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Introduction

A recurring theme in modern condensed matter physics is the discovery and classification of novel
phases of matter. The first systematic approach to characterize different phases was developed by
Landau [1], who proposed to classify different phases by the symmetries that are broken at the phase
transition. Many systems can be successfully described by this theory: crystalline solids, magnets or
superconductors all fall into this category. The pattern of symmetry breaking leads to a unique order
parameter, which takes a nonzero value only in the ordered phase.

One of the first times Landau’s theory was challenged occurred when Klitzing et al. experimentally
discovered that when a two dimensional (2D) electron gas is subjected to a strong magnetic field, its
longitudinal conductance vanishes, while its Hall conductance is quantized to values vze?/h, where
vz is an integer [2]. By varying the strength of the magnetic field, a transition between Hall phases,
characterized by different integers vz, takes place, without the breaking of any additional symmetry.
This quantum Hall effect (QHE) was theoretically explained in a single-particle picture by the spectral
flow of Landau levels [3] and it was realized that these systems host metallic edge states coexisting
with the insulating bulk. Semiclassically, the effect can be explained by imagining that electrons
perform cyclotron motion on equipotential lines of the disorder potential and are therefore localized
in the bulk while the electrons at the boundary perform skipping orbits leading to the emergence of
one dimensional (1D) conducting channels at the edge. Most importantly, the measured quantized
conductance is insensitive to the presence of impurities. Thouless, Kohmoto, Nightingale, and den Nijs
[4] were the first to realize that the distinction between different quantum Hall phases is not a matter
of symmetry but of topology. A given quantum Hall phase is not characterized by an order parameter,
but rather by the topological invariant vz which counts the number of conducting edge modes.

Soon after the discovery of the QHE, theorists wondered if the effect can also take place in the absence
of a magnetic field i.e. in systems with time-reversal symmetry (TRS). Related to this question, Haldane
[5] studied a model of spinless electrons on a honeycomb lattice penetrated by a staggered magnetic
flux. He found, that, although the total magnetic flux through the system is zero, electrons still form
conducting edge channels. This provided the important conceptual realization that the emergence of
the edge states originates from the nature of the gapped band structure of electrons and does not
require Landau levels in particular.

An important breakthrough was attained several years later by Kane and Mele [6, 7] who showed
that a variation of the Haldane model can be realized in a graphene sheet with spin-orbit coupling
(SOC). The SOC effectively generates opposite magnetic fields for spin-up and spin-down electrons
while conserving TRS. Metallic modes, energetically located within the bulk gap, appear at the edge of
the sheet exactly as in Haldane’s proposal. However, since TRS is conserved, they appear as Kramers
pairs of electrons with opposite spin, propagating in opposite directions. The edge states are called
helical, because the electron spin is locked to the propagation direction in such a way that the helicity,
the projection of the momentum onto the spin, is a well defined quantum number. Crucially, due to
Kramers theorem, elastic scattering between the edge states is prohibited and hence the modes are
protected against Anderson localization. Kane and Mele showed that contrary to the QHE this novel
insulating state is characterized by a Zy topological invariant vz, = 0,1. If the number of Kramers
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pairs at the edge is even, impurity scattering between different pairs can gap the excitations at the
edge. In the presence of an odd number of Kramers doublets at the edge, on the other hand, a single
metallic pair always remains gapless. Physically, the Zs invariant hence counts the number of Kramers
doublets at the edge modulo two. Application of a longitudinal charge current generates a transverse
spin-polarized bias, resulting in a quantized spin Hall conductance G5 = 2e?vz,/h. In analogy to the
QHE this effect is hence referred to as quantum spin Hall (QSH) effect.

It was soon realized, however, that, due to the tiny bulk gap, the QSH insulator cannot be experi-
mentally realized in graphene. This led researchers to search for other candidate materials, with strong
intringic SOC, that might show the QSH effect. In regard to that search, Bernevig, Hughes and Zhang
[8] predicted that CdTe/HgTe/CdTe quantum wells behave under certain conditions as a 2D QSH
insulator, which was experimentally confirmed only one year later by the Molenkamp group [9].

Over the last several years it was realized that the QHE and the QSH effect are but two examples
of a wider class of materials, called Topological insulators (TT). These phases of matter possess a gap
in the bulk electron spectrum, but cannot be continuously deformed into the vacuum without closing
the gap or breaking a given set of symmetries. The nontrivial bulk topology goes hand in hand with
the emergence of metallic modes at the boundary of the system that are protected against Anderson
localization [10].

This realization led to a significant increase of experimental and theoretical activity in the field.
On the experimental side a plethora of two- and three-dimensional materials, that exhibit topological
phases, were discovered [11-13]. On the theoretical side, meanwhile, a full symmetry classification
(periodic table of TIs) of noninteracting topological insulators and superconductors was established
based on the study of lattice Hamiltonians [14] and field theory of disordered systems [10]. Both
approaches were shown to be equivalent [15].

