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1. Introduction

Topology, disorder and strong correlations in low dimensional systems are paradigmatic
concepts in modern condensed matter physics. A central example of materials in which the
combination of these concepts plays a fundamental role are two dimensional Zy topological
insulators 5]. Zso topological insulators (TIs) are novel phases of quantum matter
which cannot be adiabatically connected to conventional insulators and semiconductors.
They are characterized by an insulating gap in the bulk and a pair of mutually time reversed
gapless edge or surface states. These edge states differ fundamentally from conventional
one-dimensional quantum liquids described by the Tomonaga-Luttinger liquid (LL) in
the sense that they are topologically protected against elastic backscattering due to the
combination of strong spin-orbit coupling (SOC) and conserved time reversal invariance
(TRI). Furthermore the quasiparticles’ spin and momentum are locked due to the spin-
orbit interaction. Because of this well-defined projection of spin onto the momentum
direction the one-dimensional edge state was termed helical Luttinger liquid (HLL).

This new class of materials has been experimentally realized in HgTe/CdTe quantum
wells [5], which exhibit two distinct topological phases, both having a gap in the bulk
spectrum but differing by edge properties. While the topologically trivial insulator has
no edge states, the edge of the topologically nontrivial insulator is described by gapless
helical fermions. Such a system shows the quantum spin Hall effect first predicted in the
context of graphene with a spin-orbit coupling term [3]. The phase transition between the
two topologically nonequivalent phases is driven by increasing the thickness of the HgTe
quantum well beyond some critical value, which leads to a band gap inversion [4]. In this
situation the edge channels’ conductance is close to twice the conductance quantum G =
2¢2/h as expected for ballistic transport. However, this universal value is only approached
in very short samples (less than 1 pm long). Conductance of longer samples is in fact
lower [6], indicating electron backscattering or possibly, localisation effects. Mechanisms
of electron backscattering are a matter of ongoing debate. Possible sources - two-particle
backscattering and Kondo impurities - have been discussed in Refs. 9/ [10]. Recently,
it has also been proposed that inelastic scattering processes could lead to deviations from
universal conductance [12]. However, all of these studies have been constricted to short
edge channels and long samples have yet to be studied theoretically.

Aside from 2D Z, TI, other classes of materials can have topological character too. First,
3D counterparts of the Zo TT have been experimentally observed in samples of Bij_,Sb,
compounds e.g. in Ref. [13]. In this case the surface constitutes a two-dimensional topo-
logically protected metal that emerges due to the inversion of the 3D bulk gap [14]. Not
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only insulators but also superconductors may have topological character. In this case the
system has a superconducting gap in the bulk but gapless excitation on the surface. In the
case of spin-triplet superconductors (symmetry classes D and DIII) these excitations have
a character of Majorana fermions [15]. These systems have received a striking amount of
attention in the context of topological quantum computation.

In this thesis we study how the interplay of interactions and disorder affects the transport
properties of long samples of 2D T1. Apart from the relevance to fundamental physics, the
study of interaction and disorder in edge states of 2D T1I is also of prime importance for
possible technological applications e.g. in the field of spintronics. To this end we derive a
microscopic model describing helical fermions with broken .S, symmetry subject to weak
disorder and interactions. We then proceed to calculate the AC and DC conductivity of this
system using a kinetic equation approach in different regimes of temperature. This enables
us to make statements about the robustness of topological protection and the relevance
of different scattering mechanisms. Furthermore, we include Luttinger liquid effects that
naturally arise due to the low dimensionality of the system under consideration.

1.1. Outline

This work is organized as follows: In the first part, Ch. we lay the groundwork for
this thesis.

Chapter 2| is devoted to topological insulators. First we give an overview of the general
role of topology in condensed matter physics in Sec. before introducing the physical
system under consideration, Zy topological insulators, in Sec. There we find that the
gapless edge modes at the system’s boundary can be described by one-dimensional helical
fermions.

This gives the motivation to remind ourselves of some basics of one-dimensional physics
in Ch. 3l There we discuss effects of interaction (Sec. and disorder (Sec. in low
dimensional systems as well as important theoretical tools (Sec. , Sec. and models
(Sec. to describe them.

Lastly, in Ch. |4 we introduce the Keldysh formalism for treating nonequilibrium systems.
We start by deriving the kinetic equation for fermions from the more fundamental nonequi-
librium theory in Sec. and then apply the developed formalism to the model of helical
fermions in Sec.[4.4l The results motivate the treatment of helical edge states by a kinetic
equation which will be carried out in the main part.

The main goal of this work is to study transport properties of helical edge states in the
presence of disorder and interaction. This goal is achieved in three steps. First we calculate
the AC conductivity of helical fermions in a long wire in Ch. |5/ by using a kinetic equation
approach. This analysis is perturbative and gives us insight into the main scattering
mechanisms that determine the transport properties of the system. We complement this
treatment by deriving an effective Hamiltonian, encapsulating the most relevant scattering
terms, by using methods of conformal field theory. In Ch. [6] we use a combination of
exact analytical manipulations and numerical treatment to solve the integro-differential
equations obtained from the kinetic equation. This enables us to make predictions about
the DC conductivity of the edge modes. Finally, we include Luttinger liquid effects into our
treatment in Ch. 7| by using simple scaling arguments in combination with bosonization.
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1.2.

Definitions and conventions

Troughout the thesis the following conventions are used:

Unless stated otherwise, we use units where h = kg = vp = c= 1.

Second quantized operators will be denoted with a hat to distinguish them from
quantum fields or other objects. An exception is Ch. [4] where a hat denotes matrix
structure in Keldysh space.

The Hamiltonian will be defined as “grand canonical”; i.e. the chemical potential is
already included in the definition of the Hamiltonian as H = H' — uN. Here H' is
the “conventional” Hamiltonian.

The ratio of Fermi energy and temperature is denoted by ¢ = kp/T. The quantum
number for chirality is generally denoted by 7. If n appears as a multiplicative factor
we choose the convention 1 = +1 for right movers and n = —1 for left movers.

The Fermi-Dirac distribution is given by f7(7]7k = (14 exp{(eyr — p)/T}) "', where
€nk = nk is the dispersion relation of helical fermions. If we measure momentum
in units of temperature we choose the variables x,y,z and the Fermi distribution is
denoted by n(z) = (1+¢e%)~!. Note that x,y are also used as real space coordinates.
However, we believe it is always clear from the context what is meant.

We adopt the bosonization conventions as well as the notation for bosonic fields
from Sénéchal [16]. Notation conventions in the chapter about non-equilibrium field
theory are adopted from Kamenev

We choose the following representation of Pauli matrices:

(0 1 (0 —i (1 0
=\10) = o) 7o 1)
Integrals without specified limits represent integration over the whole real axis:
[da = [ da

Commonly used abbreviations:

— TI: topological insulator.

SOC: spin-orbit coupling, TRI: time reversal invariance.

QHE: quantum Hall effect, QSHE: quantum spin Hall effect.
— LL: Luttinger liquid, HLL: helical Luttinger liquid.

IP: integration by parts, OPE: operator product expansion.

— RG: renormalization group, CFT: conformal field theory.

SIA: structural inversion asymmetry, BIA: bulk inversion asymmetry.






2. Topological insulators

In this chapter we give a short introduction into topological insulators in condensed matter
physics and derive the effective model for the gapless states that emerge at their edges.
For a further study of the field we refer the reader to one of the many good reviews on the

topic of topological materials [1] 20].

Let us begin by defining what we mean by topological insulator. A topological insulator
(superconductor) is a gapped system in d dimensions that is characterized by the following
two properties:

1. If one brings the TT in contact with a topologically trivial state (e.g. the vacuum),
gapless edge states emerge at the boundary (see Fig [2.1)).

2. The gapless degrees of freedom are completely robust against disorder. That means
we can add any random perturbation or potential of arbitrary strength to the Hamil-
tonian and the edge states will not develop a gap (as long as the perturbations
preserve basic symmetries such as time reversal and do not close the bulk gap).

The most famous example of a TT is the quantum Hall (QH) insulator. In a two-dimensional
electron system at low temperatures and high magnetic fields the bulk of the system is
insulating while the edges carry quantized current. The gapless fermions at the edge can
only move in one direction (since time reversal invariance is broken by the magnetic field)
and realize the chiral Luttinger liquid (CLL). Because they can only move in one direction
the edge states are “topologically protected” from scattering off disorder and any form of
localization is impossible.

boundary

topological insulator topologically trivial insulato
8

/ vacuum

Figure 2.1.: Interface between a TI and a topologically trivial insulator with gapless edge states.
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Figure 2.2.: Cartoon of the quantum Hall effect (a) and quantum spin Hall effect (b) as well as the
emerging one-dimensional edge states. The dot in figure (a) symbolizes a impurity
that does not affect transport due to the topological protection of the edge states.

The system is characterized by a topological invariant, the Chern number v, that corre-
sponds to the number of edge modes and thus determines the Hall conductivity

Opy = V— v e L. (2.1)

The system we are interested in is the quantum spin Hall (QSH) state that exists in band
insulators in d = 2,3 dimensions with conserved TRI and strong SOC. These systems can
be experimentally realized in HgTe/CdTe quantum wells. Qualitatively one can think of
these systems as two copies of the QH state in opposite magnetic field. Therefore, there
exist two counterpropagating gapless edge modes that carry opposite spin. Because of
the well-defined projection of spin onto the momentum direction the one-dimensional edge
state was named helical Luttinger liquid (HLL).

Similar to the QHE the edge states cannot be backscattered by nonmagnetic impurities,
because in order to backscatter a right moving particle with spin up the process would
have to flip the spin to get a left moving particle with spin down. Therefore, one uses the
terminology that edge states are “topologically protected”. As in the QHE this protection
can be described by a topological invariant. In this case it is a Zs number that specifies if
there is an even (topologically trivial state) or odd (topologically nontrivial state) number
of Kramers partners at the edge. Since each one-dimensional channel carries a conductance
quantum e?/h the edge conductance in the QSH state is:

(&
=2—. 2.2
G =2 (22)

The comparison of QHE and QSHE is depictet in Fig.

2.1. Topology in condensed matter systems

In order to get more insight into the role that topology plays in condensed matter systems
we start by introducing some concepts of topological materials and their classification,
following mostly Ref. [19].

2.1.1. Symmetry classification of Hamiltonians

Consider the gapped Hamiltonian and the corresponding groundstate of a d-dimensional
TI. As already discussed, the topological properties we are interested in do not change if
we add arbitrary perturbations to the Hamiltonian, as long as we do not close the bulk gap
or break any fundamental symmetries. It is clear that these properties are not classified
by ordinary symmetries which are represented by unitary operators that commute with
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Cartan label T C S Hamiltonian G/H (ferm. NLoM)
A (unitary) 0 0 0 U(N) U(2n)/U(n)x U(n)
Al(orthogonal) +1 0 0 UN)/ON) Sp(2n)/Sp(n)x Sp(n)
ATl(symplectic) -1 0 0 U(2N)/Sp(2N) O(2n)/0(n)x O(n)
ATII(chiral unit.) 0 0 1 UN+M)/UN)x UM) U(n)

BDI (ch. orth.) +1 41 1 O(N+M)/O(N)x O(M) U(2n)/Sp(2n)
CII(ch. sympl.) -1 -1 1 Sp(N+M)/Sp(N)x Sp(M) U(2n)/0O(2n)

D (BdQ) 0 +1 0 SO(2N) 0(2n)/U(n)

C (BdG) 0 -1 0 Sp(2N) Sp(2n)/U(n)

DIII (BdG) 1 41 1 SO(2N)/U(N) O(2n

CI (BAG) +1 -1 1 Sp(2N)/U(N) Sp(2n)

Table 2.1.: Listed are the ten symmetry classes of single particle Hamiltonians, classified according
to the behavior under time reversal (7), charge conjugation (C) and chiral symmetry
(S). The column “Hamiltonian” lists the symmetric space of which the quantum me-
chanical time evolution operator exp(itH) is an element and the first column is the
name of the corresponding space in the mathematical classification by Cartan. The
last column lists the (compact sectors of the) target space of the Non linear ¢ model
describing Anderson localization physics in the low energy sector in this symmetry
class.

the Hamiltonian. Consider for example spin rotation invariance in the z-direction. If S,
is conserved, the Hamiltonian takes block diagonal form, where the blocks correspond to
S, =1, ] respectively. Then it is sufficient to study one of the two equivalent copies and
S, symmetry has given us no additional information. This block decomposition can be
performed with any operator that commutes with the Hamiltonian. Therefore, one must
study the symmetry properties of these blocks of irreducible Hamiltonians in terms of
the most basic symmetries. These are time reversal T and charge conjugation (particle-
hole symmetry) C, which are represented by antiunitary operators when acting on the
single particle Hilbert space. Every antiunitary operator can be expressed through the
combination of a unitary matrix U and complex conjugation K. In our case T = UrK and
C = UcK. Now consider the Hamiltonian of non-interacting fermions in second quantized
language

H= Z@L’Ha,m?}ﬁv (2.3)
a76

where «, § are arbitrary quantum numbers and H, g is the first quantized Hamiltonian.
When regularized, i.e. put on a lattice, Hq g is a N x N matrix. Symmetry under time
reversal or charge conjugation can be expressed in terms of H:

USH*Ur = + A, (2.4)
ULH Uo = — . (2.5)

It is easy to see that there are 10 ways for a system to respond to the action of time
reversal and charge conjugation. Time reversal can either be absent (T=0) or present. If
the system is time reversal invariant the antiunitary operator 7 can square to 1 which
one usually denotes by T' = +1. The same applies for charge conjugation and therefore
we are left with 3 x 3 = 9 possible classes. To completely specify the behavior under T
and C one also has to introduce the combined operation S = 7C (chiral symmetry), which
is unitary. The behavior under § is always uniquely fixed except for the case T'= C = 0,
where either S =0 or S = 1. Here we write S = 1 if § is a symmetry of the Hamiltonian
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and S = 0 if it is not. The resulting classification of random Hamiltonians is very general
and can in particular be used to classify topological states of matter in all dimensions.
The 10 symmetry classes are depicted in Tab.

2.1.2. Origin of topology in band insulators

For simplicity let us consider a translationally invariant band insulator. Due to the transla-
tion invariance Bloch’s theorem holds i.e. eigenstates of the Hamiltonian are characterized
by the crystal momentum k € 1.BZ and the band index n:

H(k)|un(k)) = €n(k)|un(k)). (2.6)

We define the projector onto the filled Bloch states for any k € 1.BZ as

Pk) = > un(k))(un(k)]. (2.7)

It turns out to be more useful to work with the “simplified Hamiltonian” Q(k) defined as
Q(k) = 1 - 2P(K), (2.8)

which is obtained from H by assigning to the m filled states the eigenvalue (+1) and
to the 1 empty states the eigenvalue (-1), while leaving the eigenfunctions unchanged. If
we are only interested in topological properties, we can always deform H (k) by adding
perturbations until it acquires the form of Q(k). Let us see how we can use the matrix
Q to identify topological materials by considering the simplest class, class A, where no
symmetry conditions are imposed on the Hamiltonian. Then H is an arbitrary Hermitian
matrix and Q a unitary matrix @@ € U(m + ). However, because relabelling filled and
empty states amongst themselves leaves the physics unchanged, Q is actually a map from
the 1.BZ to the so called Grassmannian U(m + 1)/ [U(m) x U(1)]:

Q: 1BZ — Um+1)/[U(m)xU()],
k — Q(k).

Let us summarize. As long as the bulk gap is not closed we can deform the Hamiltonian
of the system by adding perturbations until it takes the form of Q. If we want to ask the
question how many distinct gapped phases a system posseses this is equivalent to asking
how many different maps @Q(k) there are that can’t be continously deformed into each
other. The answer to this question is given by homotopy theory.

(2.9)

Let us quickly review some mathematical basics. In quantum field theory we are mostly in-
terested in mappings from compactified d-dimensional space tim into the target manifold
M of fields ¢ of the theory, i.e.

p: ST — M,
x = ¢(x).

We will consider two fields to be equivalent, ¢ ~ ¢9, if they can be continously deformed
into each other, i.e. if there exists a continous mapping (“homotopy”) ®,

(2.10)

d: S4x[0,1] — M,

(x,a) — P(x,a), (2.11)

'The fields ¢ take values in spacetime R?. However, to keep the action finite we have to impose the
condition ¢(x) — const. for ||x|| — co. Thus the base manifold of the fields is actually isomorphic to
the d-dimensional unit sphere R? U {co} ~ S¢.
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such that ®(x,0) = ¢1(x) and ®(x,1) = ¢2(x). The equivalence class containing all fields
homotopic to ¢ is denoted by [¢]. The set of all topological equivalence classes {[¢]} of
mappings ¢ : S¢ — M is called the d-th homotopy group I14(M). The homotopy groups
of the target manifold in the above case are well-known and in d=2,3 dimensions we have

IL(U(m + 1)/ [U(m) x UQ)]) = Z, (2.12)
I(U(m + 1)/ [U(m) x UD) = {1}. (2.13)

Therefore, for any integer v € Z there exists a band insulator in d=2 dimensions in
symmetry class A. These insulators cannot be continuously deformed into one another
without crossing a quantum phase transition. This state of matter is the quantum Hall
effect and the topological invariant v denotes the number of chiral edge modes. When this
number changes we indeed have a quantum phase transition - the quantum Hall transition.
The fact that the third homotopy group is trivial also tells us that there are no quantum
Hall effects in 3 dimensions.

2.2. 75 topological insulators

After discussing the general case we will now concentrate on TIs of the class AIl with
conserved TRI and strong SOI. Because of the great relevance of TRI and SOI we start by
reviewing some basic results of quantum mechanics before we delve deeper into physical
realisations of Zy TI.

2.2.1. Time reversal symmetry

The time reversal operator is an antiunitary operator that squares to (+1) in the case of
integer total angular momentum and (-1) in the case of half integer total angular momen-
tum [21]. In our case we are interested in spin 1/2 fermions. Therefore, 72 = —1 and we
choose the representation:

T =io,K. (2.14)

Its action can be roughly summarized as T (z, k,0) = (z, —k, —0). We know from Noether’s
theorem that any unitary symmetry leads to a conserved quantity (e.g. translation invari-
ance leads to momentum conservation). Although there is no such theorem for antiunitary
operators they still have important consequences for the physics of the system. In the case
of time reversal, this is Kramer’s degeneracy:

“For systems with half integer total angular momentum each eigenstate of the Hamilto-
nian is twice degenerate.”

To show this, consider the eigenvalue problem
ﬁ|En> = En|En> (2'15)

If the Hamiltonian commutes with the time reversal operator [’f', H ] = 0, there are two
cigenstates {|E,), T|E,)} for the energy E,. We will show that these are distinct states
by proof by reductio ad absurdum.

If the two states were the same, they would differ at most by a phase factor

T|En) = €”|Ey), (2.16)
hence,

T2\E,) =T€®|E,) = e T |E,) = |En). (2.17)
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However, since T2 =—1:
722|En> = - |En> (2.18)

This is a contradiction to our assumption that |E,) is an eigenstate (in particular it is
nonzero). Therefore, every energy eigenvalue is at least twice degenerate in the presence
of time reversal symmetry and the corresponding eigenkets are orthogonal.

2.2.2. Spin-orbit coupling

Spin-orbit interaction is a contribution to the Hamiltonian of a spinful system that arises
naturally in the context of the Dirac equation and describes corrections to the spectrum
due to the coupling of the spin of a particle and its motion. Let us consider spin-orbit
coupling as a weak perturbation. In perturbation theory around k = 0 one expects the
lowest terms coupling to the spin to be linear in k,

Hso = -B(k)o. (2.19)

Time reversal symmetry requires B(—k) = —B(k). If the system is in addition to that also
inversion symmetric, B(k) = B(-k), the only possible solution is B(k) = 0. Therefore, in
order for the spin-orbit term to be nonzero, inversion symmetry has to be broken

There are two possibilities to break inversion symmetry in a system:
e Structural inversion asymmetry (SIA) and
e Bulk inversion asymmetry (BIA).

In heterostructures the confinement potential and the band edge variations (different ma-
terials have different band gaps) break the inversion symmetry. This is called SIA. The
corresponding perturbation to the Hamiltonian is the Rashba SOI. This term can be de-
rived from the microscopic 8 x 8 Kane model but here we will only motivate it
heuristically. The Rashba effect is a consequence of inversion symmetry breaking perpen-
dicular to the 2d plane, e.g. by an electric field E = Eye,. Due to relativistic corrections
an electron moving with velocity v in the electric field will experience an effective magnetic
field in its rest frame,

B:—i(vxE):—ﬂ(kxez). (2.20)

c2 mc?
The magnetic field couples to the electron’s spin as

Eopp
mc?

Hp = upoB = — ok xe,). (2.21)

We also have to include a factor 1/2 due to the Thomas precession. Therefore, we arrive
at the Rashba term

Hp=a(o xk)e,, (2.22)

where a = upFy/(2mc?). A neat way of picturing this is to write the Rashba term as
Zeeman splitting with a momentum dependend magnetic field as in Eq. (2.19):

Hr=-B(k)o, B(k)=a(—ky,ks0). (2.23)

20f course we could also break TRI by applying a magnetic field. However, here we are exclusively
interested in systems with conserved TRI and therefore we will not consider this case.

10



2.2. 7o topological insulators 11
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Figure 2.3.: (A) bulk bandstructure of HgTe and CdTe and (B) schematic picture of quantum well
energy levels for different thicknesses (from [4]). For quantum well thickness d < d.
the system is in the topologically trivial phase, while gapless edge modes emerge at
the boundary between HgTe and CdTe for d > d..

Note that while this simple argument can construct the correct form of the Hamiltonian,
the magnitude of the prefactor « is actually two orders smaller than the correct microscopic
result.

It is also possible that the intrinsic crystal structure of the bulk breaks inversions symmetry
(BIA). For example this is the case in the zincblende structure. The corresponding SOI
term is called Dresselhaus term and is given by

Hp = B (kyoy — kyoy) . (2.24)

2.2.3. Physical realisations of Z, topological insulators

The QSH state was first discovered in HgTe/CdTe quantum wells. In this section we
review the basic electronic structure of the semiconductors HgTe and CdTe and derive a
simple model, following Ref. [4], to describe the physics of the subbands of HgTe/CdTe
quantum wells that are important for the QSH effect.

For both HgTe and CdTe the important bands near the Fermi level are close to the center
of the Brillouin zone (I" point). Quite generally one can picture the bands in solids as
combinations of atomic orbitals of the constituent atoms. If two atoms are brought close
together, the orbitals can overlap in two ways to form bonding or antibonding molecular
orbitals. Normally, one concentrates on the antibonding s-type orbitals that make up
the valence band and the bonding p-type orbitals that build the conduction band. Near
the I point these are twice (s-type) or sixfold (p-type) degenerate due to the spin degree
of freedom. If we take into account spin-orbit coupling, the bands become mixed and
are characterized by their total angular momentum j i.e. we have quantum numbers

(jamjalvs)'

11



12 2. Topological insulators

The conduction band consists of the doublet |I'g,j =1/2,m; = +1/ 2> while the valence
band is made of the quadruplet |I's,j = 3/2,m; = £1/2), |I's,j = 3/2,m; = £3/2) and
the doublet |I'7,j = 1/2,m; = £1/2). The j = 3/2 bands are degenerate at the I" point
and have different curvatures (effective masses) away from it. Therefore, they are referred
to as heavy and light hole bands. The I'; band is split off by SOI and will be disregarded
in the following.

In quantum wells grown in [001] direction the spherical symmetry is broken down to a
axial rotation symmetry in the plane. The six bands therefore combine to form the spin
up and down states of the quantum well subbands E1, H1 and L1. The L1 subband
is separated from the other two and we will neglect it, leaving an effective four band
model. At the I' point with in-plane momentum k; = 0, m; is still a good quantum
number. The quantum well states |E'1,m; = £1/2) are then linear combinations of states
Te,j =1/2,mj; =+£1/2) and |I'y,j = 1/2,m; = £1/2) while |H1,m; = £3/2) are made
of |I's,j = 3/2,m; = £3/2), respectively. Therefore, the quantum well states are given by
the ordered basis {|E1,1), |H1,1),|E1, 1), |H1,])}

Note that |I's, m; = £1/2) has even parity and |I's,m; = +3/2) has odd parity under two-
dimensional spatial inversion. Therefore, a matrix element coupling the two states has to
have an odd power of momentum k.

These symmetry arguments lead to the following model:

(k) 0
H(km’ky)_< 0 h*(—k))’ (2.25)

h(k) :e(k)ﬂg + di(k)ai,
where

e(k) =C — D(k24k3),  di(k) = (Akq, —Aky, M(K)), (2.26)
M(k) =M — B(k2 + k). (2.27)

The important point is that the band structure in HgTe is inverted because of the large
SOC in heavy materials like Hg. That means that the I's lies above the I'¢ band in this
material. For small quantum well thicknesses the heterostructure should behave as CdTe
with normal band ordering. However, as we increase the thickness above some critical
value d., the bandstructure will be determined by the properties of HgTe and become
inverted (see Fig. . Therefore, we have a quantum phase transition as a function of
quantum well thickness. In the inverted regime the bands naturally have to cross at the
boundaries which leads to the emergence of massless edge states with linear dispersion
described by the helical LL. This can be shown explicitely by solving the BHZ model with
appropriate boundary conditions [24]. In particular the edge states emerge irrespective of
the boundary conditions imposed, which underlines their topological nature.

2.2.4. Effective model for the HLL

The 1D helical system is translation invariant and momenta k are thus good quantum
numbers for the eigenstates. Furthermore, the spin degree of freedom of the excitations

3The notation I's, I's etc. originates from the group theoretical classification of irreducible representations
of the crystal symmetries which determine the way wavefunctions transform at the I' point.

“For T's states we have 1=0 which implies that m; = 41/2 is the same as s = £1/2. On the other hand, for
s 1=1 and m; = £3/2 is also the same as s = £1/2 therefore we introduced the notation s =1/2 =t
and s = —1/2 =|.

12



2.2. 7o topological insulators 13

is frozen out because each chirality has a well-defined spin direction. The effective low
energy theory for the edge excitations is thus that of free spinless fermions,

1 A N
Hy=+ > nkdf ey, (2.28)

kn=R,L

where &km are fermionic operators that annihilate right or left moving excitations respec-
tively and n = +1(R), —1(L) denotes chirality. If we assume that time reversal symmetry
holds, Kramer’s theorem ensures that for any k there exist two orthogonal eigenstates,
created by fermionic operators 1@}2 i and 1&2_  Which are related by time reversal T, e.g.

T (WR) = io,K <1/”€R> = ( Ykl ) . (2.29)
Uk, L Vk,L —Y_k,R
We also take into account interaction in the density-density channel and we model impu-
rities by a local potential that couples to the electronic density:

R 1 PN R R
Hi =7 3 V(@00 skt oprao (2:30)
kqp oo’
- 1 I
Himp =7 SN UGk - p)iL o (2.31)
kp o

For a generic helical liquid spin rotation invariance around the z-direction will be broken
either by SIA or BIA effects. We therefore formulate the problem in the chiral basis (R, L)
in which the free Hamiltonian is diagonal. In order to perform this rotation we follow
Ref. and derive the rotation matrix from symmetry arguments. The field operators
@@U,k of an electron with momentum k and spin projection ¢ along the z-axis are related
to the chiral operators ﬁn,k by a momentum dependant SU(2) matrix By,

-
<¢¢,k By, i) (2.32)

To preserve fermionic commutation relations the matrix has to be unitary B};Bk = 1.
Moreover, time reversal invariance entails the symmetry By = B_j;. Because of these
constraints the leading terms in By for small & < kg can be written as:

1 k4 k2 1 k4 k2
— 9 T2 — 9 12
By, = ( k22k0 1 k%4 ) ) Bk_l = < _k%ko 1 kok“ > : (2.33)

gl g1

Here, k; 1 is the typical distance an electron can travel while retaining its spin-direction and
higher order terms in k/ko are supposed to be small. Finally, we neglect the momentum
dependance of the interaction and impurity potentials and assume U(q) = Uy and V(q) =
Vo. In the case of interactions this is justified if the potential is well screened by external
media (e.g. external gates) and for impurities we model the potential to be short-range in
real space.

If we substitute the relation 1) @U,k = Zn= R.L Bkm]zﬁn’k into the interaction Hamil-

tonian we get:

Hipy = %Z Z Viq) {Blinfq}

T
) [Bpo-Fq 0
kgp Mn2m3N4

D Pk qm s Bpram.  (2.34
n,m N4 w’fﬂhwk ‘1ﬂ72wp,n3¢p+qm4 ( )

)

13



14 2. Topological insulators
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Figure 2.4.: G-ology of interaction terms in the HLL. Fat vertices denote chirality changes that
have an additional prefactor n;, (k2 — k2,;)-

Therefore, we have to calculate the product

1 5
BBy~ | o, M. (2.35)
w2 1

Here, we neglected higher order terms in k/kg. This product can be written in the form

(BB, = by + m00ar 4 1) (2.30

where we use the notation R = L and vice versa. Inserting 62.36D into 62.34D we get after
some simple algebra:

Hiny = Z Z [wk nlﬁp 7 prrq n’ wk q,m

kqp nm’
= (k—q)?) - )
2 ( k2 ) ¢’17771’[}1To,n’¢p+q,77’1/’k—q,77 (2.37)
K-k-0?) - G+0?) + + +
+ 7777, k% k;g w£7n¢;’n/¢p+q7ﬁ/¢k_q7ﬁ:| .

