)
G (k) = G (~F).
We use a shortened notation,
taﬁ = t;k tg,,k. (AQ)
According to (3.5), (3.7),
taa = 1, tow = Sgn T2, (A.3)

Plugging (A.1) in the coefficients in the Bethe-Salpeter equation (3.3) and considering
the ¢ — 0 limit,

—R —A
Fgﬁ;ﬂ/é = Biﬁ;yé + Z G;L (k) Gl/ (k) BZVW& Fgﬁ;,uu (A4)
w,v,k
_ c —~R A c d
- téﬂ Baﬁ;'yg + Zk Gy (k) GV (k) (t5V BW;ﬁ) Faﬁ;uw (A5)
Y,

where the limit &' — —k was taken. Next, consider the tensor elements of I'¢,

=R, A
Fzﬁ;vg - ngwg + Zk; G (k) G, (=) B;cwwg Fzﬁ;uv
M7V7
=R, A
- ngwg + Zk; Gy (k) G (k) ;wag FZ&B;W’
v,
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using (A.1) in the second transition. Multiplying both sides by ts3,

c
tdﬁ Faﬁ o t(w Baﬂ o + Z G tdﬁB;w o Faﬂ,,u,u
vk
c
= tap Baﬂ 6 + Zk G (t‘w BW 75> Faﬁ;uﬂ'
s

From (A.3), using the identity t;3 = t5, t,g leads to

tos Faﬁ 6 = top Baﬁ v T Zk G (t‘m BW 75) FSYB;W (A.6)
WV,

= tsg BS5 5+ ZkG (k) (tow B, 5) (topTC5,) - (A7)
w,r

By comparing the coefficients of this tensor element to the coefficients in (A.5), we
obtain (3.13).

As for the particle hole symmetry, the calculation is similar. Based on

d
Baﬁ;'yé = _pg,k/ Psk BELBWS

- - (A.8)
Ga(k) = —Gg(—k),
we define
PaB = Dak PB,—k (A.9)
which satisfies
Paa = 1, Paaw = SgI 7)2- (A.lO)
As in (A.5), consider
—R —A
Fiﬂ;'y& = Bgﬁ;wd + Z Gu (k) Gl/ (k) Bdu Yo Faﬂ UV (All)
wvk
c ~R ~A c
—psp B 5+ > Gk Gy (k) (—ps B, 5) Tis (A.12)
vk
Using (3.20) and (A.10),
[rfxﬂ e B;ﬂ 6 T Zk G —k) fwng H—ZE;W
Wy,
= Z G ,uu,'yé [raﬁ O
w,vk
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Multiply by a factor of —psg,

c c —R —A c c
~bop [raE;’yg = ~DPsp Baﬁ;aﬁ - —~ Gu (k) Gy (k) <_p56 Bpng> I]—CVEWU (Alg)
v,
c ~R ~A c c
= PosB g5~ Z G (k) G, (k) (—p&, Buﬁﬁ) (p”ﬂ u—aﬁ;uﬂ) (A.14)
w,,k
c ~R ~A c c
= PopB g5t > Gu(k) G, (k) (_m” ]Bu?wg) <_p”6 [raﬁ;u?) (A.15)
w0,k

and by comparing to the coefficients of (A.12), we obtain (3.29).

A.2 Contribution of advanced Green’s functions

In (3.2) we considered only GEGE. We now extend the calculation to GAGA, and show

that it leads to similar results. Recall the elementary vertex (3.4),

Bigs = (ou K |V 7, k) (B, V|8, K", (A-16)
Using (3.27),
Bagas = ~Dsw Pk (K |V |7, k) (8, —K' |V | B, —k)". (A.17)
Since V is hermitian,
Bigwys = —Paw Dok (1 K [V [0, k)" (6, =K' | V| B, —k)* = B 5,15 (A.18)

where B¢ denotes the elementary vertex of the crossed diagrams in GAGA, parallel to
(3.21). Conjugating (3.26), we obtain

G, (k) = —G5 (k). (A.19)
Using the method presented in (A.8) - (A.15), it follows that
Fi/j;’y(s = —p§7k/ pﬁ’k I]N—ZLB,’YE (AQO)

where ¢ denotes the vertex function of the crossed diagrams in GAGA.
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