Note that we already normal ordered the Hamiltonian (any two particle processes that are
created due to the anticommutation relations can be absorbed in the chemical potential).
The different terms of the interaction Hamiltonian can be grouped analogously to the g-
ology of a conventional LL, which is shown explicitely in Appendix [A| However, now we
have an additional Umklapp term that backscatters only one particle. For the purpose of
this thesis it will be called g5 term. All terms are depicted in Fig:

Lastly, the impurity part in the chiral basis reads

A 1mp UO Z Z (@Z)k n¢p nt 77 @Z)]f n¢p 77> (2'38)

7p /]7

One thing should be mentioned at this point. The parameters Vy and Uy should be
considered as effective couplings of the low energy theory after integrating out all degrees
of freedom above the UV cutoff, which is given by the bulk gap. Therefore, renormalization
effects due to high lying states are already incorporated into the coupling constants and
do not affect the physics apart from that.

14



2.2. 7o topological insulators 15

Let us summarize:

1. The effective low energy model for the gapless edge modes of the QSH insulator is
that of spinless one-dimensional fermions in the chiral basis.

2. Each chirality changing process comes with a factor mi,(kZ — k2,;). These factors
embody the topological protection the edge modes enjoy. First, the momentum
factors change the scaling dimensions of the operators making them irrelevant in
the RG sense. Therefore, chirality changing processes cannot open a gap. Second,
states with identical momentum but opposite spin are orthogonal due to Kramer’s
theorem. The factor (k2 — kZ2,,) thus ensures that there is no scattering between
Kramers partners in the helical basis either.

Before analysing the model further, we have to gain a better understanding of one-
dimensional physics in general. Therefore, the next section will be devoted to a survey of
quantum physics in one dimension.

15






3. One-dimensional systems

One-dimensional systems of interacting particles have fascinated theorists for more than
50 years now. The profound effect of dimensionality drastically changes the behavior
of particles compared to higher dimensional counterparts. On the one hand, the one-
dimensional character leads to the possibility to solve some systems exactly while on the
other hand the interplay of interactions, disorder and the low dimensionality leads to highly
nontrivial correlation effects. In the following we will review, mostly following [16], the

powerful techniques that are at our disposal to solve problems in one dimension. For a
more detailed discussion see Refs. 26].

3.1. A word on conformal symmetry and the renormalization
group

3.1.1. The renormalization group

Here we will present only a very basic introduction to the renormalization group. For
further studies we refer to the literature 28].

In condensed matter physics the renormalization group (RG) is a general term for meth-
ods that allow systematic investigations of a system’s behavior under scale changes. In
particular one is often interested in obtaining an effective low energy theory by integrating
out high energy degrees of freedom.

A field theory is by definition a physical model defined on the continuum instead of a
lattice. However, quantum fluctuations being at work at all scales|"| the theory is prone
to all sorts of UV or IR divergences. Therefore, a purely continous theory makes no sense
and we have to introduce an energy cutoff A that marks the range of applicability of the
model. Such a regularization invariably introduces a length scale A~!, which is part of
the theory as one of the parameters along with other coupling constants, masses, veloc-
ities and so on. One must keep in mind though that a change in the cutoff A (through
tracing out the high energy degrees of freedom) is accompanied by a change of all other
parameters. Thus a field theory is not characterized by a fixed set of coupling constants
but by a renormalization group trajectory in parameter space, which traces the change of
parameters as the cutoff is lowered.

'that means that the fields ¢(k) take values at all momenta k € {—o0, 00}.

17



18 3. One-dimensional systems

Let us outline how a generic (momentum) RG step is done. The problem we face, is that
the theory is in general unaware of any clear cut separation of "fast” and "slow” |*| degrees
of freedom. To nonetheless implement our scheme of integrating out “fast” modes we have
to artificially define an energy A1) = b=1A, where b>1, that separates slow (w < A/b)
and fast (A/b < w < A) variables. Now we integrate out the fast fields and arrive at
an effective action for the slow fields. The result may be twofold, either the algebraic
structure of the action is changed completely or we get a new action that is identical to
previous one except for (i) a different set of coupling constants and (ii) a decreased energy
cutoff A — A = p=1A. In the later case the theory is called renormalizable. To compare
the set of coupling constants with the previous ones we have to rescale momenta and
energies, such that they have the same cutoff as before (k,w) — (bk,bw)>, Now one can
iterate the procedure until the natural cutoff of the theory is reached (e.g. if temperature
is the highest energy scale of the problem, the cutoff will be T). However, the utility of
the RG relies on the recursive reproduction of the model at each step: one step alone
already encodes all information about the renormalization properties of the model. These
properties are condensed in the generalized 5 function which describes the flow of the set
of parameters g under the change of control parameter

Bg) = dcﬁb. (3.1)

Most important is the notion of fized point, i.e. a point in parameter space g* that is
unaffected by the renormalization step (8(g*) = 0). Exactly at a fixed point the system
is scale invariant. However, every system has at least one intrinsic length scale, the cor-
relation length £. Consequently, at a fixed point we must have either ¢ = 0 or £ = oo.
On the other hand, a diverging correlation length is the hall mark of a second order phase
transition. Therefore, we can indentify fixed points as critical points of the underlying
physical model.

In the vicinity (in a pertubative sense) of a fixed point the terms in the action, char-
acterized by their coupling constants, fall into three categories: relevant, irrelevant and
marginal. Relevant parameters grow algebraically under renormalization, irrelevant pa-
rameters decrease algebraically and marginal parameters undergo logarithmic variations.

3.1.2. Conformal field theory

Conformal field theory (CFT) provides some very powerful methods for solving two-
dimensional statistical mechanics problems. We therefore feel the need to introduce some
of the basic concepts. For an exhaustive overview of the field we refer to the literature

129, 30].

By definition the conformal group is a subgroup of coordinate transformations that leaves
the metric invariant up to a scale change, i.e.

gw/(x) — g,iw(x/) = Q(ac)gm,(x). (32)

That means the transformation conserves angles, but not lengths. In d dimensions these
transformations form a finite group with (d+1)(d+2)/2 independant parameters. A theory
is called conformally invariant if its action is invariant under the conformal group.

In 2D, conformal transformations coincide with analytic coordinate transformations. It
is thus natural to define complex coordinates in terms of real space coordinate x and

2with i = 1 energy and frequency are measured in the same units. Thus “fast” is equivalent to high
energies and “slow” to low energies.
3In a Lorentz invariant theory it makes sense to scale energy and momentum with the same factor.

18



3.1. A word on conformal symmetry and the renormalization group 19

imaginary time 7 = it,
z =0T —ix, Z =0T +ix. (3.3)

Here v is velocity and we have the following correspondence for the derivatives:

i (1 )
87; = —5 (Uat - 8m) 5 (9;3 = —1 (87; - af) ) (34)
(1
0z = _% <’U6t + aa:) ) Oy = 1w (aZ + 05) : (35)
Indeed under the transformation
2o fz), z—o f(2) (3.6)

the line element changes as
d 2
ds® = dzdz — ydi\ dzdz. (3.7)
z

Therefore, comparing this expression with Eq. 1} we have Q = |df / dz|2.

The peculiarity of 2D is now that one cannot only define a global conformal group as
in other dimensions but also a local conformal algebra The class of analytic functions
that are invertible and defined on the whole Riemann sphere (i.e. have no branch cuts)
make up the global conformal group. In terms of complex coordinate z, global conformal
transformations have the form

z— f(z) = Zi_z, ad —bc =1, (3.8)
where a,b,c,d are complex numbers. However, since any analytic function is a conformal
mapping one has an infinite algebra of local conformal transformations, that have all
the properties of conformal maps except that they are not one to one. This feature of
2D CFT is what allows a complete solution of conformal field theories, even in certain
circumstances that apparently break scale invariance. For instance, the complete complex
plane (the space time used with imaginary time at zero temperature) may be mapped
onto a cylinder of circumference L via the mapping f(z) = e?™*/L. This allows for the
calculation of correlation functions in a system with a macroscopic length scale (a finite
size L at zero temperature, or a finite temperature 8 = L/v in an infinite system) from
the known solution in a scale-invariant situation.

Furthermore, the behavior of operators under the conformal group gives us information
about their transformation properties under scale changes, which is useful in combination
with an RG treatment. A local operator belonging to a CFT is called quasi-primary if it
scales under a conformal transformation like

O'(az,az) = oz_héz_BO(z, zZ). (3.9)

The constants h, h are called the right-and left-conformal dimensions, respectively and are
a fundamental property of the operator O.

Under plain dilation (o« = @) the operator behaves as O'(az,az) = a~20(z, z), where
A = h + h is the ordinary scaling dimension of the operator. Under a rotation (o = et
@ = e~ ) the operator transforms as O'(e?z,ez) = ¢*0(z, z), where s = h — h is the
conformal spin of the operator. In general the scaling dimension appears directly in the
two point correlation function of the operator which is fixed by scaling arguments up to a

multiplicative constant:

1
~2h32h )

(0(z,2)0(0,0)) = (3.10)

4Strictly speaking the local conformal transformations don’t constitute a group since they are not invertible
on the whole Riemann sphere C U co. Thus we use the word algebra here.

19



20 3. One-dimensional systems

3.1.3. Effect of pertubations

Consider the perturbed action of a one-dimensional system
S =5+ g/dxdt O(z,t) (3.11)

where Sy is the fixed-point action and O is an operator of scaling dimension A. Let us
now perform a single RG step, that is we change the real space cutoff A~ to a higher
value bA™!, where b > 1. In order to compare the new action with the previous one, we
have to rescale spacetime as (z,t) = (b~'a/,b~'t'), where (x,t) now have the same cutoff
as before. Thus

S =Sy + g/d:r’dt' o2, t) (3.12)
=So+g / d(bz)d(bt) O(bz, bt) (3.13)
=So +gb* 2 / dadt O(x, t). (3.14)

Therefore, we can read off the change of the coupling constant,
g () = gb® 2 = g(0) e~ MO), (3.15)

Let us assume that b = 1+ € (e < 1) is close to unity (which means we "shave off” an
infinitesimal layer in momentum space in each RG step) , i.e. In(b) ~ e. Then we can
encapsulate the information from the RG step in the differential equation ¢ ~ % =

g(2—A) ~ dlig(b)' In other words the 8 function is given by

_ _dg
~ dIn(b)
The sign of the beta function tells us if a coupling constant grows (8 > 0) or decreases
(8 < 0) under the RG. Thus, the pertubation is relevant if A < 2, irrelevant if A > 2
and marginal if A = 2. A relevant operator is typically the source of a gap in the low-
energy spectrum while irrelevant operators only change the properties of the theory in a
perturbative sense.

B(g)

=g(2-A). (3.16)

Let us end the section with some remarks:

e By adding a pertubation that is not invariant under scale changes we break confor-
mal symmetry. However, we may still study the effect of weak coupling in the CFT
framework if we don’t depart too far from the fixed point. Especially, if the operator
is irrelevant.

e The above analysis does not work for operators with conformal spin. If one fuses two
operators with conformal spin together, an operator with lower scaling dimension can
be generated. These operators would appear in the action under a RG step and have
to be included by hand in order to describe the full theory.

3.2. Models for one-dimensional fermions and bosons
3.2.1. The Gaussian model

The model describing free massless bosons in one dimension is called the Gaussian model
1
= / dedr [v—l (Br0)? +v (azgoﬂ (3.17)

So 5
1
-3 /dde o (v102 4+ v02) o, (3.18)

1P
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3.2. Models for one-dimensional fermions and bosons 21

where ¢(x, 7) is a real scalar field and v describes the velocity. Since the action is quadratic
we can immediately read off the equation governing the propagator:

— (v7102 4+ v02) G(z, 7,2, 7)) = 6(x — 2')5(r — 7). (3.19)
In complex coordinates this is the two-dimensional poisson equation
—4v0,0:G(2,2) = §(2)d(2). (3.20)

Its solution is well-known and for a disk of radius R in (z,7) space and a short distance
cutoff ag we get

1 R? N\ 4o 1 1
G(z,z) = —1 =" ——In(22) + — In(R). 3.21
(2,2) n<zz—|—a%> . n(zz) + - n(R) (3.21)
In the following we drop the second term, which basically defines an overall length scale.
Thus we see that at the level of correlation functions the boson ¢ decomposes into a
holomorphic and an antiholomorphic part,
_ 1 _ 1 1 B
(p(2,2)p(0,0)) = — —In(zz) = ——In(z) — — In(2). (3.22)
4 47 47

This corresponds to the decomposition of the field ¢ into two chiral boson fields ¢(z, z) =
or(z) + ¢r(Z) with propagators

(6r(=)6(0)) =~ 1~ In(2), (3.23)
(61(2)61(0)) =~ 1 In(). (324

It is customary to further define the field II(z, 7) = (%—f(p = v~ 10, conjugate to . The
corresponding Hermitian operators in the Hamiltonian formalism obey the canonical equal
time commutation rules

[@(x),ﬂ(m')} — id6(z — ), (3.25)

B(2), ¢(a")] = [Mi(2),11(2)] = 0. (3.26)

—

Finally, we define the dual boso 0(z, T) by the relation 0,0 = —II. This basic definition
implies the nonlocal commutation relation

(#(2),0(")] = —iO(z - a), (3.27)
where O is the Heaviside step function. The representation of 6 in terms of chiral bosons
is 0 = ¢p — oL

For future referrence let us define the exponentials of boson fields ¢*¢[5| To avoid diver-
gencies in the theory exponential operators of this form (called vertex operators) have to
be normal ordered. Thus, vertex operators don’t multiply like ordinary exponentials but
according to

(100(2) fiBO() _ iad(2)+iBO(=') ,—aB(B(2)6(=)) (3.28)

which can be shown using the Campbell-Baker-Hausdorff-Formula [16].

5The dual field 6 has the same action as ¢ and consequently the same correlation functions and commu-
tation relations.
5¢(z) is an arbitrary bosonic field.
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22 3. One-dimensional systems

Figure 3.1.: Linearisation of the spectrum around the Fermi points.

The correlation function of vertex operators in an infinite system,

<ei041¢(21)ei062¢(22) .. eiaN¢(ZN)> , (3'29)

is nonzero only if Y " | oy = 0. This is known in the literature as the neutrality condition.

Vertex operators are primary fields. Their conformal dimensions can be obtained from
their correlator

o2

<eias0(z72)e—ia<ﬁ(070)> — <6ia(w(z,2)—so(0,0))> e (e(2.2)9(0,0)) _ (22) 47 . (3.30)

Therefore, the conformal dimensions of the operator are

a? a?
el (22) . (h(a), h(@)) = (87r’ 87T> : (3.31)

3.2.2. The Dirac equation

Free one-dimensional fermions are described by the massless (141) dimensional Dirac
equation. To show this, we consider the action of free spinless electrons with quadratic
spectrum in one dimension and derive their low energy effective theory. The action reads

Sy = /dxdT |:¢(IL',T) (aT - i) ¢($,T):| : (3.32)

where 1,1 are Grassmann variables. For small energies the relevant electrons lie near the
Fermi points and we expand our fields in their vicinity, ¥, +q = ¥Yr(q) and Y_j,1q = ¥1.(q)
(see Fig. [3.1). After Fourier transforming we get the decomposition

V(x,7) = Yp(z, 7)e*FT o)y (z, 7)e HFFT, (3.33)

where gy are smooth fields on the length scale k;l. In the Hamiltonian formalism these
correspond to operators with commutation rules

(@), 6}, (@)} = 3z — /)3y (3.34)

Using (3.33) in (3.32) and neglecting oscillatory terms and higher order derivatives in ¢

we arrive at

So ~ /dxdT Q;R (87— — Z’L)Fax) YR+ TEL ((97— + ’L’I}Fam> Ur, (3.35)
= Z /dxdT 1;,] (Or — inVE0y) Yy (3.36)
n=R,L
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3.3. Peculiarities of one dimension 23

Thus, we see that the action splits into two independant chiral sectors. If we can safely
neglect curvature corrections (these would become important e.g. at the bottom of the
band) Eq. is a universal model for the low energy excitations of one-dimensional
electrons. If we define v9 = 05, 71 = 0y, the two-spinors ¥ = (@ZR,JJL) Op, ¥ = (¢R,¢L)T
and two dimensional space time x = (z, 7) the action of a free one-dimensional fermion is
identified with that of a (1+1) dimensional Dirac particle

Sy = / A%z Uy, 0" 0. (3.37)

The free propagators are readily calculated:

(RE)DRE)) = = — ' W (PL(E)) = (3.38)

2m 2z — 2 2nz—Z

We can also include external fields by the standard minimal subtitution 9, — 0, —ieA,

to get
Sy = / A%z UyH (9, —ied,) V. (3.39)

This enables us to calculate the current density 7 = j; and charge density p = 759 by
variation of the action,

. 6S[4]
which yields:
p=e(Jr+JL), (3.41)
J=e(Jrp—Jr). (3.42)

Here we defined the chiral currents Jgp = ¥rvr, Jr, = Y. At this point we want to
add the following remarks:

e One-dimensional electrons are primary fields and we can read off their conformal
dimension from the propagators (3.38):

1

v (b R) = (2,0), wp: (hh) = (0, ;) (3.43)

e In a one-dimensional Fermi system with uniform velocity vg, the current density is
proportional to the number of right movers minus that of left movers. Thus it is
fundamentally different than higher dimensional systems where the current density
is proportional to momentum In other words a process that conserves momentum
can still affect transport properties if it changes the number of right (left) movers.
This fact will become important later.

3.3. Peculiarities of one dimension

After introducing some formal concepts let us now turn to a more physical explanation of
one-dimensional systems. Before explaining why one dimension is special, let us first review
what makes higher dimensions normal. The effect of interactions in higher dimensions is
described by the Fermi liquid theory.

"Remember ¢ = 1 and e is charge. Furthermore, in the imaginary time formalism Aq = i¢.
8 A notable exception to this is graphene, see e.g. Ref. [31].
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24 3. One-dimensional systems

Free fermions obey Fermi-Dirac statistics and their groundstate at zero temperature is
the filled Fermi sea. Excitations with respect to this groundstate are electrons defined by
their momentum, spin and charge (k, o, ep). Since they are eigenstates of the Hamiltonian
they have infinite lifetime. Landau’s hypothesis was, that if we adiabatically switch on
interactions, the fundamental quantum numbers (k, 0, ¢y) and the statistics of the particles
are left unchanged. However, their dynamical properties such as mass, velocity etc. get
renormalized by the effect of interactions. The excitations are thus not the fundamental
electrons anymore but are called quasiparticles. Heuristically, these are electrons dressed
by surrounding density fluctuations.

Formally, these properties can be seen in the single particle propagator G(k,w) and the
spectral function A(k,w).

The poles of the propagator contain information about the quasiparticle spectrum of an
interacting system. The poles’ real part specifies the quasiparticle energy while the imagi-
nary part contains information about the lifetime. On the other hand the spectral function
A(k,w) can be interpreted as the probability of finding a quasiparticle in the state (k,w).
For free electrons at zero temperature we have

1
w — &k +i0sign(|k| — |kp|)’

Gk,w) = Ak, w) = 0(e — &) (3.44)
If one includes interactions the self energy 3 of quasiparticles becomes finite. This renor-
malizes their properties and broadens the spectral weight to a Lorentzian form. However,
the quantum numbers of exitations are left unchanged, i.e. we get

Zk A(k,W) _ Zkr(kafk)

Gk,w) = = =0 <\ 2 =
w— & — AT(k, &) (&= &) +4r(k.&)

: (3.45)

where Z € [0, 1] is the quasiparticle weight determining the fraction of electrons that are
in the quasiparticle state, fk is the quasiparticle dispersion relation and I'(k, fk) is the rate
of decay of the state (k, &),

&k =& + Re D (k, &), (3.46)
Zi b =1 - 0 ReX(k,w)|,_z, (3.47)
I'(k, &) =22 Im E(k, w). (3.48)

The results are summarized in Fig.

n(k) n(k)

A(k,w) A(k,w)

€,k

‘Ek Ek

Figure 3.2.: Distribution function n(k) and spectral function A(k,w) for free fermions (left) and
quasiparticles (right).
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(a) e(k)
0 2k, K
g(k)
0 2k; K

Figure 3.3.: Particle hole spectrum in 1d (a) and in 2d (b).

Quasiparticles are only well-defined if their inverse lifetime is much smaller than any char-
acteristic energy scale of the problem. Fortunately, in dimensions higher than one this is
usually the case and excitations are well-defined in the vicinity of the Fermi surface.

The remarkable feature of Fermi liquid theory is that it does not rely on weak coupling
but holds for arbitrary interaction strenghts in the absence of symmetry breaking phase
transitions. It is thus all the more suprising that it fails to describe interaction effects in
one dimension.

Indeed, if we calculate the electronic self energy in 1D we find that the inverse quasiparticle
weight is logarithmically diverging with the energy cutoff A. Our statement is thus: in
one dimension there exist no coherent single particle exitations but only collective modes.
To see this, consider a cartoon picture of a one-dimensional wire with electrons on it. If
we insert an additional electron into the wire it will push away the neighboring electrons.
Thus it creates a density fluctuation which is a collective excitation of all the electrons in
the wire.

On a more formal level, consider Fig.[3.3|where we plot the energy of particle hole pairs cre-
ated out of the Fermi sea against their momenta (both measured w.r.t. the groundstate).
Patched regions show the points in parameter space where electron hole excitations are
allowed. Due to the linear dispersion near the Fermi points, pairs have a narrow dispersion
near k = 0. That means a pair has a well-defined dispersion relation and can propagate
coherently. In other words, because particles and holes have nearly the same group ve-
locity @ they propagate together and a weakly attractive interaction can bind them into a
coherently propagating entity: a new particle. In higher dimensions these arguments don’t
apply since the Fermi surface is not disjoint. Therefore, pairs can have arbitrary energy
starting from zero and interactions have a harder time forming coherent excitations. The
fact that particle hole excitations have bosonic character and that the low energy physics
is dominated by them is the basis for the bosonization procedure which will be discussed
in the next section.

?Due to the linearized spectrum v = 0y E(k) = const..
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26 3. One-dimensional systems

3.4. Operator bosonization

In order to calculate correlation functions it was useful to work in the action formalism.
However, from now on we will switch to the operator representation because it will be used
throughout most of this thesis. If we define the correspondence

R 1 _ivame A L vz
Dr(z) = e~ IVATOR(2) P (2) = = VAndL(2) (3.49)

B V2T ’ V2T ’

the correlation functions between the fermionic model and bosonic exponentials will be
identical. In fact it turns out that the entire spectrum of the two models is identical and
Eq. is an exact mapping between them. This remains true even in the presence of
interactions. We are not going to prove this equivalence here but refer to the literature
given at the beginning of this chapter.

While the bosonization formulas are the basis of fermion-to-boson translation, their
naive implementation often leads to errors. Take for example the current of right movers
Jr(z) = @@E(m)@R(‘r) It is formally infinite because there is an infinite number of holes
occupying the states at point x. Thus to regularize infinities like this we have to normal
order the operator. Equivalently, we can implement the procedure of point splitting by
defining

J(2) = lim [ (2 + (=) — (G (2 + (=) (3.50)

and similar for the left moving current. This yields

5 i, A P

The above bosonization neglects some further subleties:

e The fermionic operators have dimension Lfé, thus we have to add a UV cutoff a.
into the normalization to regularize formally divergent integrals. While a. is equal
to the lattice spacing ag in non-interacting models, they generally are non-trivially
related in interacting ones.

e To ensure fermionic anticommutation relations one has to introduce Hermitian oper-
ators called Klein factors &; that connect the ground state of different charge sectors
and obey the Clifford algebra:

{Ri, s} = {Ri, ks } = 04, {Ri,k;} =0. (3.52)

They can often be neglected and anticommutativity is ensured by demanding

[n(2). dr(a')] =~ Lsign(a — ) (353)
{(Z)L(x),éL(x')} = %sign(w — ). (3.54)

However, they are necessary if there is more than one species of fermions, e.g. in the
presence of spin.

The bosonization formulas are therefore:

~ A

0 KRj  _iVargp.i(z s Ki  iVind, (3
@Z)R,j(z) S — Viardr ;( )7 wL,j(Z) — \/ﬁe Vardr i( )' (3'55)
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Figure 3.4.: Different interaction processes in a LL.

3.5. Interacting electrons

For physical electrons we must add a spin index ¢ =1, |. Furthermore, we need to introduce
two boson operators ¢4 and ¢. These may naturally be combined into spin and charge
components:

1 1
be = —— (P2 + B, by = — (Pr — B1) 3.56
Pe ﬁ(w ¢1) Ps \/i(w ?1) (3.56)

and the same for the chiral bosons qu(L),c(s)'

In the low energy limit the effect of interactions is limited to the vicinity of the Fermi
points and processes fall into 4 Categories

1. backward scattering

Hy=vrg1 » Uk bretl VR o (3.57)
o
2. dispersive scattering
Ho . =vFga.c (jR,T + jR,¢) (jL,T + jL,¢) , (3.58)
Ho s =Urga.s (jR,T - jzm) (jL,T — jL,¢> . (3.59)

3. Umklapp scattering (only allowed at half filling, because of crystal momentum con-

servation

| S
My = Svrgs > 0k Uk oULetr o + hec.. (3.60)

10¥ou could ask yourself if there isn’t also a fifth process that changes only one chirality e.g. w;d);’lﬁL’d)R.
However, this term only conserves momentum at full filling kr = 27 where the system is an insulator
anyway and at kr = 0 which is unphysical because the linearisation procedure is ill defined at the
bottom of the band.

To see this consider the operator in momentum space e.g. ¥r k¥R, pYL k+q¥L,p—q then we must have
k,p~ kr, q~ —2kp. In order for all the operators to be near the Fermi points we must add a reciprocal
lattice vector @ = 2m/ao . In the case of half filling, kr = 7/(2a0), we have Q = 4kp and thus p—q—Q
is close to the left Fermi point as needed.
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28 3. One-dimensional systems

4. forward scattering

91:[47C :%UF947C [(J}{ﬁ + jR7¢>2 + (jL7¢ + iji)Q] , (3.61)
N 1 ~ ~ 2 ~ N 2
7‘[4,5 =§’UFQ47S |:(JR,T — JR,J,) + (JL,T - JL7¢) :| . (3.62)

The interaction vertices for all processes are depicted in Fig.

3.5.1. Tomonaga-Luttinger liquid

Let us neglect scattering processes across the Fermi points (g1, g3) for now. What we
are left with is called the Tomonaga-Luttinger model which can be solved exactly by
bosonization. In the bosonized Hamiltonian spin and charge degrees of freedom decouple

Hr1 =He + Hs, (3.63)
7:[]- :7:[0,]' + 7:[2,]' + 7:[4,]'. (3.64)

Here we defined
Hog =5 |18 +(0:2,)°) (3.65)
711j::—'vgij{f@'—(axﬁif}y (3.66)
Hag == |10+ (0:0,)°] (3.67)

and j=c,s. Combining the expressions we get

S 1
Hj = iu]' |:an? -+ E (&Egoj)z] , (3.68)

— . . N\ 2 .
K; = T 925 94 uj = U\/(1 4 9470) — (giﬂ) (3.69)
T+ 925t 94; T m

The parameter u; is the renormalized Fermi velocity (plasmon velocity) and Kj is called
the Luttinger liquid parameter and is a measure for the interaction strength. For repulsive
interaction go j,g4; > 0 the Luttinger parameter is K. < 1, for attractive interactions
92,5, 94,5 < 0 we have K. > 1 and for a non-interacting system K = 1. The corresponding
action (for one species) is:

where

S = ;‘/dxdr [K (8.0)* + K~ (8,9)” + 27Lu*187s06x9] : (3.70)

If we integrate out ¢ or 6 fields, respectively, we arrive at the two equivalent descriptions
of the LL:

STl =gy [dwdr (@ + 3 (007, (3.7)
S0 Z% / dadr {(axe)%;(wf]. (3.72)

This can be brought back into canonical form by the transformation ¢; — /K, p;, 0; —
1/4/K;0;. Therefore, we see that K just renormalizes the fields.
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3.5. Interacting electrons 29

[9,]

0 Ks-1
Figure 3.5.: RG flow of the sine-Gordon model.

Also note that the above action describes collective excitations (the Euler Lagrange equa-
tion of motion describes a wave of velocity u). These are called charge density wave (CDW)
or spin density wave (SDW) in the charge or spin sector, respectively.

3.5.2. Spin or charge gap and the sine-Gordon model

If we take into account ?:[3,’}11 the model is not exactly solvable anymore, but we can
perform a weak coupling RG analysis. Let us first consider the g; term. Combined with
the bosonized spin Hamiltonian we get one of the most studied models in field theory, the
sine-Gordon model:

~ U I~ . Uu N

Hsa = 5 |12+ (0:0)%] + 525 cos (VoK) (3.73)
(here we used the rescaled fields so that the free part has the standard form (3.17)). The
scaling dimension of the cosine operator is A = 2K (see 3.31). Naively we would expect
that it is relevant for Ky < 1 and irrelevant for K > 1. However, K is subject to the RG
flow itself and thus we have to study the coupled RG equations

dK, 1 dg1
= G =K -0, (3.74)

d 272

These were first obtained by Kosterlitz and Thouless [32]. The corresponding flow diagram
is illustrated in Fig. At weak coupling the system flows to strong coupling if |g1]| >
27(Ks — 1) (g1 is marginally relevant) while it flows to g1 = 0 if |g1| < 27(Ks — 1) (g1 is
marginally irrelevant). Therefore, at Ks < 1 even a infinitesimal g; can open a spin gap.
Exactly the same analysis can be performed for the g3 term (we just have to substitute
g1 — g3 and Ky — K, in all the expressions). Now what does the creation of a gap mean
in more physical terms? The cosine term represents a cosine-potential and would like to
lock the field ¢ in one of its minima. On the other hand the kinetic term is minimized by
large spatial fluctuations of the field <p Thus if the cosine term is irrelevant the particles
motion is undisturbed while in the case where the cosine term is relevant it is locked at one
of the minima of the potential. The excitations of the system are then tunneling processes
between minima, which need a minimal energy of the order of the gap, called solitons. In
the case of spin gap they are called spinons and for a charge gap holons. These excitations
correspond to free massive particles.

2Gince II and ¢ are conjugate operators there is an uncertanty relation between them. In the extreme
case where ¢ is constant in space, II would be infinite. Therefore, the kinetic term is minimized by
spatial fluctuations.
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30 3. One-dimensional systems

3.6. Disorder in Luttinger liquids

In Sec. we discussed the physics of interacting one-dimensional electrons. We saw that,
unlike in a Fermi liquid, the fundamental excitations of the system are charge (and spin)
density waves - collective excitations describing wave like propagation of charge and spin
degrees of freedom, respectively. Now let us discuss what happens if we introduce localized
impurities into the system. This problem is of considerable practical relevance. Every phys-
ical realisation of one-dimensional systems - semiconducting quantum wires, nanotubes,
quantum Hall edges, etc. - generally contain imperfections such as dislocations, vacancies
or charged impurities. In the following we will only consider static impurities without
intrinsic degrees of freedom, that could be excited in a scattering event. Hence, scattering
off impurities is always elastic.

For a review of disorder effects in higher dimension see the textbooks and specifi-
cally for one-dimensional systems the review [34].

What are the general physical consequences of impurities in a system?

1. Translation symmetry is broken and therefore (crystal-) momentum is not conserved
anymore.

2. Non-interacting electrons acquire a finite self energy and consequently a lifetime
called the transport scattering time 7.

3. Besides 7y, there is another relevant time scale - the coherence time 74. This is the
time scale on which the phase of electrons is randomized due to electron-electron
scattering or phonons. If 74/7, 2 1 interference effects of coherent electrons may
cause localization ']

Additionally, unlike in higher dimensions a charge (spin) degree of freedom propagating
down a one-dimensional channel will inevitably hit the impurities. Thus we expect impuri-
ties to have a much stronger impact on transport characteristics than in higher dimensions.
There is also one further not so obvious mechanism behind this strong impact.

Imagine a wavepacket of characteristic momentum kp colliding with an impurity at = 0.
The resulting wave amplitude to the left of the impurity 1 (z) ~ e®*F* + re~*F® will be a
linear superposition of the incoming amplitude and the reflected amplitude, where r is the
reflection coefficient. Therefore, the electronic density profile is given by p(x) = |1(x)[* ~
1+|r|> +2Rere 2*r* The oscillatory contribution is known as Friedel oscillation. In one
dimension these decay rather slowly (~ \:1;|71). The key point is, that electron waves ap-
proaching the impurity will not only notice the impurity potential but also the additional
scattering potential off Friedel oscillations. Moreover the additional scattering potential
creates secondary Friedel oscillations and so on. Therefore, even a weak impurity potential
may be amplified by the effect of Friedel oscillations. This is most impressively shown in
the Kane-Fisher problem (see Sec. [3.6.3).

Finally, as was first shown in a seminal work by the “gang of four” arbitrarily weak
disorder in a non-interacting system leads to localization of all states in d < 2 dimensions.
For one dimension this was known even earlier [36]. Therefore, the DC conductivity is
zero for all temperatures opc(7') = 0. On the other hand, the AC conductivity is strongly
suppressed for weak external frequencies €2, i.e. 27, < 1 and has the normal Drude form
with additional weak localization corrections for 7y > 1. At Q7. ~ 1 the ballistic regime
directly crosses to the strongly localized regime and the diffusive regime is absent.

3L ocalization describes the effect that electrons on time reversed paths interfere constructively. Therefore,
the probability for an electron to return to its starting point is enhanced and it may become stuck in
one region of space. This is called weak localization. If such processes accumulate an electron can
become strongly localized, i.e. the electronic wavefunction decays rapidly away from its position on a
characteristic length scale £ (localization length). In this case the system undergoes a phase transition
from metal to insulator where the order parameter is the conductance G (Anderson transition).
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3.6. Disorder in Luttinger liquids 31

Now that we know what happens in clean systems (LL) and in disordered but non-
interacting systems (Anderson localization) let us end this chapter by some case studies
on the combined effect of disorder and interactions in low dimensional systems. However,
first we have to introduce further formal concepts.

3.6.1. Gaussian model for disorder

In a specific system disorder is described by the continous potential U(x). However, the
field U(x) will differ from one system to another since the microscopic arrangement of
impurities is always different. Therefore, we will argue that U is a random variable that
is described by a probability distribution P[U], i.e. P[Up]D[Up] is the probability that
the specific potential Uy is realized. P[U] is often chosen to be Gaussian, because due to
the central limit theorem any distribution will become Gaussian if one considers a large
ensemble of systems. Therefore, we choose

P[U] = exp {—; / dede’ U(z)K Yz — 2\U(2)) (3.75)

where K describes the spatial correlation profile of impurities. If we assume that physical
observables vary on much larger length scales than the mean distance between impurities,
the behavior of an observable will always be affected by a whole ensemble of disorder
realizations in an area where it itself is approximately constant. Therefore, we have to
average the observables over the distribution P[U]. To this end we define the mean value
and the variance of U,

(U(@))gse = 0. (3.76)
U (@)U (@) gy = Kz — 2'). (3.77)

Here the average is with respect to P[U],

(o = /DUP[U] () (3.78)

and K is often chosen as K(z — 2') = Dgy;s0(x — a’), where Dy;s is the disorder strength.
This just expresses the fact that we assume the correlation length of disorder to be much
smaller than any other characteristic length scale of electrons.

In the Matsubara technique the average over thermal and quantum fluctuations of the
field ¢ of an observable O is

_[Dlgl S0l
O="TppgresE

(3.79)

where the action is S = Sy + [dadr U(z)F [¢] and F is an analytic functional of the field
¢ which describes the coupling to the disorder potential. Next we have to average over all
random potentials,

_ /o) PW©O)

(O ais = DU P 0 (3.80)

If it were not for the denominator in (3.79), the averaging over disorder would be straight-
forward. To date, there exist three ways to prevent the denominator and implement the
disorder average: the replica trick , the Keldysh technique and the supersymmetry
approach [37]. However, here we will discuss none of them but just refer to the literature.
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32 3. One-dimensional systems

3.6.2. Action of one-dimensional disordered systems

The disorder term in the action is
_ 1 _
Sis = / dzdr U(z)pp = 7 > / A1 Uyt k- (3.81)
k,q

If the impurity strength Dg;s is much smaller than the Fermi energy, disorder only produces
effects close to the Fermi points. Consequently, impurities can only scatter forward (¢ ~ 0)
or backward (¢ ~ +2kp).

Let us define the corresponding disorder amplitudes

1 .
Up(a) = > U, (3.82)
q~0
1 .
Uy(x) = > Ugoopp €. (3.83)
q~0

While Uy is real Uy is in general complex. The correlation functions for U, read
(U (x)Up(z")) = Dypd(z — 2'). (3.84)

Furthermore, we can decompose the fermionic field ¢ as in (3.33). The resulting disorder
action is:

Sais = /dxdT [Us(z) (VrYR + rdr) + Up(2)VrYL + Uy (2)ULYR] - (3.85)

If we bosonize the model the resulting action including both interactions (g2, g4) and
disorder is

_u >4 (0000 - o

(3.86)
/dxdT Uy (:c)eim“"(z) + h.c..

_|_

2ma,

An important fact to notice is, that forward scattering can be completely removed by the

transformation ¢ — ¢ + [“dyUs(y) K/ (uﬁ) This is just a formal manifestation of the

argument that only processes that change the chirality of electrons affect the current. Our
final result for the action is thus:

= 7“ 2 i 2 L * 2ip(z)
S oK /dIdT [(ax@) + 2 (Or¢) } + Sra. /dl‘dTZ/{b (z)e + h.c.. (3.87)

Here we also scaled ¢ — 1/4/mp to make the notation consistent with [25].

3.6.3. Single impurity in a one-dimensional wire (Kane-Fisher problem)

The Kane-Fisher problem considers a single impurity in an one-dimensional wire. For
simplicity we restrict ourselves to spinless fermions. It turns out, that at 7" = 0 depending
on the interaction strength even a single impurity can drive the system to an insulator
for repulsive interaction (K < 1), while it remains a perfect conductor for attractive
interaction (K > 1) [3§].

MIf U(x) is real, Uy = U—,,.

5The attentive reader may argue that this transformation also changes the backscattering part because
Uy — Uye® JrdyUy () K/u However, since U, was a random variable to begin with and its Gaussian
statistics are not affected by the additional phase the action is unchanged by this.
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3.6. Disorder in Luttinger liquids 33

1
Figure 3.6.: Behavior of a single impurity in a one-dimensional wire.

At finite T, conductance is shown to vanish as a power law where the exponent is a function
of K. To show this, consider an interacting electron system in a one-dimensional wire with
an impurity at £ = 0. The corresponding action is given by where Uy () = Upd(x)
is now a local term. Further it can be chosen to be real, since any phase that may be
associated with U, can be removed by a global gauge transformation of the fermionic
fields, i.e. suppose

Uy, = Uy e*™X, (3.88)
then scale: g — e Xp, Y — e Xy, (3.89)
Thus the action reads
__u 2, 1 2 _
S = 5T /dxdT [(axcp) + 02 (0rp) ] + v/dT cos(2p(z =0,7)), (3.90)

where v = Uy(ma.)~. The important fact is that the action is quadratic in all fields
o(z, 7) except for p(z = 0,7) = p(7). If we therefore integrate out all quadratic degrees
of freedom we end up with an effective action for x = 0 that is local in space but highly
nonlocal in (imaginary) time,

Sutle(D) = e S onlonl pn -+ 7 [ dr cos2o(r)) (3.91)

where ¢, = 1// foﬁdT ¥(7)e™nT is the Fourier transform of (7) to Matsubara frequen-
cies. We can now study the behavior of the system by performing a perturbative one loop
RG in the small parameter v to get the beta function

dy
d1n(b)

= (1 - K). (3.92)

Thus, as discussed in the beginning, the potential term becomes relevant for K < 1 but is
irrelevant for K > 1. That means that for attractive interactions the effect of the barrier
dissapears completely while it becomes very large for repulsive interactions. It can be
shown that this remains true even for a large impurity potential, where our perturbative
RG loses its meaning. The corresponding phase diagram is shown in Fig.

3.6.4. Case of many impurities (Giamarchi-Schulz RG)

Let us now look at the case of many impurities following Ref. [34]. In order to perform

the disorder average we introduce replicas ¢,. Using the Gaussian nature of the disorder
1 1

distribution we can write (e5dis) dis = ¢ 2(5iis)ais = e725P to arive at the disorder averaged
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34 3. One-dimensional systems

action:
S=Y Scrlenl +Y_ S0 [on: oml (3.93)
S = [ {[0realan T+ 0 0anl} (3.94)
dzdrdr’ ,
Sp=—Dy /(27rac)2 cos {2 [on(z,7) — m(z, )]} . (3.95)

Giamarchi and Schulz derived the coupled renormalization equations for the coupling con-
stants K ,u and Dy, upon rescaling the UV cutoff a. — L = a.e'. This analysis is done to
first order in the dimensionless strength of disorder,

2Dbac

DR

(3.96)

U

To this order one can drop the replica indices. Furthermore, they singled out the contri-
bution of close times u |7 — 7| < a, in the double time integral. Back in the fermionic
language this becomes

Sp =— Db/| ‘ dzdrdr’ Yr(z, 7)Y (2, )Y (2, ) R(z, ')
u|T—7'|>ac

3.97
_ 2Dya. ( )

/dZEdT VYr(z, 7L (z, 7)Y (2, T)YR (2, T).

The second term is now local in time and renormalizes g;. However, for spinless fermions
g1 and go processes are identical and we can write

g2 = g2 + 2Dbac/u. (398)

In terms of the modified coupling constants the RG equations are

dK/dl = — K?D/2, (3.99)
dijdl = — K D/2, (3.100)
dD/dl =(3 — 2K)D. (3.101)

Here K and @ are related to the modified interaction constant
g2(1) = g2(1) + muD(I) (3.102)

according to equation . The modification of the plasmon velocity u as well as its
renormalization can be neglected in (3.102) since it would lead to higher orders terms in D.
Therefore, the above RG equation for u decouples from the other two and we will neglect
it in the following.

An important point is that K does not describe interactions alone but actually contains
admixture of disorder through the renormalized gs. By expanding K in D one obtains

dK 1], (1+K?%)(3-2K)

=g K- 5 D, (3.103)
D
CiTl —=(3 — 2K)D, (3.104)

where K is now the true LL constant. The result we obtain is that disorder renormalizes
interactions and vice versa.
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3.6. Disorder in Luttinger liquids 35

Figure 3.7.: Flow diagram of the Giamarchi-Schulz RG. D denotes the dimensionless disorder
strength and K is the Luttinger parameter describing the strength of interactions.

The flow equations show us that interactions become less relevant in the localized regime
because of the vanishing overlap between electron wavefunctions (“disorder kills interac-
tions”). However, for K > 3/2 the effect of interactions reduces disorder and we are in
a delocalized regime. Physically this can be explained through inelastic electron-electron
scattering events that destroy the phase coherence and therefore suppress interference
effects such as localization. The corresponding flow diagram is depicted in Fig.

35






4. Nonequilibrium field theory

In this chapter we introduce the Keldysh formalism and derive the kinetic equation for
helical fermions to the lowest order in the self energy. While we are only interested in
transport properties close to equilibrium the derivation from a more fundamental theory
will give us some insight into the assumptions we make. Furthermore, it is straightforward
to continue the calculations by taking into account higher orders in the self energy. Con-
cerning the literature we will mostly follow Ref. [17]. Another nice introduction can also
be found in Ref. [39].

4.1. The closed time contour

The most important conceptual idea behind the Keldysh formalism is the Keldysh contour
in the imaginary time plane. Given its importance we dedicate the whole first section to
its discussion. Consider a quantum many body system governed by the time dependant
Hamiltonian H (t) Furthermore, let p(—oo0) be the density matrix that specifies the
systems state in the distant past (¢ = —oo) which we assume to be known (e.g. in thermal
equilibrium). We assume that the original Hamiltonian H(—o0) is non-interacting and
interactions are switched on adiabatically. Additionally, the Hamiltonian may contain
“true’ time dependance through external fields or boundary conditions. Therefore, p is
driven away from equilibrium and evolves according to the Von Neumann equation,

Qip(t) = —ilH (t), p(1)], (4.1)
which is formally solved by introducing the unitary time evolution operator LA{W as
p(t) = Us,—oop(—00) [Ur,—oo] " = Us — o0 p(—00) U001 (4.2)

Here,

t
Uy = Texp{—i [ dt,H(t;)} (4.3)
tl

and T denotes time ordering.

'In this chapter we work in the Schrédinger picture, where operators are time independant while states
and the density matrix depend on time.

2 Since interactions are switched on adiabatically the potential is smooth as a function of time and
therefore approximatelly constant V() & V (o).
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38 4. Nonequilibrium field theory

A
A

Y
Y

Ufoo.oo

Figure 4.1.: The Keldysh contour in the imaginary time plane.

In order to make physical predictions we have to calculate the expectation value of oper-
ators:

. Tr{p(t)O} 1 N A

O)(t) = - = . Tr{l_co,tOUs, — oo p(—00) }. 4.4
Read from left to right this means that we have the evolution from ¢ = —oo (where p
is known) to time t where we measure O and then back to ¢ = —oo. To get a better

understanding of how one can implement this evolution we first consider the equilibrium
situation at zero temperature. Let |GS) be the ground state of the interacting many body
problem and |0) the ground state of the corresponding non interacting system. They are
connected according to

GS) = U, o). (4.5)

Since we are in equilibrium the only allowed time dependance of H is the adiabatic switch-
ing on of interaction such that there is no level crossing i.e. a system in the ground state
|0) remains in the state |0) during the whole evolution and can pick up a phase factor x
at most:

Uso—0|0) = €X|0), X = (0Uno.—o0|0). (4.6)

Therefore, we get
(GS|O|GS) = (01U o0, :OUs, —0|0) (4.7)
—e " X(0]eXU _ 0 1Ol _0|0) (4.8)

=" X(0Uno, — ool — 00 tOU 5 |0)

_ (0%, Oy, —|0) ' (4.10)
(0|Uoo,—00|0)

Thus at the cost of an additional denominator we only have to consider forward evolution in
time. However, the whole argument breaks down if the Hamiltonian contains for instance
external fields with non adiabatic time dependendance. In general we have to consider both
backward and forward evolution in time. Lets rewrite by inserting 1 = Z/Altyool;loo,t and
using the fact that Tr{p(t)} = Tr{p(—o0)}:

B 1
- Tr{p(-00)}

Eq. describes time evolution along the Keldysh contour C in the imaginary time plane
shown in Fig. Let Ue = LA{_OOOOZ/A{OO’_OO be the evolution operator along the Keldysh
contour. Note that if the Hamiltonian is identical on both branches, time evolution along
C brings any state back exactly to the original state (not even a phase is accumulated).
Therefore, Ue = 1 and the partition function Z = Tr{j(—oo)Ue}/Tr{p(—o0)} is identically

(0) (1) Tr{U_ oo solhoo tOUs, oo p(—00) }. (4.11)
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4.2. Implementation in the path integral formalism 39

equal to unity, Z = 1 In order to insert an observable along the path we have to add a
source term

HE(t) = H(t) £ OV (1) (4.12)

where +(-) denote the forward (backward) branch of the contour. Then the Hamiltonian
is different along the two branches and Ug[V] # 1. Observables are then calculated by
varying the generating function Z[V],

Tr{p(—o00)Ue[V]}

Z[V] = Tr (5(—o0)] (4.13)
010 = 55775 Wllvio=o- (4.14)

4.2. Implementation in the path integral formalism

In order to use the above discussed ideas in the real time path integral formalism, we have
to swap the integration along the real time axis with the integration along the Keldysh
contour ffooodt — fcdt and double the number of our time dependant fields since fields
on the both branches are distinct. The resulting field theory therefore gains a matrix
structure in Keldysh space and we have to define additional propagators:

(T ()~ (t')) =iG=(t,1) lesser Green’s function, (4.15)
(p~ ()T (t")) =iG~ (t,t) greater Green’s function, (4.16)
(o (t)p T (t)) =iGT (¢, 1) time ordered Green’s function, (4.17)
(p~ ()~ (¥)) :iGT(t t') anti time ordered Green’s function. (4.18)

Here ¢ is an arbitrary field (either bosonic or fe}"mionic) and time ordering T puts the “latest
(time) on the left” while anti time ordering T orders in the reverse order. Furthermore,

+(-) denote the upper (lower) branch on the Keldysh contour.
It turns out that these Green’s functions are not linearly independant, since

GT(t,t) + GT(t,t)) — G™(t,t)) — G<(t,¢') = 0. (4.19)

Therefore, one defines the Keldysh rotation for

() =50 ) ). "

where cl(q) denotes the classical (quantum) component and the complex conjugate
fields ¢ transform in the same way.

(i) bosons:

(ii) fermions:

( 8) f( —11> (:f_;gg) (4.21)
() =y (3 (50 o

Since 1,7 are not complex conjugates but rather independant Grassman variables
they can be transformed independantly from each other. The transformation is
chosen such that the fermionic self energy has the same structure as the Green’s
function.

3This normalisation makes the Keldysh technique so useful for disordered systems.
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40 4. Nonequilibrium field theory

With this rotation the Green’s function in Keldysh space has one vanishing entry.

(i) Complex bosonic Green’s function (hereafter a, 5 € {cl, ¢}):

K ! R /
Dasttst) = =ileaOpst) = (Palyy) T 00) A
(ii) Fermionic Green’s function (a,b € {1,2}):
_ R / K /
Gult,t) =i twain®) = (©0 Gal ). (4.21)

R(A) denote the retarded (advanced) component while K stands for the Keldysh compo-
nent. We conclude the discussion by summarising some properties of these propagators:

o [GF]' = G4 and [GX]T = —G¥.

e While the retarded and advanced components contain information about the spec-
trum of the system, the Keldysh component carries information about its distribution
function. In general we may parametrize the antihermitian matrix G¥ with the help
of a Hermitian matrix F = F:

GE =Gl oF —FoG™ (4.25)

Here o denotes summation over all “labels” of the functions e.g.
(A o B) (x1,%3) = / dx Y A(x1, %) B(x, x2)7, (4.26)
B

where x is a set of continous indices e.g. (x,t), greek letters imply additional quan-
tum numbers and the hat denotes matrix structure in Keldysh space. The Wigner
transform (see Sec. F(t,e) of F is referred to as the distribution function. For
example in the case of free fermions we have F(e) = (1 — 2f©)(¢)), where f(© is the
Fermi distribution.

e Due to the causality structure of retarded and advanced components of the propaga-
tor (GR(t,t') ~ O(t —t') while GA(t,t') ~ ©(t' —t)) certain products of retarded and
advanced components vanish. For example G (¢, ¢)GFA) (¢ 1) is always zero.

4.3. The kinetic equation

The Keldysh formalism presents a way to microscopically motivate the semiclassical kinetic
equation known from statistical mechanics [40]. To derive this kinetic equation we start
with the Dyson equation in Keldysh space:

G=Go+GpoXol (4.27)
& (Gt -%)eG=1 (4.28)
GR -1 —ER —EK GR GK .
- ([ 0] ) [Ggﬂ_l—EA> < A GA> —1i (4.29)
GEl ' —sR)GE ([GE]7' - oR)GK —nKgA
= [ 0}_ <[ il ) = 1. (4.30)
[Ga) ™ —34) g4 0
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4.3. The kinetic equation 41

We read off the component that determines the Keldysh Green’s function and parametrize
it as GX = G o F — F o GA. Thus we end up with

(687 =2R) (GRo F - FoGt) = 5K oG, (4.31)

We multiply this equation with [Gé]*l — ¥4 from the right and use the other components
of the Dyson equation:([G(l)%(A)]*1 — REANGEA) = 1 to get

FolGi] ' = [GE] 'oF=xK — (2foF—Fox?). (4.32)
Since (ommiting 4+i0) G§ = G, the expression takes the form
~ (@) o F] = 2K~ (SRe F - Fox?), (4.33)

where [A ¢ B] = Ao B — Bo A is the commutator in Keldysh space. The LHS of (4.33) is
called the kinetic term while the RHS is the collision integral.

4.3.1. The Wigner transformation

Since it is usually difficult to solve the kinetic equation in full generality we have to
make some physically motivated assumptions. We make use of the scale separation between
intrinsic microscopic scales and extrinsic macroscopic scales dictated by e.g. an external
potential. Mathematically this is most elegantly achieved by the Wigner transform (WT).
Let us first introduce space time and energy momentum coordinates x = (z,t), p = (p, €)
and the corresponding scalar products

Xp = xp — €t, OxO0p = 03,0y — O10,. (4.34)

Next consider a two point function A(x1,x2). We make a transformation to relative and

central coordinates,
X 11 X1
— (2 2
(-0 2) () 439

The Wigner transform is defined as the Fourier transform of the relative coordinates and
we obtain a function of central coordinates X and relative momentum p

X

). (4.36)

. X

AX,p) = /dx e "PXA(X + §,X -
If we assume that the central coordinates are macroscopic while the relative coordinates
are the quantum coordinates, we can make the assumption §Xdp > 1 where 6X, dp are
characteristic scales on which X, p vary This implies that the function A is a smooth
function of the central coordinate X and fast varying in the relative momentum p. Under
these prerequisites it is possible to make some further simplifications. Consider for instance
the convolution C = Ao B & C(x1,x2) = [dx3 A(x1,x3)B(x3,x2) which transforms to
(5T )

C(X,p) =A(X,p)e (X, p). (4.37)

4One could ask if there is a similar requirement for the time domain i.e. §7'8e > 1. This would be
rather restricting since in the low temperature regime energy fluctuations are typically of the order of
temperature de ~ §7* (because of notational issues T is the central time coordinate and j is inverse
temperature). However, this would only allow us to treat processes with 67" > (. Fortunately, the
energy is normally locked to the quasiparticle energy Ek and has no dynamics of its own as long as the
quasiparticle peak is sharp. The actual criterion is therefore de > Tq;,l or Tgp > f which is fullfilled
in most systems. As we will see, we also have to demand this relation for applying the quasiparticle
approximation below.
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42 4. Nonequilibrium field theory

Under the assumption 6Xdp > 1 the operator dx0, is “small” and we may expand the
exponential to gain

C(X.p) ~A(X,p)B(X.p) + 5 (Ix A0y B — 0, A0x B). (4.38)

From this we immediatedly get a approximation for the commutator

[A° B] — i (9x A0y B — 0, ADx B) . (4.39)

4.4. Derivation of the kinetic equation for the HLL

Let us now apply the developed theory to derive the kinetic equation for the helical Lut-
tinger liquid. To lighten the notation, summation convention over recurring indices is
implied.

4.4.1. The action
The real time action describing our model from Sec. is

Solyy, ¥ = Y / dt / dz zpn z@t + indy — E%(x, t)) U, (4.40)
n=R,L
Sint[th, ] = Z/dt/dxdx po (2, )V (z — 2" ) pyr (2, 1), (4.41)

—zgj /C dt / dz U(z)po (z,1). (4.42)

Here we added a classical source field E%(z,t) that plays the role of external electric field
and the density is defined as

po (1, 1) = Yoz, )by (2, 1). (4.43)

We introduce the momentum dependant transformation to the chiral basis,
Vo = By "y ks (4.44)
Vot = B U ks (4.45)

with the matrix By defined in (2.33). Furthermore, we use the following convention for
Fourier transform

l/JU(Jr,t):%Z o W, )l ), (4.46)
k

If we make the transformation to the chiral basis and momentum space the resulting terms
are

Sim [ Z / At v, g (O, (4.47)

Sifb i) == 1 3 [ dTip0) (1.48)
q
Here we defined )
Pe=T Z Z Uy ko —q [BrBr—q) ™ (4.49)
k. mn2
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4.4. Derivation of the kinetic equation for the HLL 43

and used the fact that p; = p_, since p(z) is real.

We proceed by decoupling the interaction term via a complex Hubbard Stratonovich trans-
formation,

=i Jedt 5 loal? / D] e Jedt £ [V lea®F =i (Dpa=pa 0 ()] (4.50)

Keldysh rotation

Let us now employ the rotation to Keldysh space Egs. (4.20),(4.21) and (4.22). The source
field E transforms as the bosonic field ¢. We demonstrate how the transformation works
for the example of the free boson action (arguments of the fields are dropped for simplicity)

/Cdt Pp = /_Zdt (FTot — 3 ¢7) e
- ;/_Zdt ([@d + ¢q] [W + soq] - [@d - sbq} [sod - (qu (4.52)
N / L (¢t + %) (4.53)
N / idt P00 (4.54)

Proceeding analogously for the other terms we arrive at the action in Keldysh space:
So = Z/ dt + Zwk,n a[Go ']} n@bk,n by (4.55)

Sint = / dt — Z V 'aq(t)o P o 4(t) — PibqﬁngOa,q(t) - Pgb%vb@a,q(t) , (4.56)

/ dt — ZUq abzel (4.57)

Here we defined

_1qab _ (10 —nk — B (t) 4+ i0 0
& ]’”’ a ( 0 i0, — nk — ES(t) — 0 )’ (4.58)
Z Zwm, 1/}7]2 k—q(t) [Bkkaq]n"l, (4.59)
k nn

o (1 0\ ., (01
’y_<0 1),7_ L o) (4.60)

Note that the free propagator is not really diagonal in Keldysh space because one normally
has an infinitesimal |G|, 1K which we neglected here since a finite contribution will arise
from the Keldysh component of the self energy. However, the propagator is diagonal in
chiral space which considerably simplifies the treatment in the following.

Energy momentum representation

If we Fourier transform to energy space we have

n _ b
So=>. Z Yina (o'l Vs, (4.61)
n
Sint = Z [V 'Gaat P 0p.q — P A Paa — PR APl (4.62)
Z UsPG Yo (4.63)
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44 4. Nonequilibrium field theory

Where we defined the following objects:

_pqab [e—nk — E& +i0 0
[GO ]n’k - < O € — nk _ EIC{I _ ZO 9 (464)
Pe =D D U aty kg BiBi-g" ™. (4.65)

n,m2 k

For convenience we also introduced the 2 momentum
1 > de
k= (k = — — 4.
CENEDS L;/_m (4.66)

Finally, the free bosonic propagator is given by
-1\ 1 K R
iDia = (¢i%a), <Vq1 0 ) <vq o) - \p¢ o) (4.67)
4.4.2. Wigner transformation of the kinetic equation
The left-hand side of Eq. reads
- [(G{f)’l o F} . [i@t +indy — BAYX,T)° F|. (4.68)

For translation invariant operators like i0;, 10, the Wigner transform is just €,p while
the external potential depends only on the macroscopic scales and is thus its own WT.
Therefore, we have (using the properties of WT and dx0p = dx0), — 070,):

[i0; F| =i0.eOpF = iOrF, (4.69)
[iaz; F] :iappaxF = iaxF, (4.70)
[EC’ (X, T); F} —idx B4 (X)8p F = i0x E°(X)0,F — i0p B (X)0, F. (4.71)

Thus, the term (4.68) becomes
i (aT + 9y — Ox EY(X)D, + 8TECZ(X)8€) F (4.72)
For the right-hand side of Eq. (4.33) the properties of WT give

EK—(EROF—FOEA),

4.73
— 2K~ F(2F - 24) — iox Re(BF) 0, F + idp Re(2F)0x F, (4.78)

where we used the fact that (EA)* = Y2, Combining both parts yields
((1 — 9 Re XAy + (1 — 0, Re DF)Ox — Ix BV (X)D, + GTE‘CZ(X)(?E) F W

=inf —iF (27 - 24,

where E¢ = B + Re XF. In a static (97 = 0) situation any distribution function F(e)
that depends on energy only, nullifies the LHS. One can show that there is also a special
equilibrium solution that nullifies the collision kernel e.g. for fermions F°¢ = tanh(e —
w)/2T. To make progress away from equilibrium we shift the energy argument of the
distribution function:

F(R,T,p,e) = F(R,T,p,e — &, — E). (4.75)
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4.5. Keldysh objects 45

One can show that this function obeys a similar kinetic equation as only that there is
no energy derivative. Now we employ the so called quasiparticle approximation. F always
appears in combination with the spectral weight which is proportional to G — G4 and is
a strongly peaked function around € = € — &, — E with width of the inverse quasiparticle
lifetime Tq;l. If the characteristic energy scale §é on which the distribution function F'(€)
variies is much larger than the inverse particle lifetime §é > qu one can disregard the

energy dependance of the distribution function

F(X7 T7p? g) ~ F(X7 T7p7 0) = F(X’ T7p)' (4'76)

The resulting mass shell distribution function F (R,T,p) is essentially a classical object
and can be regarded as the time dependant probability to find a particle at a given point
in phase space (X,p). All observables are determined by F to leading order in the small
parameter (5€qu)71. Therefore, the kinetic equation describes a semiclassical approxima-
tion of the full quantum description. Quantum Mechanics modifies the dispersion relation,
the effective potential and the quasiparticle weight as well as the collisions integral. For
now we neglect the renormalization through the self energy on the LHS and assume the
external potential as B¢ = eE(T)X to get

(Or + Ox — eB(T)0,) F =ixX —iF (% — £4). (4.77)

Thus the LHS is exactly the same as for a phenomenological kinetic equation. For the
RHS, we need to calculate the corresponding self energies, which will be done in the next
section.

4.5. Keldysh objects
4.5.1. Self energy due to interactions

We obtain the self energy from the Dyson equation, Eq. (4.27). The full propagator is
given by

G =1 [ Dl o) 5 eSS (1.75)
. . 7;2 2 a 1b
=—i( | 14+ iSint + Esmt + ) Uk (4.79)
0
Since the interaction is linear in the bosonic field ¢ the first nonvanishing order is the
second one,
) d _ d — 7b
5 ((sieaps + pvcavn) (PE0 20 + 07000 ) Yiactlne) . (4.80)
) d -b _ i d 7 3
=5 <pipp§3f w%,kwn,k> . vé“ﬂff <<P3<pf,/> . t3 <p§, pe_fp/wﬁ,kwn,k> . vgdvff <903<Pf,/> . (4.81)
=i (ppl i) Venly DG (4.82)

T

Figure 4.2.: Hartree (left) and Fock (right) contribution to the self energy in the lowest order.
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46 4. Nonequilibrium field theory

Figure 4.3.: Polarisation operator IIy.

In the last line we made use of the fact that the free boson propagator is diagonal in
momentum space and symmetric in Keldysh space, i.e. D(’i f = ng’;.

In the lowest order only the Hartree and Fock diagrams (see Fig. 4.2) contribute. Since
the Hartree diagrams cancel with the ionic background we concentrate only on the Fock
contributions to the self energy which give

b(1 R SN 8\ 3
o) =2iBE, (3 Greranwd”) DRy (4.83)
—oigm [(44¢ A\ pE L (546 -\ pR
=205 kg [\ 7 GktanY 0,0 T (V' Gxtan 0,9
. . (4.84)
+ (ﬁc Gk—i—qm’;yq) Do,q}'
Here, we defined BZZ,M = [B;Bkﬂ]’m' [B;L N qu]",”. Written in components this is
R(A) _o. pn. R(A) nK K A(R)
Xk —2ZBZ,IZ+q [Gk+q,n’ Dog + Gieram Doy } ’ (4.85)
K 0’ K K R A A R
Epk =20ByL, [Gk+q,n'Do,q + Gieyam Dog + Gk+qm’Do,q} (156
o P K K R A R A ’
_21’BZ,Z+Q [Gk+q,n’D0,q - (Gk+q,n’ - Gk+q7n’) (Do — DO,q)}’
where we made use of the fact that fog n/Dé%, ((IA) = 0, due to the causality structure

discussed in Sec.

4.5.2. Polarisation operator

We obtain the polarization operator by calculating the correction to the boson propagator:

<¢3¢§> = <<p§s5§eisi"t>0 (4.87)
_ i _
~ <<P390§>0 +5 <90390g8i2nt>0 : (4.88)
which yields
a,pB o, ig a =0 g2
qu - DO,q - 5 <g0q(pqsint>0 . (489)

The first order correction to the free bosonic propagator is the bare polarisation operator
IIy shown in Fig. and given by

i _ € — 2 — — €
3 <90390§p‘1bk7§b90ipﬁd%ds0§,> .t < Zwﬁpﬁbvﬁbwip‘idp%dsoi,> . (4.90)

Adding all contributions together the result is

5 BN, A A5 A N
I (@) =i By, Tric { G, -0 G, 7} (4.91)
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4.6. The Kinetic equation for interacting helical fermions 47

where Trx denotes the trace in Keldysh space. We can also write out the components

explicitly:
15" @) =i (G, oGy py + G py oG ) B (4.92)
g (q) = <Grlz(1 pPi— qulé p, T G717%1 Pi— qG% p, T Gﬁl Pi— qufz,pl) Bgllm; p1 (4.93)
Now we use the free propagators G defined as
GO = (e — ey £i0) 7 (4.94)
G5O = —2nF(e)8(e — exy) (4.95)

and integrate over energy using the arising delta functions. Furthermore, we may use that
due to causality

GRGH + GLGE = —(GE - GH(GE - G = —[20m G2, (4.96)

Note that in F we supressed the dependance on the central coordinates (R,T'). The
resulting expressions for the polarisation operator are

A(R) ; (€pma) — Flep—gm)
7 Z VEH ( : L), (4.97)

€pme — W — €p—qy £ 10

27rz
Z Bm’gi; €py — W — 6pfq,m) <F(€p,n2)F(€pfq,n1) - 1)~ (4.98)

4.6. The Kinetic equation for interacting helical fermions

We now derive the kinetic equation for our specific case. First we use the self energies
(4.85) and (4.86) and replace the propagators by

Glen = (Giéy — Giew) Fic: (4.99)

(GE) — i) = = 2mid(e — ery). (4.100)

Using these expressions we obtain the following expression for the terms in the collision
integral calculated in Eq. (4.77):

21
ZEKJ? = A BZ Z; (F(ek%nz)D(I)fkgfk(ekz,nz - fk,n)
k2 (4.101)

R A
- [Do,kg—k(ekQ,nz - ek’,n) - DO,kg—k(Ek’z,nQ - 6’6777)])’

and

. 21
iFin (Zﬁn Ekn Z BZ Z; ( €k, DO ka—k (€ao — €hn) + F(€ny)
(4.102)

R
X F(ek%nz) [DO,k:Q—k:(ekz,m - ek,n) - DO,kg—k(€k2m2 - ekﬂi)])'

Therefore, we arrive at the expression

24 ~
LooulFica) = T Y BLE (IF (€raum) = Fetn)) DSy, 4 (€rsim—enn)
k2 (4.103)

+ [F(ekzﬂh)F(ekﬂ?) - 1] [Dé%,kg—k(614277]2_ekﬂ?)_D(I)Ll,kg—k;(€k27n2_6k,77)] >
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48 4. Nonequilibrium field theory

Figure 4.4.: a) self consistent equation describing the RPA propagator and b) the self energy
diagram we take into account in deriving the kinetic equation.

If the interaction in Eq. were the bare interaction, we would have D(})%,k = D(‘?’k =
Vo and D({(k = 0. Therefore, the collision integral would vanish and we would have no
relaxation. Consequently, we have to include screening of interaction by the random phase
approximation (RPA) shown in Fig. In general the components of the RPA screened
polarisation matrix can be written in the form (see Ref. [17]):

R(A 2, A(R 2
VRIgA) = [Vitpal (Vo +H0( ))7 Visos = — Vi a| TIX. (4.104)

With the explicit form of Iy from section we get

. 2
(Vitpa — Viipa)g(w) = — 20 [Vigp o Im I (4.105)

211

2 ~
=— 7 |V}§PA| (w) Bngn? (F(ep,n ) — F(epfqm )

L ‘ zp: e i 1 (4.106)
X 6(€pmy — W — €p—qum ),

2 21 2 ~
— IYRPA 6(27 RPAlq p—q,p y2p] p—q,m)
Vit al 11 7 Vigoaly (@)Y BT (F(epm,) F(e )—1)
P (4.107)

X 5(617,772 —Ww 6p—q,m)-

Exchanging the bare interaction Dg in our previous collision integral (4.103) with the RPA

screened interaction in Eq. (4.106) and (4.107) we get

21 211

2 ~ ~
Teon[Fi ) =TT Vo g (€ktam — €kl B Brlay
p.q
X O(€kp + €pm — €ktqme — Ep—qus) ([F(ekJrqmz) — Flegy)] (4.108)

X [ (pn ) F (€p-qia) = 1] = [Flexn) Fekigna) — 1]
X [F(epm) = Flep-qum)])

With the parametrisation F' =1 — 2f this becomes

327 R 2 ~ ~
Teon [fkm] == T2 |VRPA,q(€k+l1JI1 - Ek,n)| BZ,’IZiqBZS*’Z;D
Psq
X O(€ry + €pm — Ek+gms — Ep—qms) (4.109)

% (S (ensam) F(epqm) [1 = Fleng)] [1 = F(ep)]
— Ferm) Fepm) 1= F(errqm)] [ = f(ep-qm)]).

This form of the collision integral could also have been derived from Fermi’s golden rule.
The only difference is that the interaction is assumed to be screened by density fluctuations.
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4.6. The Kinetic equation for interacting helical fermions 49

In the main part of the thesis we will model the collision integral with Fermi’s golden rule
from the start and assume a short-range interaction in the model. One should keep in mind
though that this is a approximation in the lowest order of self energy and the interaction
is short-range due to screening.

There is another important point worth mentioning. In the whole calculation so far we
have assumed that quasiparticles are well-defined. However, in the previous chapter we
argued that one dimensional electrons constitute a prime example of a non-Fermi-liquid
and there are no coherent electronic excitations. How can we reconcile those two points?
In the case of the HLL the spin degree of freedom is locked to the momentum and we are
therefore dealing with effectively spinless particles. The resulting theory is characterized
by a line of fixed points in parameter space with K=const. The Luttinger parameter K
in turn is specified by ¢go and g4 which are equal in our case, i.e. g5 = g4 = Vp, as can be
seen from the model for helical fermions in Appendix |A. The g4 term actually vanishes as
can be seen by transforming it to real space where it is a local operator (see Eq. )
However, the g2 term will change the physics of the system. For now we ignore the go
term by setting go = 0. This assumption enables us to calculate results using a kinetic
equation valid only for well-defined quasiparticles. Furthermore, if we are in the vicinity
of the fixed point K=1 the system is approximately conformally invariant which enables
us to use arguments of conformal field theory introduced in Sec. [3.1l The effects of finite
go will be included in Ch. through the renormalization of the coupling constants of the
effective model.
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5. AC conductivity of a helical Luttinger
liquid

In this chapter we derive the AC conductivity for a HLL in a long wire i.e. we assume
that the system length L is much larger than the mean free path of electrons. By AC
limit we mean the high frequency regime, where the frequency is much larger than the
inverse scattering time, i.e. w > 77! 7 in turn has to be determined for each process,
respectively.

First, we introduce the basic formalism and the model in Sec. These will be used
to calculate the conductivity corrections in Sec. and After having identified the
most relevant scattering mechanisms we derive effective Hamiltonians describing them in
Sec. and calculate the emerging corrections to conductivity in Sec. [5.6l

5.1. Formalism and model

5.1.1. Kinetic equation

In equilibrium, non-interacting one-dimensional helical fermions have a linear spectrum
€k,y = nk and obey the Fermi-Dirac distribution fr?’k = (1 +exp{(eyr — p)/T} . Away
from equilibrium the distribution function fj ,(x) has to be determined as the solution of
a kinetic equation:

atfk,n(x) + Uk,namfk,n(x) - eEak’fk,n(x) = Ik[fn]v (5'1)

where Ij;[f,] denotes the collision integral. The system we consider is an infinite, ho-
mogeneous wire, so we can neglect the spatial dependance of the distribution function.
Furthermore, the external electric field E is supposed to be weak. In this case the distri-
bution function will not differ much from the equilibrium Fermi-Dirac distribution and we
can expand it as f,, ~ fg + f%. Moreover, it will prove useful to parametrise the deviation
f! with another function v as

Sk = I (L= £ gk (t). (5.2)

Thus we arrive at the following equation for v in the frequency domain:

)

—iwthy (W) [ e (1= [ 1) = €EOf ), = Iyl (5.3)
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52 5. AC conductivity of a helical Luttinger liquid

where we already made use of the fact that the collision integral is a linear functional and
is annihilated by the Fermi distribution i.e. I, x[f°] = 0.
The equation (5.3) can formally be rewritten into an integral equation for ¥:

_ In,k[w] o 6E7]
wn,k(w) - (—iw) 7(7)7]@(1 — 7(7)7k) (—iw)T’ (5'4)

where we used the fact that 8kf7(7),k = _77f7(7),k(1 — f,?,k)/T-

The collision integral itself is given by
1P
101 == > W A - ful, (5.5)
1/

Ifzp)[f] == Z Wig o [f1fo(1 = f1r)(1 = for) — frrfor (1= f1)(1 = f2)] (5.6)

2,1/,2/

for one-particle or two-particle scattering processes, respectively. Furthermore, we intro-
duced the joint index 1 = (k1,71). Next we linearize the expression for the collision integral

in 1:
1YW == > Wi [0 = D — 0 - )], (5:7)
7

1) = - Z Wigvar [fLF3 (1= f2) (1 = f3) (W1 + ha — o1 — 1har)] - (5.8)

2,1/,2/

The transition probability Wi 179, will be calculated by using the generalized Fermi’s
golden rule in the first Born approximation

~ 2
Wig 1o = 27 Nump (<1’2’|T\12>] 5(er — ), (5.9)

The energies in the initial and final states are given by €; = €1 4+ €2 and €y = €1/ + € and
the states [12), |1'2') are eigenstates of the non-interacting Hamiltonian. The T-matrix is
given by the expression:

T= (ﬁim + ﬁv) + (ﬁint + ffv) Go (ﬁint + ﬁv) +e (5.10)
Here the Green’s function operator is defined as

A 1

Go= ————. (5.11)
Uiki — H() + 10

For a discussion of these formulas see for example Ref. [33].

Some remarks are in order. First, we assume that the interaction strength V4 and the
impurity potential Uy are weak and therefore we can restrict our calculation to the lowest
orders of the T-matrix. Second, we employ the first Born approximation. Therefore, the
transition probability in Eq. is given by the number of scattering centers N, times
the single particle T-matrix. This approximation neglects multiple scattering off impurities
and is valid as long as the inverse impurity scattering time is much smaller than the typical
electronic energy i.e. kp > 771,

Continuing with our formal manipulations let us rename:

Crau = [/ A=) — (1= f2)er] 8k — k), (5.12)
Cropry =115 (1= ) (1= £3) (Y1 + o —pr —bor) ] S(muks +noko —nuky —naka). (5.13)
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5.1. Formalism and model 53
Thus the final forms of the collision integrals and reads
') = — 20 Nimp > Crv <1’yT|1>)2 : (5.14)
7
1P = = 20Ny S Crara )(1’2’]7“\12)‘2. (5.15)

2,1/,2/

After having defined the necessary objects for our calculations we summarize their sym-

metry properties in the following:

e It is trivial to show that the Fermi-Dirac distribution obeys f/gn =f° ki

e In the absence of scattering i.e. when the collision integral vanishes, the symmetries

of the solution v of Eq. 1) are determined by the driving term eFEn fg’ p(1— fg’ w)/T
and therefore:

Yy =~V (5.16)

It remains true that there exist solutions with this symmetry even in the presence of
relaxation inducing processes (although we cannot exclude the possibility that there
are solutions without this symmetry). This can be shown explicitely by considering
concrete collision integrals in Eq. .

The object Cg 172 is invariant under exchange of the first and second two arguments
e.g. Cia,119r = Cyy 1797, which is obvious from its definition. Furthermore, under the
assumption of (5.16) it is straightforward to show that Cig190 = —C_y o 1/ _»

where —1 = (—ky, 7).

5.1.2. Hamiltonian

We use the model for one-dimensional helical fermions derived in Sec. and Ap-

pendix

Hy = an w;kwnk Hint = ZHu (5.17)
k.n
. Vo o R
M= S (K= (k—9)?) (0* — (p+a)?) b 0 bni—gnpia: (5.18)
0™ kpan
Vo Al AL oA R
- f Z w;,kd}j—]vaﬁvp*‘qwnvk*% (519)
k,p,q,n
N Vo N R
Hy= o > (K = (k= 0%) (0 = (0 + 0)°) O] 1) s gy, (5.20)
0™ kpam
Vo ap apoa .
H4 - f Z wj],kjw’j-},pr'hp'i‘qu],qu; (521)
k,p,q,n
: Vo ..
Hs = 2L Z (K )Tl% k+q¢n,p_q1/1n,p¢n,k + h.c., (5.22)
0™ kp,am
A Uy k:
Himp = f Z <w7§ kwnp +nN—5 w;f] kﬂ/h},p) (523)
k.pn
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54 5. AC conductivity of a helical Luttinger liquid

5.1.3. Formula for AC conductivity

If the electronic distribution function fj,, is known, we can calculate the conductivity in
our semiclassical approximation as

o :(gz) > kS (gz) STl (1= £ (5.24)
ko k.
(—e) 2e% 1
= B 2 e T (525)

where we used that the velocity of a particle of chirality 1 is vy, = 77 In the AC case we

have (_efigT < 1 which allows us to solve the integral equation 1' by iteration:
o) _ eFEn
= — 5.26
7’Z)mk (—iw)T ( )
(n)
(n+1) [n,k[w ] (n)
- Ty
Here we take into account only the zeroth order which leads to the conductivity
2¢2 1 (—e)
== T[] 5.28
N—— k.
o(0)

oD
Before calculating the conductivity for the HLL let us gain some more intuition about
transport properties of electronic systems by deriving the Drude conductivity from clas-
sical arguments. While the arguments themselves are actually wrong, since electrons are
considered to be a classical gas of charged carriers, the result is nonetheless correct and
the arguments themselves provide a nice physical picture.

In the presence of an electric field a conduction electron will feel two different forces:
the force of the electric field —eE and a dissipative friction force —*% inhibiting its free
acceleration. The damping could for example originate from scattering off static impurities
with the scattering rate 7. The dynamics of the electron are then described by the equation

of motion mi = —eFE — i, or in Fourier representation —imwv(w) = eE(w) — Tv(w).
Solving for v we find the current density j = —nev and the conductivity given by j(w) =
o(w)E(w) as
2 2
ne 1 e‘vp 1
olw) =— = . 5.29
(@) m % —iw h % — 1w ( )

In the second equality we used the fact that for one-dimensional electrons the density is
given by n = % = g—; = ’%F and the Fermi momentum is kp = mvp < m = kr/vp.
Furthermore, we momentarily reintroduced i and vp.

The AC limit is defined as the regime w > 7~!. There the conductivity is determined by
the ballistic motion of electrons under the force of the electric field and is given by: o(w) ~

ez;;F (_tw). Our formula for conductivity (5.28)) therefore yields the first two terms in a

expansion in (w7)~! (the additional factor of two comes from the edge channel degeneracy).
Conversely, in the diffusive regime where w < 77!, the motion of electrons is determined
by consecutive scattering events and in particular in the DC limit, w — 0, we arrive at
the Drude formula o = e?vp7/h, i.e. the electric field drives a steady current whose value
is limited by the rate of scattering processes.

Let us now return to the problem of calculating the AC conductivity of a system of helical
fermions. We will first tackle this problem in perturbation theory in orders of the T-matrix.

'Note that vy = 1.
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5.2. First order of the T-matrix 55

5.2. First order of the T-matrix

In the absence of any scattering mechanism the AC conductivity in Eq. is given
by twice the conductance quantum ¢(®) = 2¢?/h(—iw). However, now we want to study
how the quantized conductivity is affected by the influence of interactions and impurity
scattering, respectively. In order to calculate these corrections, we have to evaluate matrix
elements like (1’2’| Hjn|12) in the first order of the T-matrix in Eq. . To give an idea
how the calculations are carried out we derive the contribution of the g5 term explicitely.
The corresponding Hamiltonian is given by Eq. . First we calculate the necessary
matrix elements by using the fermionic anticommutation relations (3.34) :

llcpzt;%z <1 2 ’wn k+qu7p qwﬂpwﬂv ’12> (

= Ol W pnit ] G510) (

= OnunOnan (OkikOkap — (1 > 2)) (O 70y Ok, p—qOky g — (1 2 2))
liPQq/%g (12 W kwT,pwﬁP ¥ k+q/12) (5.33

= (

(

0’¢1/¢2’ nkw ,pwnp q¢n7k+q¢1¢2‘0>
= OnymOnym Oy pOky ke — (1 > 2)) (OninOnandk, ket gOkap—q — (1 4> 2)) -

To get the complete expression we include the sum over momenta, chiralities and the
momentum dependances:

1o/ ‘/0 l

AR = 3 Al 02 - 7) (5.36)

0 kpan

2Vo ’ ’

= _W Z 77571171577277 (5771/775772/77 - (1 <2 )) 5k1/+k2/ k1+k2(k kz) (5-37)
3121’2’ Vo 3121 2’ 5.38
- Lk2 Z kpqn ) ( : )

0 kp,amn

2V
- _LT% <Z 10n,m0n,m (OninOnan — (1 ¢ 2))> 5k1/+k2/ak1+k2(k%’ —k3). (5.39)
U

Thus the transition probability in Fermi’s golden rule is given by

2

A~ 2 1o/ 1o/
‘(1’2’]H5|12>‘ - ‘Am 2 plave (5.40)

When calculating the square we get 4 x 4 = 16 terms. However, due to the chirality factors
only 4 out of these are nonvanishing if summed over external chiralities. Let us clarify this
by an example:

Z Z Ch2,1210 Sy 70ma mOnyy gy Oy i Oy (5.41)
1n,m" 125717572/

= Clhey ) (k). (ks 70) oy 1) (5.42)

However,

Z Z 012,1’2’7777,5771775772175771/775?72/77577177’571277’5771/77/5772/71’ (5.43)
0’ M2:M175Mr

- Z C(kl7n1)(k2777),(k1/,77)(k2/,77)7777/517’77571’77577177571177’ = 0. (5.44)
.’
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56 5. AC conductivity of a helical Luttinger liquid

Figure 5.1.: (a) Integration region in the limit ¢ > 1 (grey area) and (b) spectrum showing a
possible g5 process at low temperatures. A right mover (red) scatters into a left
moving state (blue) at zero momentum.

Therefore, only chirality factors that get multiplied by themselves survive in the expression
for the collision integral. Substituting our result for the matrix elements into the collision
integral Eq. (5.15) and using the symmetry properties of C we get

‘/0 ? 2 2\2
Iyy oy [Y] = =8 (2) Z [2(k1 — k3) C(k1,171)(k2,771)7(k r,1) (kg ,m)
koL ko keys s 1 i (5.45)

+ (k3 = K32 (Cliy ) o) (o) gy ) F Cltr )i () gy )

Since we want to calculate conductivity by using Eq. (5.28) it turns out to be more useful
to calculate ), n111[¢)] instead of I1[¢)] . Therefore, we have to evaluate

Vo2
> Iy [0 = — 327 <l<:20L) D (K = K32 Clhy Ry (ha, B), (b ) (ko )
n,k1 0 {k} (5.46)

X 5k1 +k‘2,k21/+l€2/

2

Here we made use of the symmetry properties of C as well as the fact that we sum over
all momenta {k} = ki, ko, k1, kor, to cancel all but one factor of C. Next we used the
momentum and energy conserving delta functions and substituted £k — = = k/T to make
the resulting integral dimensionless. This yields the conductivity correction

8 €2 Vo

2
oc=_°2_° (X0 5 ‘
L ( kg) T5£(0). (5.48)

f(Q) = /dﬂﬁdy n(z — On(y — (1 —n(@+y— )1 —n(=())(@* — y?)? (5.49)
te(z,y)

where ¢ = kp/T is the Fermi energy measured in units of temperature and n(z) = (1 +
e®)~! is the Fermi distribution.

The integral f({) can be calculated approximately in some regimes. If the Fermi energy
kr is much larger than the temperature i.e. ¢ > 1 the thermal factor t¢(x,y) is always
exponentially suppressed except in the region z < ¢, ( — 2 <y < ¢ where t¢(z,y) ~ 1.
This integration region is shown in Fig. Therefore, we can approximate

¢ ¢
f(Q) ~ /0 dz /Idyec(ac2 —y?)? = %CGe*C, for (> 1. (5.50)
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5.2. First order of the T-matrix 57

The resulting correction to conductivity in the regime kg >> T thus reads

2 3\ 2 —kp/T
0_(1) 22 2e (‘/OkF) (& ‘ (551)

T 457 (—iw)2h \ k2 T

The correction has the form one would expect from Drude’s law in the AC limit with the
scattering time given by

a5 (K2’
(AC) _ 0 krp/T
Tysisl = g <V0k%> Tekr/T, (5.52)

We further notice that the contribution to the conductivity in Eq. is thermally
activated since energy and momentum conservation constrict the momenta in the operator
to p = q. Hence, one of the particles in the final state has to be created at zero
momentum deep within the filled Fermi sea (see Fig. which leads to the exponential

supression in Eq. (5.51).

Conversely, in the regime ( < 1 we can expand f(¢) in a Taylor series around ¢ = 0 and
evaluate the arising integrals numerically to get

8
;f(() ~ 306.02 + 26.2¢%, for ¢ < 1. (5.53)

Therefore, in this regime the process leads to power law corrections,

2¢? (V )2

1 — 0 5

o) = —153.01— 5. (5.54)
(—iw)2h \ k2

Here the corresponding scattering time is

s (KN
Toeer = 6.5x 1077 <VZ> T-° (5.55)

Let us adress one important point: how is it possible that interactions that conserve
momentum, such as the g5 term, lead to current relaxation? This is suprising since in
conventional Fermi Liquids translational invariance implies momentum conservation and
entails the persistence of currents in the absence of momentum nonconserving interactions
such as impurity scattering. However, as we discussed in Sec. the current of a
one-dimensional electron system is determined by the number of left and right movers and
momentum conservation does not imply current conservation. The current relaxation arises
from the scattering of right to left movers or vice versa. Therefore, only scattering processes
that change the total number of left and right movers can lead to a finite conductivity.
This is true even if the processes conserve momentum?|

Lastly, let us discuss the effect of the other interaction processes as well as impurity
scattering. Interestingly, we find that none of these scattering mechanism give rise to
finite conductivity corrections in the lowest order. Physically, it is clear that g1,92 and g4
processes will not affect the current since none of them change the number of left and right
movers. The same argument is true for forward scattering off the impurity. However, the
fact that g3 processes do not affect the current either, is nontrivial. Indeed, one has to
add all processes of this type together to show that they cancel.

2If this seems strange to you, remember that any process that changes the overall number of left and right
movers was an Umklapp term in the original lattice problem. The fact that it conserves momentum
emerges only in the continuum limit.
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58 5. AC conductivity of a helical Luttinger liquid

(i) (if) (iii)
R R R R R L

* ; L4
: R L R L
x X X

Figure 5.2.: Possible classes of processes in the second order of the T-matrix. Fat vertices de-
note chirality changes and dashed lines symbolize impurity scattering. The chirality
changes can be due to (i) impurities, (ii) interaction or (iii) both.

This is shown explicitely in the calculation in Appendix Finally, let us discuss why
backscattering off the impurity does not affect transport. These processes are described
by the Hamiltonian:

~ Uy k2 — p2 o
Himpp = 7> Y 01—y ¥np (5.56)
k.p:n 0
Energy conservation demands nk = p < k = —p in which case the momentum factor in

front vanishes. Therefore, the HLL is indeed topologically protected against single particle
scattering as we argued in section [2.2.4]

5.3. Second order of the T-matrix

Having discussed how interaction and impurities respectively affect transport, we now want
to investigate combined effects in the next order of the T-matrix. In the second order of
our expansion we have the terms:

(1'2|T(12) = (12| Hiny GoHing|12) + (12| HimpGoHin|12) 5.57)
+ (12| Hin Go Hinnp| 12) + (12| Hignp Go Himp | 12).
Physically, it is clear that the term with two consecutive impurity scatterings vanishes
because of the topological protection. Furthermore, we will neglect processes with two
consecutive interaction terms by arguing that they are higher order in V5. We do this by
setting the matrix elements for both processes to zero by hand. Note that these processes
would not mix with the others when taking the absolute square since they have different
chirality structure due to varied virtual processes. The leading correction to conductivity in
this order will therefore arise from combined effects of disorder and interaction. However,
only the processes that change the total number of right or left movers can affect current
and we are therefore left with three types of possible processes (see Fig. . In order
to calculate the corrections induced by these scattering mechanisms we have to take into
account all contributions of the different types. Since the calculations are rather lenghty
they are discussed in Appendix|[Cl We find that the leading contribution in the limit ¢ > 1
comes from combined processes of g3 and backscattering off an impurity and yield

2¢2 UoVo \ 2
1 0vo 8 4
o = _ (—iw)QhH ( ké > Nimpk 1™, (5.58)

where k = 84x10.5 is a numerical factor. These processes are similar to pure g5 interaction
in the sense that they change only the chirality of one particle. Unlike the correction due to
interaction, Eq. (5.51), the result for the combined process Eq. (5.58) is not exponentially
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5.4. Comparison with known results 59

suppressed in the limit kg > T, though. The exponential suppression is due to the fact
that momentum and energy conservation force one of the particles to be at £k = 0 deep
within the Fermi sea. However, if we include impurities, momentum conservation will
be broken and the phase space requirements for the process are relaxed. The result is
that combined processes of interaction and disorder give the leading order correction to
conductivity in the low temperature limit that scale as T4.

5.4. Comparison with known results

The authors in Ref. studied the conductance of a short wire of lentgh L coupled to
external leads held at the same temperature T, but at slightly different chemical potentials
pr = V/2 and ur = —V/2. Here “short” means that the system length is much smaller
than the mean free path and transport can be assumed to be ballistic. They calculated
the conductance corrections due to interaction and impurities in different regimes of (.
We can compare our results for the long wire with their calculation if we assume that the
frequency of the external electric field w induces an effective length scale Leg for electrons.
Formally we substitute (—iw) — Le_fg in our results , and and then
calculate the conductance as G = 0 /Leg. We find that our results are in agreement with
the ones in Ref. and therefore the AC conductivity of a long wire of helical fermions
corresponds to the DC conductance of a short wire.

5.5. Derivation of an effective Hamiltonian

Since the calculation of higher order corrections in the T-matrix quickly becomes a cum-
bersome task we would like to derive an effective Hamiltonian describing combined effects
of interaction and disorder. To this end we perform an operator product expansion (OPE)
of certain interaction and impurity terms in the Hamiltonian. In quantum field theory the
OPE is the representation of a product of two operators (at positions x and y, respectively)
as a sum of terms, each consisting of an operator, well-defined as x — y, multiplied by
a function of x — y that possibly diverges as + — y. The divergence embodies infinite
quantum fluctuations that occur when operators approach the same point. For conformal
operators O; we write

00 O y
0@)0s) = Y ch—W

(5.59)
k——o0 [z — ]

where ij are a set of numbers. It should be understood that the OPE is only meaningful
within correlation functions. However, this is no drawback since we need the effective
Hamiltonian for the calculation of matrix elements only. The fact that these matrix ele-
ments are calculated with the non-interacting ground state |0) enables us to use Wick’s
theorem for evaluating the OPE. To see why the fused operators describe an effective the-
ory consider a generic fixed point action Sy, describing a conformal field theory and a set
of perturbations with coupling constants g;:

S[¢] = Sol¢] + Zgi / dx O;(x). (5.60)

Here ¢ denote a set of fields defining the model and x are space-time coordinates. The local
operators O;(x) are in priciple functionals of the fields ¢. A perturbative RG treatment
of the model would yield an expression for the effective action of the form

e~ Seftd] 6750[¢][1_Z gi /dx <Oi(x)>+% Zgigj /dx /dx' <Oi(X)Oj(x’)>]. (5.61)
i ij
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60 5. AC conductivity of a helical Luttinger liquid

Here the averaging is over high energy degrees of freedom. In the second order of the
expansion we can now fuse the operators by the OPE, Eq. , where we concentrate
on the most diverging terms since they have the highest scaling dimension. The result is
that the fused operators Oy appear in the effective action under a RG step and therefore
define the effective theory we want to derive.

5.5.1. Hamiltonian in real space representation

For the calculation of OPEs it is convenient to change to a real space representation.
Therefore, we Fourier transform the smooth fields 1y, as

n 1 —ikx _—ikpnz, ],
Yy = ﬁ /daze e "N (). (5.62)
The operator for impurity scattering becomes a local operator at x=0:
Hinp, s =Uo Z(@@Mn), (5.63)
s =73 3 1[0h020n — O2lidn — 2iken (9uiin — d}0uin) | (5.64)
n

The g4 term is given by
=%y Jard@iie+ e + b @) (5.65)

where we introduced € > 0 as a pointsplitting constant. In the limit ¢ — 0 the operator is
purely local and vanishes. Furthermore, the remaining operators read

fo=to ) b @iie)in@iy(@) = 2V [do @hblisin) ) (5.66)
i 2V0 Z /dxe 2zkpnm( 1&%8&&”1&7 — Qikpnﬂgqﬁ%@xi)niﬁn) + h.c., (5.67)
}AI - _ 27 d dinkpx
3 o n / ; (5.68)
X | (0207 + 2ikpmon bl — KEGL) by (020 — 2ikemduty — ki)
—EZ dz
-/
x [ (0203 + 2ikpnop bl — kE0h) (0205 + 2ikwndndh — 30} dnih,
(5.69)

— O} (9208 + 2kl — KEOL) (925 - 2ikpionby — Kby dy
— (020 + 2ikrnon bl — kF0} ) bliby (02 — 2ikmndudy — ki)
+ 4] (020 — 2ikpidy — Kby ) (9, — 2ikendedy, — ki, ).

Power counting suggests that the most relevant operators are those with least derivatives.
If we drop all but the most relevant operators the term describing backscattering off
impurities becomes:

Himps ~ 77 Z |2k (Du}idy — Gh0udy )| (5.70)
U W n > O ~ A~
:kT%(—mF) (0uon — Shouin + 0 im — GL0utR) . (BTY)
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5.5. Derivation of an effective Hamiltonian 61

Now we apply the following gauge transformation:
b ir, 9L -~ (5.72)

The Hamiltonian is invariant under this transformation except for the g5 term. Under this
transformation the backscattering off the impurity becomes a term describing backscat-
tering from a Rashba impurity:

 2kplp

Hg = Himpyp T2
0

(0rlyr — o + hec.). (5.73)

Taking into account only the most relevant terms, the g5 term is given by

.2V ikome [ et bt
s <53 Sy / dg e~ 2krn (—2szn¢;¢gaxzpn¢n) the.. (5.74)
n
After the gauge transformation (5.72)) the operator becomes
2 4kpVe —2ikpx it Ot g 0 ikpz, )\t 01 g 0
fry = et /dx (24 gl Db — 5 Dby + ). (5.75)
0

5.5.2. Inelastic scattering

We will call scattering processes that change the chirality of only one incoming particle
inelastic scattering processes, since they are similar to scattering off impurities in this
aspect but do not conserve single particle energy. To derive the effective Hamiltonian
describing such processes we start by fusing go interaction and Rashba scattering:

: Qﬁ;[%&zqﬁLl;R : y : 8Z'&;r%7])lz - Qﬁ;[gax&L + 7[)261@2]% - ax"/}z'lﬂR : (576)

=0
= <"2)z,y'¢}L,m> : QZJEJ/}L,MZ}R,yaz'J}I{ L <7Z}R,y7$;r{7g;> : @Ly%@gy?ﬂ,yaﬂh :
- @L,;ﬂﬂz,ﬁ : @E,ylﬂz,ylﬁR,yaﬂsR P <1Z}E’yd;R,x> : 1&Lyqsz,y12]R,y8x1Z]E s

Here the dots denote normal ordering and the time ordered expectation values of fermionic
operators are:

(5.77)

. - 1 1
(TYr(z1, 1)k (x2, 72)) = DT —— e (5.78)
(Tp (21, 1) (22, 7)) = — ! (5.79)

o ng — Ty —|—i(:L‘1 —xg)'
For time independant operators the following relations hold:
(Tr(@1)if(e2)) = = (Tdp(@2)dnr(@1)) = (T f(a1)dn(z2)) (5.80)
== <T¢L(JU1WE($2)> . (5.81)
Therefore, we can combine the terms in Eq. (5.77) to get
<¢Ly1/12x> <_¢TR¢L¢R&B¢E + PR L0 + Pl brdRdLD] — &E@E&R&@R) . (5.82)

If we include the corresponding constants we can write the resulting Hamiltonian as

5 1 AUgVokp s+~ o~ o omt g oan
Hyp(x = 0) =5 — 5 (~0hbrdrduty + VRt L drdutL -
0 .
+ L drhraLdl — @EJJE?&R@IJJR)
=g1p (Z DL DTy (105 + h.c.> . (5.84)
n
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62 5. AC conductivity of a helical Luttinger liquid

Here we defined the coupling constant

2krVoUy

5.85

gip =

One can check that the fusion of g5 and forward scattering gives the same Hamiltonian
with the same coupling constant. In principle there are further operators that can be
combined to get the 1P scattering Hamiltonian e.g. g3 combined with backscattering.
However, they are higher order in the small parameter kr/ky and will not be discussed
here. Lastly, the Fourier transform back to momentum space yields:

Hyp=— 91P o kGl O iy + hec.. (5.86)
k,p,q,q’

Note that we neglected further terms with a factor of kr in H, p since they have vanishing
matrix elements.
5.5.3. Two particle scattering

Scattering processes that change the chirality of both incoming particles are termed two
particle scattering processes. To derive the effective Hamiltonian describing such inter-
actions, we can combine either g5 or the effective one particle process in Eq. with
backscattering off the impurity. Calculating the necessary contractions yields:

ayzzj;f?.lﬁlz - @Z;;rzaylsz + @an?/;z«z - 8y¢E¢R 1
e (5.87)
Xt L PROD, F L Proer — oLl PrdR + O PridroLYl
,ywm(iaywwmm 0140, 0l a0 b b adl] )
yOme) (0Dl 2 Bebly=0y 0l 0] L Outrt Oy dL ] L r 2 0ul )
@‘)(Il:awad)Rwax sziawawawLx er‘f'aylewL wax me)

br wR N (FO b1 bR a0 3O 0L 000t~ 0,00, D)

= (0

+ (P
(5.88)

+ (9,

—{

Here the upper sign corresponds to the gs process while the lower describes the inelastic
scattering Hamiltonian. The only operators that can change the current are the ones that
change the number of right or left moving particles. Therefore, we are left with:

+ <1&L,y1[}2,x> 1 8;/1%1/32@1%@%1% Lt @E,y”tﬁR,x) : 3y1ﬁL1/3}rg,x1/}L,z3x1ﬁ2 : (5.89)
+ <7$Ly7zlz,x> : ayqﬁR@Z}LﬂZ)R,xaxqﬁTL N <7$R,y7[}127x> : 8y12)2'(&z7$12)&xax72)}2 : (5'90)

Using the symmetry properties in Eq. (5.81) we get
2 (0]} (2000, + 0,0] 0], brouiin) (5.91)

Thus we have the two operators

Hop 1 =gop 1 <¢Eax¢E¢L3x7fJL + h.c.> : (5.92)
Hop o =gop 2 <—i¢;rg3xl%1haﬂh + h.c.> : (5.93)

3Here we choose the convention that this operator comes with a factor (y — 2)™* in the RG which
determines the sign of the coupling constant.
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5.6. Corrections to AC conductivity due to effective processes 63

where we defined the coupling constants

Ak2URV, 8k2Uo Vo

) Y = 5.94
7T2ké ) g2p,2 Wké ( )

gor1 = —
If we apply the global gauge transformation 1, — exp(im/ 4)1[1L to the Hamiltonian f[gpg
the operator becomes identical to Hop 1 (except for the coupling constant). Therefore,
they describe the same physics and we will always use the form Hop = Hop 1 from now on.

Furthermore, the coupling constant we will be using is gop = g2p 2, since gop 1 is subleading
in Uy.

One can check that the fusion of g3 and forward scattering also gives rise to the same
operator with coupling constant gop 2. To show this, we keep the terms with two derivatives
in the Hamiltonian,

- Vok
Hs~—38
3 k’é

2
1 Z / dz e*F et 9 s Oy (5.95)
n

and combine it with forward scattering off the impurity. Other terms are either less relevant
or do not contribute to two particle scattering. Finally, we state the form of the generic
Hamiltonian Hop in momentum space:
2 g2p oy g
Hop =5 Y ke d) bl baatng (5.96)
k.p,a,q'm

Here we neglected terms with kr since they have vanishing matrix elements.
The effective Hamiltonians found in this section and in Sec. have been independantly

derived in where the authors obtained the operators from the highest weight state of
the corresponding conformal algebra.

5.6. Corrections to AC conductivity due to effective pro-
cesses

The calculation of the correction can be found in the Appendix D] Here we only state the
results. For inelastic scattering we have

2 2
o\l = —103.9027?;3(_;‘»2]1711@ <]”]i/§U°) T, (5.97)
The power law behavior in temperature is in agreement with our perturbative results in
Eq. (5.58|). However, the prefactor is different and in particular it contains a lower power
in kp/ko as well as Uy making it more important in our weak coupling analysis. At the
moment we do not understand how this discrepancy arises. This will be the subject of
further studies.

Lastly, the conductivity corrections due to two-particle scattering processes read
2 2 2
0 — _1757.97 2 2 (FEU0Y0 )" s 5.98
Tap Tt TP R (—iw)? k4 ' (5.98)
In the low temperature regime they therefore only give subleading corrections. For later

reference we state the general scattering times for single and two-particle scattering pro-
cesses:

0.62x 103" L (5.99)
T = . .
P Mimp Q%PT4
560 %101 1 (5.100)
T = . .
- Nimp 9%PT6
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64 5. AC conductivity of a helical Luttinger liquid

L R L R L R
\
o O / o
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(b)
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R ; L R L L R i L
%
inelastic two-particle 9

Figure 5.3.: Scattering mechanisms considered in the main text. gs processes are due to interaction
while inelastic and two-particle processes describe combined effects of disorder and
interaction. In (a) we show the corresponding process in the linear spectrum of
electrons. (b) depicts possible diagrams describing the mechanisms.

5.7. Summary and results

Let us summarize. We studied the AC conductivity of helical fermions in a long wire.
Without any scattering mechanism the conductivity is given by o(© = 2e2/h(—iw) i.e.
the conductance is perfectly quantized. In a clean system there are corrections to this
result due to g5 interaction processes that scale as T° at high temperatures (Eq. [5.54)
and are exponentially suppressed, as can be shown using phase space arguments, at low
temperatures (Eq. . As expected impurity scattering alone does not influence con-
ductivity because of the topological protection. In the low energy regime we derived the
most relevant processes describing combined effects of disorder and impurity scattering
with an OPE. The leading order correction comes from inelastic scattering processes and
goes as T* (Eq. . We can furthermore map our results to a short wire, with length
Legt by the formal substitution (—iw) — L7 . This enables us to make predictions about
the conductance of such systems as well. The different scattering processes are depicted in
Fig. and the corresponding corrections to AC conductivity are summarized in Tab.
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5.7. Summary and results
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6. DC conductivity of a helical Luttinger
liquid

So far we have only considered transport properties in the AC limit where the electrons’
motion is ballistic. In this regime we could make predictions about the conductivity in
a perturbative expansion in the small parameter eE/(—iwT). However, now we want to
ask the question what form the conductivity takes in the DC limit. To this end we have
to develop a new formalism for finding the corrections since we can not use the same
perturbative expansion as before in the limit w — 0. Interestingly, even in a conventional
LL the calculation of the DC conductivity is a nontrivial problem which was already
realized in early publications [41]. It can be shown that even in the presence of an Umklapp
term, current is not relaxed and the DC conductivity of a LL is infinite. One needs at
least two noncommensurate Umklapp terms to get a finite DC conductivity [42]. In this
chapter we discuss the DC conductivity of a HLL in the presence of the most relevant
perturbations found in Ch. |5, To this end we first introduce the formalism in Sec. and
then proceed to analyse g5, inelastic and two-particle scattering in Secs. and
respectively. A summary of our results can be found in Sec.

6.1. Formalism

For the calculation of conductivity we use our general expression in Eq. (5.24). The
symmetry properties of ¢y, described in Eq. (5.16), allow us to rewrite the conductivity
as

ovc =297 / dan(z — O)(1 - n(x — )ere(a). (6.1)

Here ¢ denotes the ratio of Fermi energy and temperature, ¢ = kg /T.

The function 1y ,, parametrising deviations from the equilibrium distribution function,
has to be determined from the integral equation in Eq. (5.4):

In,k[w] €E77

(—iw)fop(L = f3,)  (—iw)T

(6.2)

wk,n(w) =

Given a particular collision integral containing the information about the scattering pro-
cess under consideration, equation (5.4) represents a set of coupled Fredholm integral
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68 6. DC conductivity of a helical Luttinger liquid

equations of the second kind that determine ), ,(w). Luckily, due to the general symme-
try, Eq. (5.16), we can decouple the integral equations and are left with the task of solving
a single, one-dimensional integral equation. WLOG we will choose to solve for ¢g.

In the following we use this formalism to calculate the DC conductivity due to g5, inelastic
and two particle processes in different temperature regimes.

6.2. g5 processes

6.2.1. Derivation of an integral equation for g; processes

The collision integral for the g5 process is calculated in Eq. (5.45). By inserting it into
Eq. (5.4) and evaluating the momentum conserving Kronecker delta we obtain the following
expression:

w _ 8 < Uo )2 Z
BT S0 fer(1 — frr) \RZL

K,k

X | 2(kF = k3)*Cly Ry ko, R (kyr L) (1 -k — oy )

+ (k2 — (ky 4 ko — ky)?)? Ck1,R) (ka,L),(kys,R) (k1 +k1—kys,R) (6:3)
+ (k3 — (k1 + k2 — §1)%)? Cliy Ry (ko L) (eys L) (1 o1 —kyr L)
B el

(—iw)T"

After evaluating the energy conserving delta functions contained in C and going to a
continous momentum representation we arrive at

3 87 U \* (L)1
vrlk) = =00 fen) <k§L> (%) 2/ a
20k = p*)* for(1 = for) (1 = fRipR)

X
x (Yr(k) +¢Yr(p) —¥r(0) — Yr(k +p))
+ ((k=p)* =) for(1 = flr)(1 — fl(c)—p,R) (6.4)
X (Yr(k) +¥L(0) — ¥r(p) — Yr(k —p))]
+ [dg((k+p—q) =) (1= o)A = fiipor)

eF
(—iw)T"

x 0(k)(Vr(k) +¥r(p) —¥r(q) =YLk +p—q)) —

Interestingly, in the last term we find a delta function that constricts the external mo-
mentum to zero. As discussed in Sec. the phenomenon that one particle is forced to
have zero momentum arises from the chirality structure of the process combined with the
restrictions of energy and momentum conservation. Therefore, we have to consider two

cases:
First let k # 0, then 6(k) = 0 and we are left with

1 Uo\?
valk) = - (—iw)(1 = frr)™ (’%) /dp 2(k* = p*)* Lpr(L = for) (L = fiip )

x (Yr(k) + ¥r(p) — ¥r(0) — ¥r(k +p)) + (k — p)* — p*) 2 for(L— fr)  (6:5)

e

x (1= fi_pr)Wr(k) + ¥L(0) — Yr(P) — Yr(k — p))] — (i) T
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6.2. g5 processes 69

If we define:
40
G(k.p) = ((k —p)* - p2)2f&8_ffR)(1 = fi-p); (6.6)
kR)
0
K (k,p) = 20k — g2 fo = Son) (g0 (6.7)
PR = frr) P

the terms can be rewritten into a more compact form after some algebra

2
k) =~ g (13) (#n(h) [ap 1K (k) + Gl p)
41 (0) / dp [~K (k,p) + G(k,p)] + ¥r(p) / dp[K (k,p) — K(k,p—k)  (6:8)
~26(k.p))) - (_jf)T

For k =0, 6(k) is formally divergent. However, we argue that this divergence is artificial
and caused by the assumption of an infinite system. In a finite edge channel this divergence
will be regularized by the system length L. Here, we will assume that L is still the largest
length scale in the problem and therefore the term containing the system length will be
much larger than the other terms in Eq. . Consequently, the resulting expression for
k = 0 reads

Yor = — L <U0>2/dde((k +p—0q)° —¢*)’

(_iw)(l - fkR)Tr kf(% 5 (69)
e
x [ (1= f2) (1= [ 1) (Wor + ¥pr — Yar — Yp—q,1) — (i) T
If we use the symmetry ¢yr = —t_j 1, and scale all momenta k — x = k/T" to make the
integrals dimensionless we arrive at the following form for x # 0:
Yee,r(T) §Ac—(x)  Ycyr(0) 3 / Yeer(Y)
= = ’ s + dy M¢(x,y)—2—==
D 1—€Ac(z) D 1—€Ac (x) ) V¢ (@9)="5
Z. (6.10)
S 1—EA i (2)
Here we defined the objects
1 Uo\?, eE
- (%) 7 D=" 11
$ m(—iw) <k8) ’ wT’ (6:-11)
Gelry) = (2~ 9 — ) n(-O) 1~y - ) M= (g9)
’ l-—n(z—-¢) ~
_ 2 . 2\2 B o onlon@+y—Q)
Agx(z) = /dy K(z,y) £ Ge(,y). (6.15)
For = 0 we obtain the following integral equation governing t¢(0):
Yer(0) =X / dydz He(y, 2) (¢, 1 (0) = ¥¢ x, r(=1) + ¢ x v (—2) + ¢ x r (2 — 1)) (6.16)

—iD,
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70 6. DC conductivity of a helical Luttinger liquid

where
2
= ) ™ (617
He(2) = (v =2 = ) -y = O* T Em 0 n(y vz =) (618)
He= /dydz He(y, 2). (6.19)

Now let us proceed with our manipulations. First we solve Eq. 1) for ¥¢ . r(0) to get

Yex.r(0)  x Ve, R(Y) i
D 1—xH /dy (Hea(y) + Heply) + Hes(y) = 5= = 7= I (6.20)
X . i
R /dyﬂc(y)wc,x,ﬁ(y) T (6.21)
with
Hea(y) = — /dz He(—y, 2), (6.22)
Hea(y) = /dz He(z, —y), (6.23)
Hes(y) = /dz He(z =y, 2), (6.24)
He(y) = Hea(y) + Hea(y) + Hes(y)- (6.25)
Inserting Eq. into the integral equation for ¢ ¢(x), Eq. (6.10), we obtain
Veexr() A (2) X = Ve r(W)
D 1—EAc(x)1—xH, / dyHely) ==
3 Ve exr(Y) i
—— [dy M - 92
1A @) / y Ml )= 1A, (2) (6.26)
§A¢,-(2) i

1—EAc4(x)1—xHe

Up to this point all manipulations have been exact and Eq. fully determines ¢¢ ¢ y r().
In order to solve this integral equation we first have to find expressions for the functions
defined through various integrals. This task is tackled in Appendix where we obtain
approximate expressions in different regimes of temperature.

6.2.2. Solution of the integral equation

Unfortunately, the integral equation, Eq. , cannot be solved exactly. Thus we are
forced to look for suitable approximations. Ultimately, we need to know % in order to
calculate the conductivity in Eq. . There we have to integrate over 1) together with a
function t¢(z) = n(x — {)(1 — n(x — ¢)) that is strongly peaked around x = (. Therefore,
under the assumption that 1 is a smooth function compared to the thermal factor t¢(x) we
only need to compute ¥(x ~ (). Especially, we can approximate M¢(z,y) = M¢(¢,y) in
Eq. . The resulting integral equation is separable and can be solved exactly. We can
map the problem of solving an integral equation onto the solution of a system of algebraic
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6.2. g5 processes 71

equations by defining

VYeexr(@) €A (1) X = een.RY)

D S 1— €A ( D
3 / Veex.r(Y) i
T | WMGy) s 6.27
T eac, () ) WM T ) (6.27)
 EA (@) i
1—8A; (7)1 —xH;
§A¢—(2) X 3 i
= 7 Creed——>  Coepm v
1— €A (@)1 —xHe T 1—€Ac (x) 2% 1— €At () (6.28)
A (@) i
1—8A¢ (7)1 — xH
Here C; and C5 are given by
= Wcex.rY
Cieex :/dy Hc(y)“’;‘(), (6.29)
w I b i
Cagen = / dy Mc(¢ ,y)“’l‘f@. (6.30)

Inserting Eq. (6.28) into Eq. (6.29) and (6.30) we find the following set of linear equations
determining the C

Cn7C7§7X = Enm7<7£7XCmv7C7€7X + F”v(vax' (6'31)

Here we used the abbreviations

Eucex = / dy He(y)+ iz(fzy) 1 _f{ i (6.32)
Eracex = /dy ﬁg(y)l—@fm(y)’ (6.33)
Earcex = / dy M¢(C, )7 ilf?w . _9; H (6.34)
Excex = / dy Mc(C,y)l_ng(), (6.35)
Fieex =— ZEX” - 2E12, (6.36)
Facen =— ZEXZI - 2E22- (6.37)

Notice that we made a nontrivial assumption in this step. The coefficients C7 and Cy
are determined by an integral over the whole real axis, i.e. we need to know #(y) for all
y € R to calculate them. Eq. however, only determines ) in the region close to (.
Therefore, we assume that the functions ﬁfg(y) and M (¢,y) are reasonably well peaked
around y = ( such that contributions away from this point give a parametrically smaller
contribution to the integral in the limit ¢ > 1.

Until now we have not made use of the fact that we are interested in the DC conductivity
i.e. the limit w — 0. In this limit the dimensionless parameters ¢ and x diverge and we
can make further simplifications. Furthermore, we restrict our calculation to the real part
of the conductivity since in the DC limit the conductivity will be a purely real quantity.

!Summation convention over latin indices is implied.
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72 6. DC conductivity of a helical Luttinger liquid

For that reason we define ¢’ = Jm¢ and x” = Jmy. Now the following train of thought
holds:

. 13 1
1" min A¢ 4 (z)] > 1= |"Ac 4 (z)] > 1 = Re ~— (6.38)
pn Ao ot 1= €A (@) Aci(@)
and analogously for x and H¢. Under the conditions
¢ |minAg 4 (2)| > 1 A X'He > 1, (6.39)
xT

we can approximate the expressions in Eq. (6.32))-(6.35) in the same manner as in Eq. (6.38).

Let us add some remarks. The conditions in Eq. (6.39) constrain the validity of our further
calculations to the frequency range

,1 k% 2 1 C _1 71 k% 2 1 C
w > (Uo> gmax{e kLT = <Uo) @e , (6.40)

as can be readily shown by using the definitions of x and ¢ and the fact that min, A¢ 4 () ~
A+ (Q) ~ ¢%e~¢ and He ~ ¢%. Here we will assume e > k}lL_l, since the system length
is the largest length scale in the problem and therefore in particular bigger than the inverse
Fermi momentum. On the other hand, temperature is assumed to be much smaller than
the Fermi energy and therefore ¢ > 1. Summarizing, we assume the following hierarchy
of energy scales: kp > T > L%

In principle there are two time scales originating from ¢ (x # 0) and (z = 0), respectively.
In addition to the DC case where w™! is bigger than both scales (see Eq. ) and the
AC limit where it is smaller, there is also an intermediate regime. This however, is not
the focus of our study here and will be left for future work.

We solve the integrals in Eq. (6.32)-(6.35) by estimating the dependance on the parameter
¢ and calculating the proportionality constant numerically. The resulting expressions are
of course not exact but they represent the leading terms in ¢ > 1:

A
=W 1o (6.41)

A +(y) He
= 1
Eroce~— /dy Hc(y)m ~ —0.378¢", (6.42)

Eiice %/dy He(y)

)

Ar_ 1 23.14
o) 1 ~ 2314 e ¢, (6.43)

Ac+(y) He ¢
1

6.367
Easce %—/dyMc(C,y)AH(y) N

Having calculated the necessary matrix elements we can solve the system of linear equations

in Eq. (6.31) by simple matrix inversion:

C=EC+F & C=(1-E)'F. (6.45)

Eoi¢¢ %/dy Mc(C,y)

(6.44)

The result to the leading order in ( is

2668 —2.8¢C¢" +0.38¢5¢x”  0.21e

= ~ 6.46

1,¢,€ 20.22 "\ — 1.8 CE"Y" I ( )
—23.1e7¢" 4+ 20.2)" 11.2

CZC,& :20_251/6X//€_ :j8 Cgui// ~ = cer : (6'47)

72



6.2. g5 processes 73

Noting that Ay c(z ~ () ~ ¢Pe™¢, H; ~ (% and using our results from Eq. {) and
(6.47) we find from Eq. (6.28) that to leading order Re )¢ ¢(x) is given by

Yee() 1
R ~ . 6.48
‘"D TeA, @ (6.48)

Therefore, we get an estimate of the real part of conductivity

-2
Re o :E—;TD /dxn(:): O = nlx - ¢)) Re W’é@) (6.49)
21D [dznte - O —nle - ) g (6.50)
~N— xn(x — —nle —()——— .
Eh §"A¢ 1 (x)
2e? r (k2\? ke
=20254+ (L) eT. 6.51
h K5 (Ug) °r (6.51)
We notice that the conductivity takes the form SRe o = 2e?/h x T;?C>>1, with the scattering
time
k2 2 kp
DC L =0.254— (0 F 6.52
T957<>>1 k% <U0 er ( )

By comparing this with the corresponding result in the AC case, Eq. , we see that
apart from a small discrepancy in the numerical prefactor TgDS?C>>1 = CT!‘;‘&»l. Thus the
time between scattering events is much larger in the DC than in the AC case. We can
understand this phenomenologically by the following argument. For the g5 process to take
place the state at zero momentum has to be empty. In the AC case the external energy w
is large and can empty the state fast, even at low temperatures. However, in the DC case
the state at £k = 0 can only be emptied by thermal fluctuations and therefore the time
between consecutive scattering events is much larger.

Let us now continue by studying the regime in which the temperature is much larger than
the Fermi momentum, i.e ( < 1. Then we can expand the matrix elements in Eqs. —
as a power series in (. The resulting integrals are calculated numerically using the
exact expressions in Appendix This procedure yields the results

1
Eiice zE(258.61 + 153.63¢?), (6.53)
Eig e~ —2.49 — 0.17¢%, (6.54)
12.45¢2
E21’<7§ ~ — N (6.55)
Hy
B e ~0.023¢%, (6.56)
He =480.7 + 161.3¢* + 12.6 ¢* + O(¢). (6.57)

Proceeding as in the case for { > 1 we find the constants

(—258.6 — 178.8¢% + 1.3¢*) ¢ + (1197.6 + 484.6¢% + 59.1¢* + 2.2¢%) v

Cree= (222.1 — 28.4¢2 + 10.2¢* — 0.3¢8) " » (6.58)
o (5985.1 +2007.9¢2 + 156.3¢*) ¢
268 7106755 + 22168.6¢2 + 3127.7¢1 + 1157.7¢5 + 82.8¢% — 3.6¢10) x” (6.50)

N (—17319.2 — 6924.8¢* — 962.2¢* — 74.8¢% — 3.6¢%)
(106755 + 22168.6¢2 + 3127.7¢* 4+ 1157.7¢6 + 82.8¢8 — 3.6¢10) ¢
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74 6. DC conductivity of a helical Luttinger liquid

These then specify ¥r(z) in Eq. (6.28). Here we will assume T'L >> 1 such that y” > ¢”.
In order to calculate the conductivity in Eq. (6.1) we have to evaluate the integral Z(¢) =
Jdzn(x — {)(1 — n(z — ) Rer c(x)/D. We can expand this expression in orders of ¢,
yielding

Z(¢) ~ 0.01 + 0.0007 ¢2. (6.60)

Consequently, the DC conductivity at large temperatures is given by

2, T(C) 2€ T (k2
~——TD =—004—= | —=—| . .61
Reo T & N 0.0 75\ 0, (6.61)
If we compare this result with the AC limit in Eq. (5.55), we find that the scattering lengths
are almost identical aside from the numerical prefactor which is different by roughly one

magnitude i.e. 749~ 79
g © Tgsc<1 ¥ Tgsc<1e

6.3. Inelastic scattering
6.3.1. Derivation of an integral equation for inelastic scattering

We now turn to the inelastic scattering process. Using Eq. (5.4) and the collision integral
calculated in the Appendix D} Eq. (10.109), we get

2mgTpTimp 2
=—— 2(k1 — ko)*C D)oy
v (—iw) L2 fyr(1 = fxr) | %kgf[ o = ) 00 0 k)
+ (kv — ko)* (C +C )] (6.62)
1 2 (k1,R)(k2,L),(kqys,R) (ko ,R) (k1,R)(k2,L),(kqs,L)(kor,L)
eF
(—iw)T"

After some formal manipulations we arrive at

E
on(k) = A (BB + [dpdadskpains)) - o (66
where
_ Q%P”imp
Al — 27T2(—iW)’ (664)
0o 1- ft?,L 0 2 2
Ba(b) = [dpda 2y~ 0 Tipiaa) {6 =)+ ot k97 (665
1— 0
My(k,p,q) = =4k +q)(p+ q)fSR(i‘éL)(l ~ Fptan)- (6.66)
(1= fir)
By making the integrals dimensionless and solving for 1)¢ r we get
Ve (@) & Vee1,R(Y) i
D T 6B ) /dydz M ¢(z,y, 2) ) -1 B (@) (6.67)
In this step we defined:
Nim eF
&1 =— ij)g%ﬂﬂ’ D= T’ (6.68)
1 —nf—z —
Miglay2) == (e + )+ nly - O 2 == S0l 4y +2-0) (669
_ 2 2 1—n(-z-¢)
Bic(z,y,2) = [($—y) +2z+z+y) ]n(y—C)m (6.70)
X(1-=nlz+y+2-C)),
By ¢(x) :/dy dz By ¢(x,y, 2). (6.71)
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6.3. Inelastic scattering 75

Note that the dimensionless factor ¢ would drop out of the expressions completely if we
would shift + - x4+ (, y = y + ¢ and z — z — . Therefore, our results are not affected
by the ratio of Fermi energy and temperature and v will be a function of (x — () only, i.e.
Y, rR(x + ) = ¢, r(x) . The calculation of the integrals can be found in Appendix

and yields the approximate expression
Bi¢(z+¢) = By(x) =2t + 7 (6.72)

and for the integral kernel

2

Mi(ey) = [de Mo+ Cy+.2) =3 e (6.73)
Here we defined
2 8 2
ao(y) = 33/2, ai(y) = —3Y and az(y) = 3 (6.74)

In the derivation of Eq. (6.73) we made the assumption that x is close to ¢ to simplify the
kernel.

6.3.2. Solution of the integral equation

Using the results Eq. (6.72) and (6.73)) in the integral equation Eq. (6.67) and shifting

r—x+(and y — y + ¢ we are left with

VYer(@) & 2 y Ye,r(Y)
D  1-&Bi(v) nzow /dy sy WD

(6.75)
1-6Bi(a)

The integral equation, Eq. , is separable and can therefore be solved exactly. Since
we are interested in the DC limit we again only consider the real part of ¥ and assume
|¢Y min, B(y)| > 1, such that we can approximate the & dependance. This assumption
specifies the frequency range in which our result is valid to be w™! > 0.02272 / (nimpgipT?).
This will be the time scale that determines Drude’s law in the end.

For now we proceed by mapping our problem to a set of linear equations by defining:

1 1
Re %g(x) =55 T;]m”qi’&, + B ) (6.76)
with?
Crer = EnmCoen + Frer (6.77)
Bom == [ 5 ot onluy”™ (6.75)
Flg = Eh, (6.79)

2Summation convention over latin indices is implied.
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76 6. DC conductivity of a helical Luttinger liquid

10 20 30

-30

—-0.020

Figure 6.1.: Comparison between the analytical (red curve) and numerical (blue curve) results
for the function v parametrizing deviations from the equilibrium distribution func-
tion due to inelastic scattering processes. For the plot we choose the dimensionless
parameter as £ = —1 and x denotes momentum measured in units of temperature.

The integrals specifying . and F can be solved numerically and the resulting system of
linear equations is solved for C as in Eq. (6.45). We obtain the result

Re %’g(@ ~a Bll o (0.946972 — 0.0245868z2) . (6.80)
The knowledge of ¥r(z) now enables us to compute the DC conductivity from Eq. :
Reopc = 22271‘12@, (6.81)
where
DC) w2
P mar——e (6.82)

Here k1 is a numerical factor. Our analytical calculation yields k1 an = 1.62 X 1072

Alternatively, we solve the integral equation in Eq. numerically by discretizing the
integral and solving the resulting set of linear equations. For the numerical treatment we
use the exact forms of the involved functions rather than the approximations used for the
analytical analysis. The comparison between both treatments is shown in Fig We
see that they agree very well, except that the analytical approximation underestimates
the amplitude of oscillations. However, it was checked that the dependance of %’ on the
dimensionless factor &/ is captured correctly by the analytical result. Therefore, the only
difference to the exact numerical results is a different prefactor. This prefactor can be
extracted from the numerical analysis and we find: K1 pum = 2.3 X 102.

Lastly, we can compare our results in the DC case with those in the AC case from Sec.
We find that the scattering times are the same except for a slight discrepancy in the
numerical prefactor. However, one has to keep in mind that the analytical treatment is
only hand-wavy and does not represent an controllable expansion for x ~ . The numerical
treatment on the other hand is exact aside from possible numerical errors but the numerical
prefactor is still smaller than in the AC case by roughly a factor of 2.

Having evaluated the high frequency as well as the low frequency asymptotics, we conclude
that the conductivity as a function of frequency is marginally non-Drude.
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6.4. Two particle process 7

6.4. Two particle process
6.4.1. Derivation of an integral equation for the two particle process

Finally, let us discuss the DC limit of the two particle process. Here we proceed analogously

to the single particle case. Using the collision integral from Eq. (10.119) in Eq. (5.4) we
get

—2m g2 Nim
Uiy R ey (91213_ - L3p Z (ko — k1) 2 (ko — k)2
k1,R k1,R Kok kg (683)
ek
X O, 1) o),k L) (o 1) g0V
After some simplifications we arrive at the equation
el
Yrr =A2Ba(k) kR + A2 /dpdq (Ma(k,p, q) + 2Ma(k, q, —p)) Ypr — ST (6.84)
with
2
gopMimp
Ay =—=—— 6.85
2 472 (—iw)’ (6:85)
2 2 0 (1- c?L) 0
Mas(k,p,q) = 2¢ +k+p)“(p — k) prlio(l — frtpra.r); (6.86)
(1= fir)
By(k) = /dpdq Ms(k,p, q). (6.87)
In dimensionless units this yields
Pt 8 [ayds (Myc(e,,2) + 2Vl 2, —y) Liztl)
D 1-— §QBQ g(%) ’ D
’Z, (6.88)
1 &Bac(w)’
where the objects are defined as
1 g 6
- 228 i 79 6.89
$2 =~ (i) a2 i (6.89)
1—n(=z—=¢)
Mooz, y, 2) = 22+ 2z +y)*(y — z)*nly — ) ——m——=2
2.¢(T,y,2) = ( y) (y —2)n(y — ¢ [ p— (6.90)
x(1=n(z+y+z-7),
By () :/dydz M; ¢ (x,y, 2). (6.91)
The various integrals are calculated in the Appendix We obtain the function Bo,
11 6
Bac(z +¢) = By(z) =—a + =, (6.92)
90 2
and the kernel
/dZ (MQ,C(:C + Cay + <aZ - C) + 21\42,(('r + <7Z - Ca -y - C))
y 4 (6.93)
~N—L— by, "
sinh(y) 7;) ()
Here we defined the coeflicient functions
7 94 176 94 7
bo(y) = —y*, bi(y) = ——=v°, ba(y) = ——v%, bs(y) = ——vy, ba(y) = . 6.94
o) =¢y", bily) = -7y b2(y) = Toy7 ba(y) = —py, baly) = (6.94)
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78 6. DC conductivity of a helical Luttinger liquid

6.4.2. Solution of the integral equation

First we approximate the expressions in Eq. in the DC limit. For |£) maxy B ¢(y)| >>
1 we get Re{€a2(1 — &Ba(y)) ™t} ~ —(Ba(y))~!. This specifies the time scale w™! >

8.3 x 107372/ (Nimpg2pT®) in which our approximations are valid. We proceed by mapping

the integral equation Eq. to an algebraic equation:

Vonr(® 1 s~ [ W) Ve, r(Y)
e D NBQ(:L“)HXZ;):E /dysin(y)bn(y) D

(6.95)
Lo
£y Ba()
1 & 1
=— ”02 R 6.96
By 2= &B:) (6.96)
Here we defined:
2
Cn 5// En ’mCm 5// + FTL é-//, (697)
32 Smh( ) an(y)y™, (6.98)
2 2
Fley = & En 0y (6.99)

The integrals in E and F can be solved numerically. The resulting system of linear equations
is solved for C and the result is

¢€2,R($) . 1
R = T

—3.87495 — 0.13502322 + 0.04114972) . (6.100)

Inserting this into our general formula for conductivity, Eq. (6.1) and calculating the
integral numerically we get

2¢? 1 2¢?
Reo =ky Z el %T;;@ (6.101)
with the scattering time
472

(DC)
O 6.102
2P QggpnimpTG ( )
Ko ana =4.9 x 1072 (6.103)

We also solve the integral equation Eq. numerically. The comparison with the
analytical results is shown in Fig While the overall form of 1 is similar in both
cases the amplitude of oscillations is overestimated by the analytical solution. However,
we checked that the dependance on the dimensionless parameter £, that contains all the
physical quantities, is captured exactly by the analytical solution and the only difference is
in the numerical prefactor, for which we derive a value of k2 num = 1.06 103. Therefore,
the scattering time in the DC case Eq. matches the one in the AC case Eq. ,
except for a small numerical error and we again conclude that the overall conductivity will
be slightly non-Drude.
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[

- 0.010

Figure 6.2.: Comparison between the analytical (red curve) and numerical (blue curve) results for
the function 1 parametrizing deviations from the equilibrium distribution function in
the case of two particle scattering. The parameter £ is chosen to be £ = —1.

6.5. Summary and results

Let us summarize. We studied the DC limit for gs, inelastic and two particle processes
by deriving exact integral equations from the kinetic equation formalism and solving them
approximatively in different regimes of temperature. We find that the DC resistivity is
dominated by the contribution due to inelastic scattering processes that yield the corre-
sponding conductivity Eq. . Furthermore, even in the case of clean systems the DC
conductivity is not infinite as opposed to the case of a conventional LL. Indeed, g5 terms
lead to an exponentially big, but finite DC conductivity in the low energy limit, given
in Eq. . Given the low frequency results calculated in this chapter and the high
frequency dependance obtained in Ch. |5/ we conclude in most cases that the conductivity
behaves slightly different than Drude’s law, Eq. . This is because of discrepancies
in the numerical prefactors of the scattering time. Moreover the g5 term shows peculiar
behavior at low temperatures due to the special state at zero momentum. This is dis-
cussed in Sec. The results and the comparison with the AC limit are summarized
in Tab.
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6. DC conductivity of a helical Luttinger liquid

80

process

7 in the AC limit

7 in the DC limit

T < kg T> kp

T < kp T> kp

g5

457

22

(

kg VMH%E 6.5 % 103 Aw\wvwﬂ|m

a\o\awj 0

AR k22 e
0.2547% Aq\wv et | 00147 A%v 75

1P

9.62 x 10372 L p—4

Mimp gip

2.3x 10722 _L -4

Nimp 9ip

2P

5.69 x 10472 1 =6

Nimp 9op

4.23 x 10737 _L 76

Nimp 9op

Table 6.1.: Comparison of the most relevant scattering mechanisms and their respective scattering time 7 in different regimes of temperature and frequency. In
2
the AC limit the correction to conductivity can then be obtained as: (1) = I%ﬂl. On the other hand, in the DC limit the conductivity obeys

2¢?

Drude’s law: o = =-7. The g5 processes are purely due to electron-electron interaction while inelastic 1P and two-particle processes are effective
Hamiltonians describing combined effects of disorder and interaction. The coupling constants for inelastic and two-particle scattering are g1p

@%SSH
and gop = #
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7. Luttinger liquid effects

So far we have discussed transport properties of one-dimensional electrons subject to weak
interaction and impurity scattering neglecting LL effects due to the presence of a finite go
term. We find that the temperature dependance of the conductivity behaves as a power
law with integer powers. However, in a generic one-dimensional LL one would expect
power laws where the exponent depends on the Luttinger parameter K. In this chapter we
include LL effects in our previous treatment by bosonizing the model and obtaining the
scaling dimensions of the different operators in Sec. These are then used to calculate
the renormalized coupling constants of the effective model containing only inelastic and
two particle processes in Sec.

7.1. Bosonization of the effective Hamiltonian

We start by bosonizing the effective Hamiltonians derived in Sec. 5.5
Iip(x = 0) =gie | (a0} i + 00t whon + el (7.1)
Hop(z = 0) =gop [w28x¢E¢R8x¢R + h-C} : (7.2)

To bosonize the operators we exploit the fact that they are local. For instance we can
rewrite the first part of Hip as

a0} el = —i0, (v]vr) vl (7.3)
= — i (8uJ1) Vi (7.4)
:47:3/2 82p, e~ VAT (@L+oR), (7.5)

In the first step we used the fact that a local operator like w}(awqu)w}wR vanishes be-
cause of the fermionic anticommutation relations. Next we expressed ¢E¢L as the left
moving current J;, whose bosonization relation is known from Eq. and we used the
bosonization relations Eq. to translate the other operators to the bosonic language.
For the second operator in Hip we can use analogous reasoning to get

ithOsbr L vr =0, (Whitn ) V] vr (7.6)
=— 47:3/2 3§¢Re—ix/ﬂ(¢m+¢a)' (7.7)
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82 7. Luttinger liquid effects

If we combine Eq. (7.5) and Eq. (7.7) we obtain the bosonized form of the inelastic scat-

tering term:

_ 9P [ .02, —iVime
-2 [ i920e +h.c.} . (7.9)

For the two particle scattering term we have to treat operators like (Y191 )(x = 0). Let
us define € = z/ — z and the corresponding relations for the derivatives, 9; = —0: and
0z = 0=, where the imaginary variable z was introduced in Eq. . With this notation
the product of vertex operators defined in Eq. yields

1 ] z) —ivAaror (Z
Pr(2)n(F) =g e VI @eiVinon ) (7.10)
:ieﬂ' Am(oL(2)+¢L(2) (7.11)

Consequently, the following relations hold:

1 : - i

82¢L(2)¢L(§/) :<_1 e /471'85(25[/(2))%671 Am (¢ (Z2)+orL(Z )), (712)
1 . - s

000} (2) ) (2) =(1 — iev 4782’¢L(2,))%6_“/E (Gr(@)+er(E), (7.13)

Therefore, we can calculate the local operator ¢y by employing the trick

20:4)yr = lim [0:90(2)91(Z) — 1 (2) 091 (2)] (7.14)
_ %6*14\5%, (7.15)

Back in space-time coordinates we obtain

Doty =—e VTOL, (7.16)

T
For the corresponding term with right movers we proceed analogously to derive

2(0¢r)Vr = i(0s¥R)YR = lim, [0vR(2)YR(2) — YRr(2)0YR(2))] (7.17)

__ Livamn (7.18)
™
which yields the result
DerR = — %e—z‘\/ﬂzm. (7.19)

Summarizing, the bosonized form of flgp is

Hop =gop ¢[00} ¥rOsbr + hec| (7.20)
1 o S
= 292 [e_ﬁ An(PrtoL) 4 h.c.} (7.21)
1 o ST
=—92p [6_22 me 4 h.c.] . (7.22)
™
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Process Fermionic Bosonized A
Inelastic | gip K—iamwm + mpgam) Vg + h.cJ . {_iagae—iwm N h.c.J K+2
Two particle gop WE@ﬂbEi[)R@IwR + h.c} %ggp {e‘mm“" + h.cl 4K

Table 7.1.: Scattering terms and their scaling dimensions.

7.2. Analysis of the scaling behavior

The complete model now consists of H= f[o —I—ﬁg —|—ﬁ1p —I—ﬁgp. As we argued in Sec.
the free Hamiltonian Hy can be brought back into canonical form after bosonization by
scaling the fields as ¢ — VK¢ and 6 — 1/ VK. We use the rescaled operators, the scaling
dimensions of vertex operators Eq. and the fact that a derivative raises the scaling
dimension by one to obtain the scaling dimension of H 1p and flgp from the Eqgs. and
(7.22):

Ap =K+ 2, Aop = 4K. (7.23)

The different operators and their scaling dimensions are summarized in Tab. In
Sec. we showed that the coupling constant of a conformal operator scales under the
RG as

g'(b) = gb' == (7.24)

Note that we are dealing with local operators, which do not contain any spatial integration.
Consequently, Eq. differs from Eq. by a factor of b. Here the factor b denotes
the ratio of momentum space cutoffs before and after the RG procedure: b = A/Ag. In
our model of helical fermions, the original momentum cutoff is given by A = ko The
RG has to be stopped at an effective cutoff A.g given by the largest energy scale in the
problem.

In our case we have a competition between the temperature T, the inverse transport
scattering time 7~! and the frequency w. Because we assume weak disorder, the condition
T'1 > 1 always holds. Consequently, we can have the following two hierarchies of energy
scales in the AC limit: (i) 7> w > 7! and (ii) w > T > 7=, Furthermore, in the DC
limit the frequency vanishes and we are left with the condition (iii) 7> 77! > w.

In the cases (i) and (iii) the effective cutoff is given by the temperature, Aeg = 17" and we
obtain b = ko7 ~'. Therefore, the RG equation Eq. 1} becomes

g(T) = g(0) (Thy 1 )>71 (7.25)

On the other hand, in the regime (ii) the RG is stopped by frequency and we have

At (7.26)

-1

g(w) = g(0) (wky)

Using these RG equation and the scaling dimensions Eq. (7.23), we can include Luttinger
liquid effects into our previous calculations through the renormalized coupling constants.
We have to be careful however for there is one further sublety. The structure of the kinetic
equation already incorporates the engineering dimension of the respective operator. For

example the scattering time due to the inelastic processes is proportional to (T/kg)~* =

(T/ko)_Z(AIP,Kzl_l).

!This is true for a generic HLL. If the HLL describes the edge states of a 2D TI, the cutoff of the theory
is given by the bulk gap.
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84 7. Luttinger liquid effects

Consequently, we have to split the scaling dimension of an operator into the engineering
dimension (given by the value at K=1) and the rest, the anomalous dimension. We obtain

A113',6 :3a A1P,an =K — 1, (727)
Agpe =4, Agpan = 4K — 4. (7.28)

While the engineering dimension always scales with temperature, the anomalous dimen-
sion scales with the highest energy scale of the problem. In the regimes (i) and (iii) the
highest energy scale is given by the temperature while in the regime (ii) we have Aeg = w.
The kinetic equation already contains the part of the coupling constant that scales as
(Thy )™
scales as (Aeffko_ 1) . Because of the fact that the inverse scattering time depends on
the square of the coupling constant, i.e. 7 ~ ¢~2, we obtain altered power laws for the
temperature dependance due to the anomalous scaling dimensions

Ae —2K+42 Ae —8K+8
mp ~ (= . Top ~ f - (7.29)
ko kO

. Therefore Luttinger liquid effects arise only from the anomalous part that

Aan

Let us summarize. If we include the renormalized coupling constants, the expressions for
the scattering time listed in Tab. gain non-universal power laws, where the exponent
depends on the Luttinger liquid constant K. This in turn affects the conductivity in the
AC and DC limit. For completeness we state the explicit form of the conductivity in the
considered regimes:

e (i) AC limit, where 7> w > 771

ney | 262 32 ¢2 ) ) 2K+2
= —103.902= —— k5 (Vo U, = , 7.30
91p (—iw)h v (—iw)th p #(VoUo) (ko) ( )
2¢2 64 2¢2 7\ 32
WO % 75797 Ny ————— k: (UgVo)? | — ) 7.31
Oop (—iw)h 7T4n ph(—iw)2 F( 0 0) kO ( )

e (ii) AC limit, where w > T > 77}

2¢2 32 2 TN\ [ w)\?K2
(AC) — —103.902=2 ——nuok 2 (VoUo)? | — = 7.32
1P T o) T (Ciw)2h P r(Volho) ko) \ko » (7:32)
2¢2 64 2¢2 TN\S /w38
(AC) 4 2
— 175797 — iy ———— k - dl . .
o® =i T57.97 0 P i)? 4 (UoVo) (k()) <k0> (7.33)

e (iii) DC limit, T > 77! > w

(DC) 2 w 1 T\
—23 % 10" (= 7.34
B N VA AT <k> | (734
4 1 T —8K+2
(DC) 4 93 % 10~3 l . 7.35
72p Mimp 64KEU2VE \ o (7.35)

While the unusual frequency dependance in regime (ii) is most interesting a physical in-
terpretation of the result was not within the scope of this thesis.
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two particle two particle inelastic dominant
relevant dominant

1/4 2/3 K

\/

Figure 7.1.: Parameter ranges of the LL parameter in which certain scattering mechanism are
dominant.

Apart from the renormalization of the power laws determining conductivity we can also
use the scaling dimensions Eq. to make general statements about the respective
relevance of the two operators. Applying our results from Sec. to the case of local
operators we can argue that an operator with scaling dimension A is relevant if A < 1 and
irrelevant if A > 1. Consequently, the single particle process is always irrelevant while the
two particle process is irrelevant for K > 1/4 and becomes relevant for K < 1/4. For the
parameter regime K > 2/3 the inelastic scattering process provides the primary scattering
mechanism. However, for K < 2/3 the two particle process becomes dominant. This is
in agreement with our treatment of weakly interacting electrons in Sec. There we
find that the inelastic process leads to conductivity corrections scaling as 7% in the low
temperature limit. They are therefore more relevant than the corresponding corrections
due to two particle scattering that go as 7°. The parameter ranges of the LL parameter
K for the importance of different scattering mechanism are depicted in Fig.
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8. Summary and Conclusion

The goal of this work was to study transport in the edge channels of two dimensional topo-
logical insulators under the combined effect of disorder and interactions. To accomplish
this, we first derived a microscopic model describing one-dimensional helical fermions in
Sec. [2.2.4] There we considered one-dimensional electrons subject to interactions in the
density-density channel and a local, nonmagnetic impurity. Furthermore, due to the pres-
ence of spin-orbit coupling the S, symmetry of the electrons is broken. To characterize
transport properties we calculated the conductivity of helical fermions in the high frequency
and low frequency case. This was done using a kinetic equation approach in an infinite
wire geometry and for different regimes of temperature. Finally, including Luttinger liquid
effects we find altered power laws of the temperature dependance of conductivity.

AC conductivity

In Ch. |5 we calculated the AC conductivity of an infinite wire of helical fermions. At
first we neglected Luttinger liquid effects which enabled us to use a kinetic equation to de-
scribe electronic quasiparticles. Scattering terms were included using a generalized Fermi’s
golden rule. We did perturbation theory in (i) the T-matrix, valid for weak disorder and
interaction strength, and (ii) high frequencies.

Without any scattering mechanism the conductivity is given by: (¥ = 22 /h(—iw), i.e.
the conductance is perfectly quantized. In a clean system there are corrections to this
result due to g5 interaction processes that scale as T° at high temperatures (Eq. |5.54)
and are exponentially suppressed, as can be shown using phase space arguments, at low
temperatures (Eq. . As expected impurity scattering alone does not influence con-
ductivity because of the topological protection. In the second order of the T-matrix the
leading contribution in the low temperature regime originates from combined effects of
disorder and interactions and gives rise to corrections scaling as 7. Our results can be
mapped to a short wire, with length Leg by the formal substitution (—iw) — Le_ﬁl. This
enables us to make predictions about the conductance of such systems as well. We find
that the results of our perturbation theory are in agreement with Ref. [11].

Complementary, we derived an effective Hamiltonian incorporating combined effects of
disorder and impurity scattering using an operator product expansion. The obtained
terms describe the most relevant scattering mechanism in the low energy regime and agree
with the terms considered in Ref. [12]. Corrections to conductivity were derived using the
same kinetic equation formalism as before and we find that the leading order correction
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comes from inelastic scattering processes and goes as T:

2
a 32 e2 krVoUy 4

Although this approach yields the same power law in temperature as the perturbative one,
we find corrections that are lower order in impurity strength and momentum cutoff kg
compared to the perturbation theory. This is not yet understood and has to be studied in
future work.

DC conductivity

Ch. [6| was devoted to the study of transport in the low frequency limit. We studied the
DC limit for gs, inelastic and two particle processes by deriving exact integral equations
from the kinetic equation formalism and solving them approximatively in different regimes
of temperature. The combination of this analytical treatment and numerics allows us to
calculate the exact DC conductivity for the most relevant cases. We find that the resistivity
is dominated by the contribution due to inelastic scattering processes. The corresponding
DC conductivity is given by:

2¢2 Pl k2 2
=""93x1072 0 T4, 8.2
I = T K <U0V0> (82)

Furthermore, even in the case of clean systems the DC conductivity is not infinite as
opposed to the case of a conventional Luttinger liquid. Indeed, g5 terms lead to an expo-
nentially big, but finite DC conductivity in the low temperature limit, given in Eq. (6.51).

Finally, comparing the low frequency results and the high frequency dependance we find
slight discrepancies in the numerical prefactors of the scattering time. Therefore we con-
clude that in most cases the conductivity behaves marginally different than expected from
Drude’s law, Eq. . Moreover, the g5 term shows peculiar behavior at low temper-
atures due to the special state at zero momentum. This is discussed in Sec. All
results and the comparison between the AC and DC limit are depicted in Tab.

Luttinger liquid effects

Lastly, in Ch. we bosonized the effective model and used scaling arguments to show
that Luttinger liquid effects will renormalize the power laws governing the temperature
dependance of conductivity. For weak impurity strength, T'7 > 1 we discuss three different
hierarchies of energy scales and the respective results for conductivity. For the most
relevant case we find:

e (i) AC limit, where T > w > 771
2 3 2

2e 2 e
(AC)
= —103.902— ————
1P T (Cio)h 7 (—iw)2h

T 2K+2
Rk (VoUl)? <k0)

e (ii) AC limit, where w > T > 771

2¢? 32 e? TN\* (w22
(AC) 2 2
= —103.902— ——nimpk 7 (VoU — — . 8.4
71p (—iw)h 74 (—iw)2hn pkr(Vol) <k0> <k0) (84)

e (iii) DC limit, T > 7! > w

4 —2K—2
(C) o T 1 T

88



89

Here K is the Luttinger liquid parameter. Additionally, we classify parameter regimes of
K where scattering processes may become relevant.

Outlook

The current experimental situation (see Ref. [6]) suggests that the conductance of a long
wire is smaller than that of a short wire by roughly one magnitude. Furthermore, there
is no evidence of a temperature dependant conductance. This is in clear contrast to the
developed theory. All scattering mechanisms clearly give temperature dependant results
for transport properties. The one exception to this is the g5 interaction which was shown to
be temperature independant in some regime of system length (see Sec. . This regime
has to be studied in more detail. In particular it might become important to include
boundary conditions allowing for a large but finite system length. Another possibility is
that weak localisation corrections lead to the increase in resistance.

The theory developed in Refs. 44 gives a fairly complete overall picture of localiza-
tion effects in usual one-dimensional systems. At high temperatures, interaction-induced
dephasing is strong, and one may consider the limit when the dephasing time 74 is much
less than the transport scattering time 7. In this limit one nevertheless finds a negative
weak-localization correction to conductance due to constructive interference of coherent
electron paths. In order to be coherent, these paths originate from impurity configurations
which are anomolously close together - the low probability of such configurations being
reflected in the parametrically small prefactor (7,/7r)? in front of the weak localization
correction. The formalism for treating this limit is based on a perturbative treatment of
disorder within a functional bosonization approach — this method is very general and has
been recently extended to two-leg ladders [46].

The difference between this case and the HLL is that there is no elastic scattering off
disorder in the HLL - which means that at least phenomenologically, the disorder scattering
itself contributes to the dephasing time. The insight we have gained from our kinetic
equation approach may be used as input to adapt the functional bosonization approach,
where we fully expect that the weak-localization correction will still be present, but with a
modified prefactor. Going beyond this weak-localization regime, the question then remains:
can the limit of 74/7 ~ 1 ever be reached in such a system? In the usual model of
quantum wires, the two parameters could be controlled independently: i, is a function of
disorder strength, while 7, depends on the strength of interactions; and both also depend
on temperature. On the other hand, in the present case of no elastic scattering and only
inelastic scattering off the impurities, then 7, acquires a crucial dependence on the strength
of interactions, while 74 presumably is affected by disorder. When these dependencies are
better understood, one would be in a position to answer the question on whether a strong
localization regime (which occurs when 7,/7, 2 1) may ever be reached in this system.
In other words, one would be able to explore whether the topological protection from
localization necessarily persists in the presence of interaction, or else, it may be broken.

All in all, the study of topological insulators remains an exciting research field of contem-
porary condensed matter theory, which continues to pose many interesting challenges to
theorists.
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9. Deutsche Zusammenfassung

9.1. Motivation

Topologie, Unordnung und starke Korrelationen in niedrigdimensionalen Systemen sind
paradigmatische Konzepte in der modernen Theorie kondensierter Materie. Materialien
in welchen die Kombination dieser Elemente eine herausragende Rolle spielt, sind zwei-
dimensionale Zs topologische Isolatoren 3, 4} [5]. Zo topologische Isolatoren sind
neuartige Zustdnde von Quantenmaterie, die nicht kontinuierlich mit gewohnlichen Isola-
toren und Halbleitern in Verbindung gebracht werden kénnen. Charakteristisch fiir die-
se Klasse von Materialien ist eine isolierende Bandliicke im Kristallinneren und leitende
Rand- oder Oberflichenzustéinde. Diese Randzustdnde unterscheiden sich fundamental von
bekannten eindimensionalen Quantenfliissigkeiten, die durch die Theorie der Luttingerfliis-
sigkeit beschrieben werden. Durch die Kombination von Zeitumkehrinvarianz und starker
Spin-Bahn-Kopplung sind die Randzustéinde topologisch vor Streuung durch Unordnung
geschiitzt und besitzen iiberdies die ungewohnliche Eigenschaft, dass Spin und Impuls der
Quasiteilchen der Fliissigkeit gekoppelt sind. Aufgrund dieser wohldefinierten Projektion
des Spins auf die Impulsrichtung bezeichnet man die eindimensionalen Randzusténde als
yhelikale Luttinger Fliissigkeit*.

In solchen Systemen (zuerst in HgTe/CdTe Heterostrukturen experimentell nachgewiesen
[5]) wurden zwei unterschiedliche isolierende Phasen gefunden, die beide eine isolierende
Bandliicke im Kristallinneren besitzen, sich aber in den Eigenschaften der Randzustdnde
unterscheiden. Wahrend die gewdhnliche, isolierende Phase keine Randzusténde besitzt,
ist der topologisch nichttriviale Isolator durch die Existenz von paarweise zeitumgekehr-
ten, delokalisierten Randzusténden charakterisiert, welche die Bandliicke {iberbriicken. Ei-
ne solche Konfiguration weist den Quanten-Spin-Hall-Effekt (QSHE) auf, der theoretisch
fiir ein Modellsystem von Graphen mit Spin-Bahn-Kopplung vorhergesagt wurde [3]. Der
Phaseniibergang zwischen den beiden Isolatorphasen geschieht durch Invertieren der Band-
liicke [4].

Transporteigenschaften von HgTe/CdTe Strukturen in der topologisch nichttrivialen Phase
wurden in Ref. [5] untersucht. Die Autoren fanden, dass das System einen Phaseniibergang
zum topologischen Isolator vollzieht, sobald die Breite der HgTe Schicht einen kritischen
Wert {iberschreitet. In diesem Regime wurde ein Leitwert von nahezu dem Leitwertquant
2¢%/h gemessen, was fiir ballistischen Transport in QSH Zustéinden zu erwarten ist. Je-
doch wurden auch merkliche Abweichungen von diesem Wert fiir zunehmende Systemgro-
Ben festgestellt. So berichten aktuelle Experimente [6] von Transportmessungen iiber sehr
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lange Distanzen (von der Ordnung 1mm) bei denen der Leitwert um eine Grofilenordnung
von dem zu erwarteten Leitwertquant abweicht. Mogliche Ursachen fiir dieses Verhalten,
Zweiteilchen-Streuprozesse oder Kondo-Verunreinigungen, wurden in Ref. [7] (8] [9] dis-
kutiert. Zudem wurden kiirzlich die Auswirkungen von inelastischen Streuprozessen auf
das Transportverhalten untersucht [12]. Alle Versffentlichungen beschréanken sich je-
doch auf die Erforschung kleiner Systemléngen, wohingegen makroskopische Proben noch
nicht theoretisch untersucht wurden.

Neben zweidimensionalen topologischen Isolatoren wurde auch die Existenz dreidimensio-
naler Zs topologischer Isolatoren experimentell nachgewiesen, z.B. bei der Untersuchung
von Bij_,;Sb, Kristallen in Ref. [13]. In diesem Fall fiithrt die Oberfléche zur Existenz eines
2D topologisch geschiitzten Metalls. Ahnlich zum 2D Fall fithrt die Inversion der 3D Band-
liicke zur Entstehung einer ungeraden Anzahl zweidimensionaler Oberflichenmoden [14].
Zahlreiche experimentelle Gruppen untersuchen zur Zeit die Transporteigenschaften dieser
Oberflichenzusténde.

Auch Supraleiter kénnen topologischen Charakter besitzen. In diesem Fall hat der Stoff
eine supraleitende Bandliicke im Kristallinneren, besitzt aber leitende Quasiteilchen an
der Oberflache. Betrachtet man Spin-Triplet-Supraleiter so haben diese Quasiteilchen den
Charakter von Majorana-Fermionen [15]. Da derartige Systeme zum Aufbau topologischer
Quantenrechner dienen kénnten, erhalten sie im Moment grofle Aufmerksamkeit.

In dieser Diplomarbeit untersuchen wir den kombinierten Einfluss von Stérstellen und
Wechselwirkung auf makroskopische Proben zweidimensionaler, topologischer Isolatoren.
Abgesehen von der Bedeutung fiir die Grundlagenforschung ist die systematische Unter-
suchung dieser Effekte auch von groflem Interesse fiir potenzielle technologische Anwen-
dungen wie z.B. im Bereich der Spintronik. Um die Effekte von Unordnung und Wech-
selwirkung zu beschreiben stellen wir zunéchst ein mikroskopisches Modell fiir helikale
Fermionen unter dem Einfluss von schwacher Unordnung und Wechselwirkung sowie mit
gebrochener S, Symmetrie auf. Daraufhin berechnen wir die Gleichstrom- und Wechsel-
stromleitfadhigkeit in verschiedenen Temperaturbereichen durch Losung der quasiklassi-
schen Boltzmann-Gleichung. Dies ermoglicht es uns Aussagen iiber die Robustheit des to-
pologischen Schutzes zu treffen und die relevantesten Streumechanismen zu identifizieren.
SchlieBlich binden wir Luttinger-Fliissigkeitseffekte mit ein, die das algebraische Verhalten
der Temperaturabhingigkeit der Leitfahigkeit verindern.

9.2. Aufbau der Diplomarbeit

Diese Diplomarbeit ist wie folgt strukturiert. Im ersten Teil, Kap. werden die Grund-
lagen fiir die weitere Arbeit geschaffen.

Kap. [2| beschiiftigt sich mit topologischen Isolatoren. Zuniichst geben wir einen Uberblick
iiber die Rolle der Topologie in der Theorie kondensierter Materie. Anschliefend bespre-
chen wir Zy topologische Isolatoren und ihre experimentelle Realisierung. Insbesondere
zeigen wir, dass die leitenden Zustédnde, die an den Réndern des Isolators entstehen, durch
eindimensionale helikale Fermionen beschrieben werden kénnen.

Dies stellt die Motivation dar um uns in Kap. [3| mit den Grundlagen eindimensionaler
Quantenphysik vertraut zu machen. In diesem Kapitel besprechen wir die Effekte von
Wechselwirkung und Unordnung in niedrigdimensionalen Systemen. Zudem werden wich-
tige Modelle und theoretische Werkzeuge zur Beschreibung eindimensionaler Physik dis-
kutiert.

SchlieBlich stellen wir in Kap. |4|den Keldysh Formalismus vor, der in der Lage ist Systeme
im Nicht-Gleichgewicht zu beschreiben. Zunichst leiten wir die Boltzmann-Gleichung aus
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der iibergeordneten Theorie her um sie dann auf helikale Fermionen anzuwenden. Die
Ergebnisse bilden die Grundlage fiir die Berechnung von Transporteigenschaften helikaler
Fermionen, die im Hauptteil durchgefiihrt wird.

Das Ziel dieser Diplomarbeit ist die Untersuchung von Transporteigenschaften helikaler
Randzustéinde unter dem Einfluss von Unordnung und Wechselwirkung. Diese Zielsetzung
wird in drei Schritten erreicht. Zunéichst berechnen wir die Leitfahigkeit fiir hohe Frequen-
zen durch Losen der quasiklassischen Boltzmanngleichung in Kap. bl Zudem nutzen wir
Methoden der konformen Feldtheorie um einen effektiven Hamiltonoperator herzuleiten,
der die wichtigsten Streumechanismen beinhaltet. Dies erlaubt uns die Ergebnisse beider
Ansétze zu vergleichen. In Kap. [6| nutzen wir sowohl exakte analytische Umformungen als
auch numerische Berechnungen um die Integro-Differenzialgleichungen zu l6sen, die aus
der Boltzmann-Gleichung herleitet werden. Dies erlaubt es uns Aussagen iiber die Leit-
fahigkeit der Randzusténde bei niedrigen Frequenzen zu machen. Schliellich nutzen wir
in Kap. |7| die Methode der Bosonisierung sowie der Renormierungsgruppe um Luttinger-
Fliissigkeitseffekte mit einzubinden.

9.3. Ergebnisse

In Kap. 5| berechneten wir die Leitfihigkeit von helikalen Fermionen in einem unend-
lich ausgedehnten Quantendraht bei hohen Frequenzen. Zunéchst vernachléssigten wir
Luttinger-Fliissigkeitseffekte, was uns in die Lage versetzte die Elektronen durch eine qua-
siklassische Boltzmann-Gleichung zu beschreiben. Streuterme wurden mit Fermis goldener
Regel mit einbezogen. Wir fiihrten eine perturbative Entwicklung sowohl in hohen Fre-
quenzen als auch in Ordnungen der T-Matrix durch. Dies ist erlaubt unter der Annahme
von schwacher Elektron-Elektron-Wechselwirkung und schwacher Storstellenstreuung.

In Abwesenheit jeglicher Streumechanismen ist die Leitfihigkeit: 0(*) = 2¢2/h(—iw), d.h.
der entsprechende Leitwert ist exakt quantisiert. In reinen Systemen gibt es Korrekturen
zur Leitfahigkeit aufgrund von g5 Wechselwirkungsprozessen. Diese fiihren zu einer Tempe-
raturabhiingigkeit von 7° bei hohen Temperaturen (Gl. , sind jedoch thermisch ange-
regt bei niedrigen Temperaturen (GI.[5.51). Dies ist durch einfache Phasenraumargumente
versténdlich und wird in Kap. diskutiert. Wie erwartet beeinflusst Storstellenstreu-
ung die Transporteigenschaften aufgrund des topologischen Schutzes nicht. Die fiihren-
den Korrekturen in zweiter Ordnung der T-Matrix stammen von kombinierten Prozessen
von Wechselwirkung und Stoérstellenstreuung. Die Temperaturabhéngigkeit aufgrund die-
ser Prozesse ist 7. Die Ergebnisse kénnen mit denen fiir kurze Quantendrihte verglichen
werden, indem wir die formale Substitution (—iw) — L7 durchfithren. Dies erlaubt es uns
die Leitfdhigkeit bei hohen Frequenzen in einem langen Draht mit dem Gleichstromleit-
wert eines kurzen Drahtes zu vergleichen. Wir stellen fest das unsere Resultate mit denen
fritherer Veroffentlichungen iibereinstimmen.

Komplementar hierzu nutzten wir eine ,operator product expansion“ um einen effekti-
ven Hamiltonoperator herzuleiten, welcher die kombinierten Streuprozesse aus Storstel-
lenstreuung und Wechselwirkung beinhaltet. Die erhaltenen Terme stimmen mit denen
aus Ref. iiberein. Nun berechneten wir die fithrenden Korrekturen zur Leitfahigkeit
mit demselben quasiklassischen Formalismus wie zuvor. Wir kommen zu dem Ergebniss,
dass bei niedrigen Temperaturen inelastische Streuprozesse am relevantesten sind und zu
Korrekturen proportional T fithren:

32 2 krVoUo \ 2
afjg:—losgozgein < A 0) T, (9.1)

(—iw)2h P k2
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Obwohl dieses Vorgehen auf die gleiche Temperaturabhingigkeit der Leitfdhigkeit fithrt,
finden wir eine unterschiedliche Abhéngigkeit von der Storstellenstéirke Uy und dem Grenz-
impuls kg. Diese Abhéngigkeit ist nicht verstanden und muss noch weiter untersucht wer-
den.

Kap. 6 beschiftigte sich mit dem Transportverhalten bei niedrigen Frequenzen. Wir unter-
suchten die Effekte von g5-, inelastischen- und Zweiteilchen-Streuprozessen in unterschied-
lichen Temperaturbereichen. Die Kombination von analytischen Manipulationen und nu-
merischen Berechnungen erlaubte es uns die Leitfdhigkeit fiir die relevantesten Prozesse
exakt zu bestimmen. Wiederum stellen sich inelastische Prozesse als primérer Streume-
chanismus heraus und wir finden die Leitfihigkeit:

2¢2 7t k2 2
=" 93x1072 0 T4, 9.2
ope =7, AR N (L@V@) (92)

Zudem zeigen wir, dass selbst in reinen Proben die Gleichstromleitfahigkeit nicht unendlich
grof} ist, da g5 Prozesse zu einer exponentiell hohen aber endlichen Leitfahigkeit fithren

(siche Gl. (6.51).

SchlieBlich sind wir in der Lage Gleich-und Wechselstromleitfdhigkeiten zu vergleichen. Wir
kommen zu dem Ergebniss, dass die Leitfihigkeit aufgrund unterschiedlicher numerischer
Vorfaktoren in den meisten Fillen leicht von dem Drude Gesetz, Gl. (5.29), abweicht. g5
Prozesse zeigen ein besonders interresantes Verhalten bei tiefen Temperaturen aufgrund
des speziellen Zustands bei Impuls Null. Dies wird niher in Kap. erliutert. Alle
Ergebnisse und der Vergleich zwischen Gleich-und Wechselstromleitfahigkeit kénnen der
Tablle entnommen werden.

In Kap. bosonisieren wir das effektive Modell und fithren einen Renormierungsgrup-
penschritt durch um die renormierten Kopplungskonstanten der Theorie zu erhalten. Diese
verdndern die Potenz der Temperaturabhéingigkeit der Leitfihigkeit. Wir beschriinken uns
auf schwache Storstellenstreung, 7't > 1 und identifizieren drei unterschiedliche Regime
fiir Transporteigenschaften. Fiir den inelastischen Streuprozess finden wir folgende Ergeb-
nisse in den unterschiedlichen Bereichen:

e (i) Hohe Frequenzen im Bereich 7' > w > 77!

262 32 e2
(A0 — —103.902—= ——
TP T o) 4 (—iw)2h

2K+2
Nimpk s (VoUp)? () . (9.3)

e (ii) Hohe Frequenzen im Bereich w > T > 71

2¢2 32 €2 TN\* (w2
)= —103.902= ————nimpkr(VoUo)* | — | | — . (94
o1p (—iw)h 4 (—iw)th p F( 0 0) kO kO ( )

e (iii) Niedrige Frequenzen im Bereich T'>> 771 > w

4 —2K—2
(DC) g T 1 T
=2.3x10 ———— | — . 9.5
o a0 s () o

Dabei ist K der Luttingerfliissigkeitsparameter. Schliellich sind wir in der Lage Parame-
terregime zu identifizieren in denen Streuprozesse relevant (im Sinne der Renormierungs-
gruppe) werden kénnten.
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9.4. Ausblick

Die derzeitige experimentelle Situation (siche Ref. [6]) legt nahe, dass der Leitwert fiir
lange Proben um eine Gréflenordnung kleiner ist als fiir kurze. Zudem gibt es keine An-
zeichen von Temperaturabhéingigkeit der Leitfdhigkeit. Dies ist in klarem Widerspruch zu
der entwickelten Theorie. Alle Streumechanismen fiihren zu deutlichen Temperaturabhén-
gigkeiten fiir Transporteigenschaften. Die einzige Ausnahme sind g5 Wechselwirkungen,
welche in gewissen Bereichen der Systemlidnge temperaturunabhéingig sind. Dieses Regime
muss genauer untersucht werden. Insbesondere kénnte es sich als entscheidend erweisen
realistische Randbedingungen anzunehmen um einen makroskopisch langen, aber endli-
chen, Quantendraht zu simulieren. Ein anderer Ansatz ist die Untersuchung von schwachen
Lokalisierungseffekten.

In gewohnlichen eindimensionalen Systemen wird Lokalisierung nahezu vollstédndig durch
die Theorie, die in Ref. [44], entwickelt wurde, beschrieben. Im Regime hoher Tem-
peraturen ist die wechselwirkungsinduzierte Dephasierung grof3. Betrachtet man jedoch
die Situation, dass die Dephasierungsdauer 74 viel kleiner als die Transportstreuzeit 7,
ist, so findet man nichtsdestotrotz eine negative Korrektur zum Leitwert durch schwa-
che Lokalisierung. Verantwortlich dafiir sind konstruktive Interferenzeffekte kohérenter
Elektronenpfade. Um kohérent zu sein, miissen diese Pfade von Storstellenkonfigurationen
stammen, die anomal nahe beieinander liegen. Die geringe Wahrscheinlichkeit derartiger
Konfigurationen spiegelt sich im parametrisch kleinen Vorfaktor (74/7¢,)? der schwachen
Lokalisierungskorrektur wieder. Der verwendete Formalismus zur Beschreibung der Pro-
blemstellung basiert auf einer perturbativen Behandlung von Storstellen im Rahmen der
funktionalen Bosonisierung. Kiirzlich wurde diese Methode erfolgreich zur Beschreibung
schwacher Lokalisierung in zweisprossigen Leitermodellen verwendet [46], was ihre weitrei-
chenden Anwendungsmoglichkeiten unter Beweis stellt.

Der fundamentale Unterschied zwischen diesem System und dem HLL ist, das im Letzte-
ren keine elastische Streuung durch Storstellen existiert. Somit vermuten wir, wenigstens
phinomenologisch, dass die Storstellenstreuung selbst zur Dephasierung beitriagt. Unsere
bisherige Untersuchung der inelastischen Streuprozesse durch die quantenkinetische Glei-
chung hat uns wertvolle Einblicke in die zugrundeliegende Physik dieser Vorgéinge gewahrt.
Somit wird es méglich sein den bestehenden Formalismus zur Behandlung schwacher Lo-
kalisierung in HLL anzupassen. Wir erwarten dabei, dass die Korrektur durch schwache
Lokalisierung bestehen bleibt, der Vorfaktor jedoch verschieden sein wird. Geht man iiber-
dies iiber das Regime der schwachen Lokalisierung hinaus, stellt sich zunéchst die Frage,
ob das Regime 74/7, ~ 1 tiberhaupt je erreicht werden kann. In bisherigen Modellen
fir Quantendréhte waren 74 und i, unabhéngig voneinander einstellbar: wihrend 74 eine
Funktion der Storstellenstérke ist, hingt 7, von der Wechselwirkungsstéirke ab. Im Fall
des HLL ist die Situation weit komplexer: es gibt keine elastische, sondern nur inelasti-
sche Streuung durch Storstellen und somit wird 7t von der Stérke der Storstellenstreuung
abhingig, wihrend 7,4 vorraussichtlich eine Abhéngigkeit von der Wechselwirkungsstérke
erhélt. Sobald diese Abhéngigkeiten verstanden sind, wird man in der Lage sein die Frage
nach der Existenz eines stark lokalisierten Regimes (das bei 74/7, 2 1 auftritt) zu beant-
worten.

Zusammenfassend sollte untersucht werden, ob der topologische Schutz auch in Anwesen-
heit von Wechselwirkung und Stoérstellen bestehen bleibt oder gebrochen wird.

Die Untersuchung topologischer Isolatoren bleibt also weiterhin ein aufregendes Forschungs-
gebiet der Theorie kondensierter Materie, welches viele interessante Probleme fiir Theore-
tiker aufwirft.
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Appendix

A. Derivation of the g-ology in the HLL

Here we derive a equivalent representation of the model describing helical edge states. The
interaction hamiltonian we derived in Sec. is:

Hiny = %Z Z V(q) [BI:B]?*Q}

[B;Bpﬂ] wl:,m wk*q,nz Q/JITJ,nswP-S-qma (10-1)
2 713,14
kgp M n2m3N4

m,m
where the matrix elements are given by:
[B’ZBP} na’ = Opay + 1 577777’(]“2 - %) (10.2)

We combine the two equations and keep only the terms containing one chirality factor
which we will call g5 terms. Let us look at these g5 terms specifically and rewrite them in
two ways,

- %
Hs :fo Z Z (116717 O (K2 = (k = @)%) + 13655, 0n1mo (0° — (p — 0)*)]
kpq mim2msna (10.3)

4 .
wk,m wfims Vp+g,m4 Vk—g,m2

Vo e s R
=23 [ = (= 9L, 0y Pam Vi
kpq mins

R R R N 10.4
+n3(p” — (p+ Q)2)1/)1:,771w;,nswp+q,ﬁ3¢k—q,n1 . (104)

v~

mens: me2—o+a)2)0L . b Poram Pr-gng

Now we decompose the sum over 73 into parts with 73 = n; and n3 = 71 to get

Hs Zf Z Z n [(k’Q — (k- 6])2){¢£,n¢;,n¢p+q,n¢k—q,ﬁ + wit;mwg,ﬁwpﬂﬁwk—q,ﬁ} (10.5)
kpg n

+ (= (p+ Q)Q){wlz,n%ﬁ,nqﬂpﬂﬂwk—q,n + ¢Z,ﬁ¢;,n¢p+q7ﬁwk—q,ﬁ}] . (10.6)
There are now two possibilities to combine these terms:

i) With the substitution (k > p), ¢ — —¢ in line (10.6) the two lines become identical
and add up. This leads to the g5 terms in Eq. (2.37).

ii) The next combination is more tricky. Consider the second term in line (10.6). With
the sequence of substitutions (k <> p), ¢ — ¢ — k + p it takes a similar form to line

(10.5) and they add to form:

((p+ 0 = (k= )L, 0} b ranth—gn (10.7)
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Under the sequence p - p—q, k — k+q, p & k, ¢ — —q this combination takes

the form:
(kz - pz)lﬂlt—s-q,ﬁl&;—qmlﬁpﬁqﬁk,ﬁ' (10.8)
Now look at the first term in line (10.6) and perform the shifts ¢ — ¢ — p + k and
q — —q to get:
(* — (k — )?WL, 0} kgt (10.9)
p q kn¥YpnYE—q,n¥ptan .

which can be combined with the corresponding term in line to obtain:
(kQ - pz)qﬁ,n@;m?&p—#q,n&k—qﬁ' (10.10)
After renaming k <+ p and reordering the operators we end up with:
— (kK = P)OL b g riam (10.11)

This is just the hermitian conjugate of (the additional -1 comes from the fact
that n and 7] are reversed and there is an additional prefactor of 7).
Combining this form of the g5 terms and the expression for the interaction Hamilto-
nian in Eq. we can decompose the sum over 1’ in terms ' = n and ' = 7 to
obtain the following alternative form of the interaction hamiltonian:

] Yo PR B 7 PRS- 7
Hint = I Z wn,ki/}%,pz/’n,p-kqwn,qu +¢n,k¢ﬁ,p¢ﬁm+qwn,k*q

k.p,am
K2 —p® or o4 o o
- N\ Vn ktrqVnp—q¥np¥nk + hoc.
kg (Fnsrap-hnaty ) (10.12)
(F-k-9%)0*—0+9%) (4 - -
+ ké (%,Wﬁ,p%,pw%k—q

+ %,kw%,pwﬁ,quwn,pﬂ) :

B. Calculations for the perturbation theory in the first order
of the T matrix

Here we calculate the corrections to AC conductivity due to the interaction hamilto-

nian (10.12)) in first order of the T-matrix.
g4 process
First we calculate the matrix elements:
k NN R A
AT = (Ouridardbl b ytbptqn P —qn 1 0310) (10.13)
= 5777771/571,772/ 577,771 577,772 (5k7k2/ 5p,k1/ - (1, < 21)) <5qu,k15p+q,kz - (1 < 2)) : (10-14)

If we sum this expression over all internal degrees of freedom it vanishes i.e.

Vo k
=Y AR =o. (10.15)

k,p,qn

Therefore there are no matrix elements for g4 processes. Indeed transformed to real space
the corresponding operator is local (%Z)jﬂﬁ;wn@bn)(x) and therefore vanishes due to fermionic
anticommutation relations.
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B. Calculations for the perturbation theory in the first order of the T' matrix 103

go process
The matrix elements read:

APBIT, = (Ofpr o], bh bpqtbh—qambebd|0) (10.16)
= (6k7k2’ 6p7k1’ 6777772/ 677771/ - (1/ e 2/)) (6k—q7k15p+q7k257777715777772 - (1 < 2)) N (1017)

If summed over internal momenta and chiralities we get:

kpgn _ VO _ _
E : A121/2/ = E :[5777712/57777715777711/5?77772 - 571,171/ 577,7115777712/5777772

k
R ! (10.18)
- 5777772’ 6777772 6777771/ 6777771 + 6777771/ 5777772 5777772’ 6777771}

X Oky kg kys ey

By using the symmetry properties of C the collision integral yields:

Ikl’nl =—2r Z 4C(k1 7”1)(k27ﬁ1)1(k1’ ,771)(1@2/ 7ﬁ1)5k1+k27k1/+k2’ : (1019)
k2,kqr,kgr

The contribution to the conductivity vanishes since >, . It n = 0 as can be readily
checked by using the the symmetries of C.

g3 process
The matrix elements read:
i N mr s oA A A
Algi]g’ = <0’wl/77/}2’w;iynw;,nwp—i-q,ﬁﬂk—q,ﬁwiw;|0> (10.20)
= 5771,7'75772,775771/7775712/,71 (5k7k2/ 5p,k1/ - (1, A 2/)) (5qu,k15p+q,k2 - (1 < 2)) : (10-21)

Now we include the rest of the operator to get:

Vo k

WL Sk = (k- a))P - (p+ )P ABD, (10.22)
k.p,a,m

Vo
2h({k})5k1+k2,k1/+k2/ Z O 772,775171/,775772/,777 (10.23)

n
where we defined the function
h(ky, ko, kv, ko) i= k2 k3 + k2k2 — k2 k3 — k2 k3. (10.24)

For the collision integral one gets:

4V?
Ik’lﬂh —2m kOLOQ Z [ ({k})] (k1,m)(k2,m1), (k‘l/,7]1)(k‘2/,n1)5k1+k2,k1/+k2/ (1025)
ko,kqr,kor

The combination of momentum and energy conservation leads to the constraint k; = —ko
and thus the prefactor vanishes i.e. h({k}) = 0.

g1 process

First we calculate the matrix elements:

Alfgil/nz/ = <0|12}1’1[}2’¢Z7n¢;,ﬁ¢k—q,ﬁ¢p+qm¢1¢$|0> (1026)
= (5k,k2/ Op.kys O, Oy — (1"« 2/)) (Ok—q,k2 Op+q.k1 Onmp O — (1 < 2)) . (10.27)
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Next we calculate the remaining sums to get:

Vo k
ap 2 = (k= 0@ — (0 + )P AT (10.28)
0™ kpan
Vo
:mdkl‘i‘k%kl/-i-ky Z [{(k%’ - k%)(k%’ - k%)‘sm,ﬁ‘snz,n(snll,775772/,77
0 " (10.29)

(e 2N (1o 2)}.
Thus the collision integral takes the form:

4V
kS L2

Ty = =2 ST {3 = B2(kD = kD2 Clts ) kasm k) )

ka2 ks ko (10.30)
— (V0 2)} = (16 2)] Oy bty -
The combination of energy and momentum conservation demands k; = ky/ in the first

term. Therefore the prefactor vanishes and consequently all the terms vanish.

C. Calculations for the perturbation theory in the second
order of the T matrix

First we derive effective initial and final states that incorporate impurity scattering. As
an example we calculate them explicitely for forward scattering;:

12— O F Yo 1 g b
12}, := GoHimp. £]12) = — —_— , 0). 10.31
12); = Gollinp,s[12) = — kaﬁ T i Vet Pk $19510) (10.31)

First we use the algebra of fermionic operators to get:

Db 9410) = (=Bl + ¥10nm e, ) 10) (10.32)

= (0l Onmeks + GO ) 10): (10.33)
With this (10.31) becomes:

— Uy ~ ) . . )
’12>f = f Z GO (_w£2+k/,772¢211,7]1 + ¢’1;51+k/,771¢]12,772) ‘O> (]‘034)
k!

The initial energy is €; = €; + €2, where €, = nk and the action of the Greens function
operator is given by

. 1 1
Gol(k +k/7 ) ka = = ; 10.35
ol (k2 m2) , (k1,m)) €1+ € — eor — €1 +i0 1o (ke — kg — k') + 0 (10.35)
1
=== 10.36
ok’ 440’ (10.36)
A 1
Gol (k1 + K k = 10.37
0’( 1+ 7771)»( 2,72)) ik 470 ( )
Thus we arrive at the expression:
2y, =L g H—1+2)0 10.38
12y = T | i Vel — (1o 2)[ [0) (10.38)
k./
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Analogously we find

Uo / /
(12], = (0 7 Z [k’n " 20% Uyt my — (1 4 2 )} : (10.39)
and for backward scattering
Uo R
12), = L Z [ = k)i o 08— (15 2)] 10y, (10.40)
2, = (020 2l Z [(k/ — kYo, — (1 2’)] . (10.41)

C.1. g4 and ¢, processes combined with backscattering off the impurity

Let us start with g4 and calculate the matrix elements

ATIED =112 | Ha[12), (10.42)
=(k1 = k) O oL 0 Pt g mtot—qmidls 5, 0510) = (1 2) (10.43)
=(k1 — ") 0 ,20m5m0n, mOnsy 1 (Op ke, Ok — (14 27)) (10.44)
X (Ok—q.k'Oks.pta = Optak Ok—qhs) — (14 2),
and
BIRA T =(12/|, Hy|12) (10.45)
:(k - k2')<O|¢1’¢k’,ﬁ2/qﬁli,n@;,nlﬁqum&k—q,nﬂ@‘0> - (1/ AN 2/) (10.46)
:(k/ - k2’)5771,775772,715771/m%yﬁ(ék,k’ép,kl/ - 5p,k’5k1/,k) (10.47)

X (Optg,keOk—q ey — (1 ¢ 2)) = (1 > 2).
After summing over internal momenta and chiralities we find:
Ekpgk’ kpgk’
D> AR =0= Z > BREY. (10.48)
k.p,q k', k.p,q K';n

Therefore this process does not contribute to the conductivity. Next we study go processes
combined with backscattering from the impurity. The corresponding matrix elements are:

AV =12 H[12), (10.49)
=(k = K) (O[] ) sbprqmbe—qnl 5 9310) — (1 4 2) (10.50)
:(kl - k;,)(6p7k1/5k7k2/6n1/,ﬁ57]2/,7] - (1, A 2,)) (10 51)
x (57717ﬁ5n27ﬁ5k7q,k’5p+q,kz - 5771,nénz,n5p+q,k’5k—q7kz) - (1 A 2)»
and
By n =12/, Hy]12) (10.52)
=(K — k) 011y O 0 pqPn—qt19510) = (1 2 2))  (10.53)
:(k/ - k2’)(5k,k’ 5p,k1/5n1/,ﬁ5n2/,’7] - 5k1/,k5p,k’5n1/,n5n2/,n) (10'54)

X (5k1,qu5p+q,k25n1,7757]2,77 - (1 A 2)) - (1I A 2I)-

After summing over internal momenta and chiralities we find that these contributions

vanish too,
kpqk’ kpqk’
SN a0 = TN plran, (10.55)

k,p,q k', k.p,q k',
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C.2. g3 with backscattering
Again we calculate the matrix elements:
AR T =(1'2' | Ha[12),
(k= k)OI o] ] Upsqitbig il 5, 9310) — (165 2)
=(k1 — k/)ém,n(sm,ﬁ(smunéngr,n(ék,kgfép,klf - (1/ AN 2/)>
X (Ok' k—qOp+q.ks — Ok k—qOptq k) — (L 4> 2),

and
BTN =(112/|, Hy[12)
(K = ko) Orthw sy 0L 05 g ok gt} 310) — (17 5 2)
(k/ - k2/)577177757727775771/7776n2/,77(5k,k/5p7k1/ - 5k,k1/5p,k’)
X (O g0k prq — (1 2 2)) — (1 > 2).

(10.56)
(10.57)

(10.58)

(10.59)
(10.60)

(10.61)

After summing over internal momenta and chiralities we arrive after some calculations at:

SN AR — (k- 9D~ (0 +0))

k.,p,q k',

=2 Z 57717n5n27ﬁ5n1/7n5n2/m(k1 + ko — ki — k2’)(k%/ - k%/)
n
X (k% — (k:ll + le — kg)z) — (1 <> 2),

and

SN BIEEIR — (k- 0P~ (0 +9)?)

k.p,q k',

=2 Z S 70,70 Oy (K1 + ko — ks — ko) (k3 — K3)
n
X ((ky + ko — k)2 —K2) — (1" < 2)).

These matrix elements lead to the following expression for the term » ; m/i:

Volo \”
> ol = <kZLg> (=87) Nimp Y _m1 (k1 + kg — k1o — k) [(k% — k3)?
1 0 {k}

X {(kg - (kl, + kzl - k2)2)20(k17771)(]‘527771)7(]{:1’7771)(]{:2’7771)
+ (K = (kv + ko = k1)*)?Clry ) o), (hyr ) gy ) |
+ (kT = K3)*{ (k1 + ko — k1) = K22 Clioy m) oo )s(oyr i) ()

+ (k1 + k2 = ka)® = k32 Cley ) ko) (oyr ) (o) 3 |-

We can combine the terms using the symmetry properties of C'5 179/ to get

VoUo \ 2
> mhL =-32n (kZLg) Nimp S (K = k3)* (k1 + kz — kyr — ko)’
1 0 {k}

x (k1 + ko — k1/)* — k%/)C(kl,R)(kQ,R),(klz,L)(kQ/,R)

Voo \ 2 L\" eE 3
: <k§L2> P (27r> (—iw)T 9(9)
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where we defined the function

g(¢) = /dxldxgdxg (23 — 23)283((%1 + B9 — @3)% — 73)2

x n(xy)n(ze)(l —n(—x3))(1 — n(xy + 22 + x3)).

(10.69)

Here Z12 = 12 + ¢, 3 = v3 — ¢. If ( > 1 we expand the polynomial and take only the
leading order in ¢ to get:

9(¢) = 256¢° / A1 dwadzs (31 — 22)?n(w1)n(22) (1 — n(—3))

(10.70)
x (1 —n(z1 + 2 +a3)) +0(¢7)

~ 256¢% x 103.93 4 o(¢"). (10.71)

C.3. g, with backscattering

We calculate the matrix elements:
AT =(1'2' | [12), (10.72)
= (k1 = ) Olbr o), 00— g 7 ramidls 5,0810) = (1 2) (10.73)
=(k1 — k,)(5711,ﬁ5n2,ﬁ5k/,p+q5k—q7k2 = Oy 02 ,mOk k—qOpq,k2) (10.74)

% (Opyeys Oty Oy 0y — (140 2)) = (145 2),,
and

Bty =12, Hy|12) (10.75)

(K = k) Orr g iy O 08 kg pranP}510) — (17 > 2)) (10.76)
(kj - k?’)(5p,k1/5k,k’5n1/,ﬁ5n2/,ﬁ - 6p,k’5k,k1/ 5771/,775772/,77)

/ , (10.77)
X (5771,ﬁ5n27ﬁ5k17p+q5k‘—q,kz —(1+2)-@1"«2).
Summing over internal degrees of freedom we get after some algebra:
Z ST AR — (k- )@ — (p+9)) (10.78)
k.p,q K',n
=2 Z On1,nOnmOns mOny (K1 + k2 — k1 — ko)
7
<[ = K3 (ow + oy — o) + 3, (83 — 43) (10.79)
+ (k3 — kD) (kv + ko — k1) | —(1 > 2'),
and
SN BN — (k- 00 - (p+9)?) (10.80)
k,p,q k' \n
= 2 Z 6771’776772’775771/77?5772/7ﬁ(k1 + kQ - k]./ - k?’)
n
<[~ K3) (ka4 by — ko) + K303, — B3) (10.81)

(K2 — k) (k4 ko — k1/)2] (1 2).
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Note that g; and g3 processes do not mix when taking the absolute square since they have
distinct chiral factors. Proceeding analogously as in the case of g3 processes, we get for
>~y mlIi after some simplifications:

VoU L\* ¢eE
2771[1—256 <]€2L(2)> Nimp <2ﬂ_> (_Z.w)TTlggl(C)7 (1082)

where we defined the function

gl(C) :/dxldxgdxg i’g[(Q‘fg — i’l)Q(f% — i’%) + (.%1 + 29 — 12'3)2

x (3~ 73) + (265 — 2)2(33 — B)Pn(an)n(r) (1083)

X (1 =n(—x3))(1 —n(z1 + x2 + x3)).

We expand the polynomial as before and get for { > 1:
91(¢) ~ 144 x 1757.97¢% + o(¢?). (10.84)

Therefore these processes give only subleading corrections compared with the g3 processes
discussed previously.

C.4. g5 with forward scattering

First we decompose the g5 hamiltonian as follows:

5 Vo .
Ay == 22 30 (2 = 20 (6] s 0 e gthnptips + ec.) (10.85)
0™ kg,
=H" 4 hee., (10.86)
(1 Vo -
A = s SR = P B gtk (10.87)
k,p,q;n

Now we calculate the required matrix elements:

kpak!
Atk =(v) A |12) (10.88)
1 . R R s
_ T T Tt ! /
—mmwvwg/%’my Ukt gnr—aq¥pmPrnbits — (17 < 2) (10.89)
1
=0n1,nOns,m (Oky kOko p — (1 4 2)) [m
X (5k2/fk/,k+q5p—q7k1/5771/,775772/,77 - 5k2/fk’,pfq5k+q7ku5771/,775772/777) (10.90)
(1 2’)],
Bf,’;‘if“{g z<1’2’|ﬁ(”ﬁ?> (10.91)
1
:m%,n%,n(5k2+kzck5k1,p — Oky kOko+k p) (10.93)
X (5k2/7k+q5p—q,k1/5n1/,ﬁ5n2/,n - (1, A 2,)) —(1+2).
The other matrix elements can be obtained by noticing:
kpak'
w2\ (") 12), = ({120,8 [r2)) = alpn (10.94)
A (1 o (1 kpak'
2],y 2y = (@28 12) ) = Bl (10.95)
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After summing over internal degrees of freedom we get:

kpak!
Z Z AT (K = p?) =0, (10.96)

k.p,q k' )n

kpgk’ 2
Z Z Bl/pg 1an(k* —p7) =2 Z 101,02, (O 700, m — (1" +27))
k.p,q k' n

(10.97)

[ ((k1/+k21—k1)2—k% o2

n k1/+k2/—k1—k2)+i0

With these matrix elements we calculate the collision integral:

UoVo
th =—32r <k2L2> imp ZC(kl R)(k2,R),(kys,L) (kg R)
L ° {k} (10.98)
kv + ky — k)2 — k2 — (ky + ky — k2)? — k2]°
X[(1'+ o — ki) i — (kv + ko — k2) 5]
(kv + kor — k1 — ]{22)2 + €2 ’

where we renamed the infinitesimal ¢0 — ¢¢. The expression can be rewritten to:

UoVo\* L. eE
> mh :647T(k§Lg> Nonp(5=)' 7= T"02(0), (10.99)
1

with the dimensionless factor:

2
[(2:E3 + x9)? — 1‘1 (23 + 21)% + x%]

92(C) :/dxldxgdxg

4a? + €2 (10.100)
xn(z —n(ze — (1 —n(—z3 — ())(1 — n(x1 + 22 + 23 — ())
[1:2 — y2}2 1 1 e~ ? et ty==

= [ dzdyd 10.101
/$yZ4(z—§)2+621+eﬂ’—zl+ey—z1+e‘zl+em+y—z’ ( )
where we made the substitutions x = x1 + x3, y = z2 + x3 and then z = x3 + (. The
resulting integral has to be evaluated numerically. Plotting go(¢) over ¢ with e = 1072
in Fig. we find that it decays faster than (~'. Therefore the correction due to these
processes does not contribute in leading order in ¢ for ¢ > 1.

Figure C.1.: Dimensionless factor g2(¢) describing the temperature dependance of conductivity
corrections due to g5 interactions and impurity scattering (blue dots). As comparison
a function of order (' is plotted as a blue line.
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D. Calculation of the conductivity correction due to effective
processes
Inelastic scattering
The generic Hamiltonian is:
Hip = glP S© kGl B s, + hee.. (10.102)
k.p,q,q';n

First we calculate the matrix elements:

Allgquqmn <O|¢1’¢2/¢q an n¢p n¢k nw1¢2|0> (10-103)
= 8yunOnan (5k1k5k2p — (142 2)) (69, 70n,m0k,s,0ky a0 — (1 < 2)), (10.104)
Blﬁéqzn (Ol¢p1r o) U, kwT,pwn q¢77 q’1/11¢2|0> (10.105)
= OOy (Ok Oy — (1 43 2')) (6nyn0noiiOky ' Oknig — (1 <+ 2)) . (10.106)
With this we get:
Z Allcpzq;?nk = Z 5n1775n2n(k1 - k2)(5n1/ﬁ5n2/n - 5772/775771/77)7 (1O~107)
kpgq'n
Z B/}:p%ql%]k Z 5 nun zfn(k2’ kl’)(5n2n5mn 577177577277)- (10-108)
kpqga'n
Therefore the collision integral reads:
gir 2
Liy oy = =20 mimp Y (2001 = 52)2Clt ) o, )G 0) Gy )
L osdo iy T (10.109)
+ (e = k2r) (Cley ) o ) ) ey ama)  Clla ) iz i) (o ) i) )
Next we use the symmetry properties of Cjg 179/ to calculate the term,
Z mI = L L ninp (k1 — k2)?Clr Ry (koo R) (kv L) i B) (10.110)
{x}
1671' eE
im T 10.111

where the resulting dimensionless integral is given by:

fir(€) = /d$1d$2d$3 (z1 — x2)*n(z1)n(x2)(1 — n(—x3))(1 — n(zy + z2 + x3)) (10.112)
~103.9. (10.113)

Therefore the resulting conductivity correction is independant of the ratio between tem-
perature and Fermi energy, (, and is given by:

(1) 2 62 2 i

Two-particle scattering

The effective hamiltonian for the two particle scattering process reads:

; gap AL AL A s
Hyp =225 > kg §) b g gty (10.115)
k.p,q,q'
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We start by calculating the matrix element:
Allc}%(l]qz’n = <O|7/A)1’¢2’qﬁz,kﬁg,p@;ﬁ,qd’@q’@ﬂig|O> (10.116)
= 61730270102 (01402 — (1 4> 2)) (S1p02rk — (1" <> 2)) . (10.117)
After summation over internal degrees of freedom we arrive at:
> kgAY = 6150270100 (ky — ki) (ke — k). (10.118)
k.p,q,a’m Ul
Thus the result for the collision integral reads:
2
g 2 2
I = —QW%nimp D (k= k) (k2 = k1) *Cliy ) ki) ey i) oy )+ (10.119)
ko,kqr,kqr
Using the symmetry properties of C we get:
2
9
> mh = =4 nimy Y (ky = k1) (k2 = k) Ry, ) (kL) kyory) - (10-120)
1

{k}

167 o el

= W”impg2PmT6.f2P(C)a (10.121)

with
far(Q) = /dxldxgdxg (2z3 + 21 + 132)2(561 — xg)Qn(xl)n(azg)(l —n(—x3))

X (1 —n(x1 + xo + x3)) = 1757.97.

(10.122)

Therefore the conductivity correction is again independant of { and given by the following

expression:
2

o) = —1757.97h(fm)27f2nimpgng6. (10.123)
E. Exact form of the functions determining the integral equa-
tions for DC transport

We will often need the polylogarithm function which is defined as:
Lis(2) = et (10.124)
k=1

for all complex orders of s and |z| < 1. It can also be analytically continued to the whole
complex plane. The asymptotics of the polylogarithm function are given by:

n n

T T

lim Li,(x) =z, (10.126)
|z|—=0
Lin(—€®) = —n(n) —n(n — Dz — n(n — 2)z* + O(z), for |z| <« 1. (10.127)

The last limit is obtained by using the series representation (10.124) and expanding in
small x. The Dirichlet eta function is given by:

© _1\k
n(n):z( 1 : (10.128)

ks
k=1
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and can be calculated as:

_JIn(2) , forn=1
n(n) = {(1 Colemy(m) . else. (10.129)

Here ((n) = Y 72, k™™ is the Riemann zeta function. Furthermore we will need the
asymptotics of:

Ap i (x)=(n —1)! [Lin(fex) + (=1)"Lip (—e™%) — Lip(—€®) — (—1)"Lin(—e %) | .
(10.130)

For ¢ > 1 they are given by:

In_Cn

n

Ang(x) = = (10.131)

In the case where |x| > 1 this follows from the asymptotics Eq. (10.127). In the case that
x is not large the terms with x can be neglected with respect to the terms concerning ¢

and the approximation in Eq. (10.131) is still valid.
E.1. g5 process

Calculation of A¢ 1(x)

The functions A¢ 4+ (x) are defined in Sec. as integrals over known functions K¢(z,y)
and G¢(x,y). These integrals can be computed analytically and yield the following terms:

/dy Ke(z,y) = trc(@)prc(x), (10.132)
/dy Gc(x, y) = tgyc(x)pgg(x). (10.133)

The thermal factors t and the polynomials p are defined as:

e® + ¢ e® + et
t = ~e ¢ 10.134
Ll e T e M e g (10-134)
eS(e® 4 ef) (e ef)

14 e€)(—e +e2) ~ (—e® + eX)’
16
prec(w) =227 = 42® Ay o(C = @) + 245.0(C = 7) & o’ + 227 — 4% + 20, (10.136)

taclz) = ( (10.135)

pec(r) = 2 (2¢ — 7) — 4P Ag (@ — O) + 4 Ay c(z — () ~ —éxQ(:c “202 (10.137)

Approximations are carried out in the regime ¢ > 1.
Calculation of H¢(y)

The integrals defining H¢(y, ) can also be calculated exactly. Here we show the results
and the approximations we made for ¢ > 1:

o [dzHc(y,2) = t1c(y)p1c(y), with

cosh(%) 1
sinh(§ + ¢) cosh(44)’

1 1
pre(y) = 5+ 20)y* + 2yP Ao ¢ (—y — €) + 257 Ay c(2) = gyz(y +2¢)%. (10.139)

tic(y) = (10.138)
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o [dyH¢(y,z) = toc(y)p2c(y), with

e3 cosh(%)

| ) | 10.140

2.¢(y) —1+e? cosh(%) ( |

Poc(y) =422 A3 (¢ — 2) + 4244 0(C — 2) + As (¢ — 2) e
5

~ 81% — 21+ 2270 + 2¢h o

o [dyH¢(z—y,z) = t3c(y)p3c(y), with

e¥ (14 ef)
—1+e¥)(e¥ +eS)’

e = ¢ (10.143)

8
p3c(y) =y° — 202 A3(C—y) + A5 (¢ —y) = 1*5315 +yt¢ — 292 — y¢t (10.144)

e Using our approximate result from the integration over y we get an analytical ap-
proximation which holds for { >> 1,

H, :/dydz He(y, 2) (10.145)
1 C.rl6 1
S35 )
5 o (2) 63cosh(g) 70 — 945 |Lig(—e®) 4 Lig(—e™°)
e (10.146)
+192¢ [Li5(—ec) — Li5(—e_c)] + 4¢3 (r? + <2)28mh(2)}
cosh(%) sinh(()
11
~ans 10.147
90° ( )
The functions defined in Sec. are now obtained as:
He1(y) = —t1c(—=y9)p1c(—y), (10.148)
Hep(y) = tac(—y)p2c(—y), (10.149)
Hea(y) = tac(y)psc(y). (10.150)
We will also need H for ¢ < 1. This result is obtained by expanding Eq. (10.145) in small
Cas He = Ho+ OcH¢| =0 ¢+ --- . The necessary integrals are calculated numerically and
we obtain

He = 480.7 + 161.3¢* + 12.6 ¢* + O(¢°). (10.151)

All approximations have been checked numerically and are in very good agreement with
the exact expressions.

E.2. Inelastic process

Calculation of B ¢(x)
We find:

/ dz By (2,9, 2) = tp, (2,95, (2,1), (10.152)
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where we defined the functions,

1+ e*¢
tBl:C(xa y) = (1 ¥+ ec_y)(]_ — 693+3/_2C)7 (10153)
poyc(m,y) =2(2" + ) (2 — 2 — y) — 4z + y) Asc(z +y — () (10.154)

+ 4A3’C(I +vy— C)

If ¢ were very large we could approximate the polylogarithm by its asymptotics and cal-
culate the integral over y with the approximated function. The end result is

4 8 4
— 8By c(x — ().
Here we defined:
B¢ (x) = Lin(—e*¢) — (—1)"Lip(—e %) (10.156)

We note that By ¢(z) = Bi(z — () and that its proportional to (*. Thus a resonable ansatz
would be

Byc(z) = (x — ) + 7 (10.157)

where the 7 comes from calculating Bj ¢(¢) numerically. We checked numerically that
this is a good approximation for all values of (.

Approximations for M ¢(x,y, z)

One integral can again be done analytically yielding:

/dz M c(z,y,2) = tan ¢ (@, 9)pan ¢ (2, Y)- (10.158)

The thermal factor and the polynomial are given by:

1+ e ¢
1+ eCv)(ertv=2C — 1)’
P (@, y) =4dey(2¢ —x —y) — 4+ y)Asc(x +y — () +4Asc(x+y—¢)  (10.160)

~ %(ﬂr+y—24)(x2—4wy+y2+2(x+y)c—2c2). (10.161)

tanc(@,y) = ( (10.159)

Under the assumption =z ~ (, motivated in Sec. in the main text, we approximate
te.c(x,y) = tp, ¢(¢,y). In the polynomial we use the asymptotics of polylogarithm func-
tions Eq. and furthermore set (2¢ —z — y) &~ (¢ — y). This is necessary to keep
the analytical properties of M, intact Summarizing,

9 _
/dz M ¢(x,y, 2) %3s‘mly1(yfg“)(m2 —dzy + 2+ 2(x + y)¢ — 2¢3). (10.162)

E.3. Two particle process

Approximations for M ¢(x,y, z)

First we calculate the kernel by evaluating the following integrals:

'Note that M; has a removable singularity at y = 2¢ — .
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(A) Integral over y,

My c(z,2) = /dy My (x,y,2) =tac(x, 2)pac(z, 2). (10.163)
Here the thermal factor and the polynomial are defined as:
e*(e® + €%)
—1 4 er+2)(1 + e**<)’
pac(z, z) =(z* + 422 + 4222?%) (x + 2) — 4(2?2 + 2227%)
x Ay c(—x — 2+ C) + (—22% — doz + 428 Az (2 — 2z + ) (10.165)
T4z A (-2 — 24 Q) + As (=2 — 2+ Q).

tag(r,z) = ( (10.164)

(B) Integral over z,

Mp(z,y) = /dz M (z,y,2) =tpc(z, 2)pBc(T, 2). (10.166)

Here we defined:
eVt (e + €f)
e¥ + ) (eX — ertv)’
pr¢(w,2) =(a* = 20%y% +¢")(2¢ — 2z —y)
— 42 — 2%y — 212 + ) Ase(z +y — C) (10.168)
+ (42% — 8ay + 4y*) Az c(x +y — ).

tB7<(ac,z) :( (10.167)

Now we are able to write down the approximate expression for the integral kernel,

/dZ (MQ’C(IL’, Y, Z) + 2M2,C(x7 Z, _y)) = (MB,C(xa y) + 2MA,C('T7 _y)) (10169)
Explicitely,
eY e (e® + ef) 1
MB,C(xy y) ~ (ey + €<)(€2< _ em_,_y) g(l' - y)2(2C — T — y)3 ’ (10'170)
e¥(e” + ) 1 4 3 2 2 3
Mac(z,—y) = (% — err) (o £ ) B(x —y)[82* — 472’y + 9327y — 47wy (10.171)
+8y* +15(z + y)(2? — day + y*) ¢ +90zy¢? — 30(z + )¢+ 15¢1].
Now we approximate the thermal factors by their value at z = ( to get:
y+C (ot ¢ 1
et re) : (10.172)
(e¥ + €¢) (e — er 1Y) sinh(y — ¢)
Y (e ¢ 1
et te) (10.173)

(€2 —emtv)(ev +e) ~ sinh(y — ()’

This allows us to combine the polynomials. However, to keep the analytic structure of the
functions correct we have to pull a factor (¢ —y) out of each poynomial. Consequently the
form we will be using is:

/dy (Mp¢(2,y) +2Mac(z, _y))w (10.174)
~— / dysif(y__y)o (pr¢(@,y) + 2p11¢(2,y)) wc’g(y) (10.175)

_ (y— Q) Ye,r(Y)

= /dys.m(y_opg(x, Y= (10.176)
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where
1
pre(@y) =3(@ —y)*(z+y - 207 (10.177)
1 4 3 2.2 3 4 2 2
——[8z%—4 932%y% —47 8yt +15 —4
pric(w,y) =1 [82" — 472’y +932%y" — 47wy’ +8y" +15(z + ) (2* — day +y*)C (10178)
+ 902y¢% —30(x + y)¢* +15¢1],
pe(w,y) =pr(z,y,C) +p1r(z,y,C). (10.179)
Calculation of By ¢(x)
For By we find the following approximation:
By (x) :/dyMB,<($7y) (10.180)
1 e+ (e + e) 9
~—- [d - —20)3 10.181
3 W o o @~ ey =20 (10.181)

1 ~ e—x+§+3§(€:p + GC) s
-3 /dy (eF—+20 4 ¢C) (2 — 5120) 2(z =) —9)y, (10.182)

where we made the substitution § = z + y — 2¢. Thus we get

Bac(x) = 4z = 0)’goc(,¢) — 4(x = Og1.¢(x) + gac(2), (10.183)
where
1 ~ e—w+§+3<(ex + GC) .
Gnc(T) = -3 /dy (7772 1 ¢0)(eX = ez7+2C)y , (10.184)
ot . o . S
gocl@) = S =2 [Lu(—e )+ Lig(—e )} : (10.185)
gre(x) = -8 [Lig,(—el‘—C) - Li5(—e_x+<)} , (10.186)
1676
_ v C o x—CN  Ta (L —aHC
g2.¢c(x) 189 40 [ng( e’7%) — Lig(—e )} : (10.187)

We see that Bs is a function of (z — ¢) only and goes as (z — ¢)%. Thus we approximate

it as: 6
11 T

B = —(z—0)% 4+ —. 10.188

(@) = g (@ = O+ 5 (10.188)

The approximation has be checked numerically and is in good agreement with the exact
expression independant of the value of the parameter .
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