While the classification and properties of noninteracting topological insulators are well understood,
much less is known about TIs with interactions. Although arguments exist [16], that states in the peri-
odic table of TIs should remain stable against weak interactions, an exact criterion for the interaction
strength is not known. In fact, sufficiently strong interactions are expected to give rise to novel topo-
logical phases, that are not adiabatically connected to the noninteracting ones. A remarkable example
of the importance of interactions is provided by quantum wires with superconducting correlations. The
mean-field interaction inside the wire is responsible for superconductivity which introduces an integer
number of Majorana 0D end states [17-20]. These Majorana fermions are a particular example of
topological boundary states which exhibit many exotic properties, the most stunning being that they
obey non-Abelian statistics. This property together with their topological protection can in principle
be used to implement fault-tolerant quantum computation schemes [21, 22|. Evidences for Majorana
zero modes have been reported in recent experiments in heterostructures of semiconducting quantum
wires and superconductors [23-26]. Including interaction between quasiparticles crucially affects the
classification, yielding eight distinct states [27-29)].

Electron-electron interactions also play a pivotal role for the transport properties of the helical edge
modes of the QSH insulator. Unlike in the QHE the right and left moving edge modes in this system
are not spatially separated but coexist at the same edge. Hence, the quasiparticles can interact with
each other which raises questions regarding the stability of the conductance quantization for strong
interactions [30, 31]. Moreover, while it is true that the electrons that constitute the Kramers pairs
cannot be localized by elastic scattering off disorder, the same cannot be excluded for inelastic scattering
mechanisms containing both electron-electron interaction and disorder.

Crucially, the effect of interactions is especially pronounced in 1D systems compared to their higher
dimensional counterparts. In two and three dimensions, the interacting many-electron gas is in many
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cases well described by Landau’s Fermi liquid theory, which expresses the excitations of the system
as weakly interacting quasiparticles with renormalized parameters. In one dimension, in contrast, this
description generically breaks down. Interacting electrons in one dimension are instead described by the
Tomonaga-Luttinger theory [32-35|. Indeed, since a 1D particle cannot move without perturbing all the
other ones, the low-energy excitations turn out to be collective ones; the bosonic plasmon excitations
of the electron gas. The Luttinger liquid (LL) phase exhibits many exotic properties unique to electron
systems in one dimension, such as spin-charge separation [35-39| and charge fractionalization [40-43|.
From a theoretical point of view, 1D models provide a particularly attractive framework to study the
effect of strong correlations since many of them are either exactly solvable or can be analyzed using
powerful mathematical tools specific to 1D settings [35, 44]. Hence, the study of 1D quantum systems
in topological materials is a natural starting point to gain a deeper understanding of the interrelation
of topology and strong correlations.

This thesis will be concerned with all three aspects of transport in 1D quantum systems — topology,
interactions and disorder — as well as their mutual interplay. We will both study concrete physical
systems of current interest as well as propose novel materials and experimental setups that can be used
to analyze the interplay of topology, interactions, and disorder in 1D systems. For the most part we
will be interested in the transport properties of the helical edge modes that emerge at the boundaries
of 2D TIs with preserved TRS subject to both electron-electron interaction and disorder scattering.

Topological insulators realize a holographic principle: the boundary physics crucially depends on
the topological characteristics of the bulk. Consequently, the strongly correlated quantum liquid that
emerges at the edge due to electron-electron interactions is distinct from previously studied 1D quantum
liquids. Owing to its helical nature the edge modes have been termed helical Luttinger liquid (HLL).
Transport properties of the HLL at the boundary of HgTe/HgCdTe structures in the TI regime were
experimentally studied in Refs. |9, 45, 46]. In this situation the observed value of the conductance
was close to 2e2/h, as expected for the ballistic transport in the QSH edge state. However, a clear
suppression of the conductance from this value was identified in systems whose size exceeded the
electron-electron scattering mean free path. One of the main goals of this thesis will be to develop
low-energy theory of the HLL in the presence of both interactions and disorder and to discuss possible
scattering mechanisms that lead to this suppression. In doing so, it will turn out to be crucial to
include disorder scattering since the state does allow for inelastic backscattering off impurities [47-50],
as the time-reversal invariance only protects the two states moving in opposite directions of the same
energy, which form a Kramers doublet. The study of the transport properties of the HLL is not only
of interest for the analysis of current experiments but also is of fundamental physical relevance, as the
HLL presents an example of a novel quantum liquid that only emerges at the edge of TIs. In this
context two natural question arise. First, How does the nontrivial topological origin of the HLL affect
its transport properties compared to conventional LLs? Second, can the edge modes be gapped out by
sufficiently strong interactions between electrons?

The fact that dissipation in HLLs microscopically only originates from inelastic scattering makes it
desirable to study experimental setups that specifically probe the electron-electron interaction inside T1
edges. A prime candidate for such an experiment is the measurement of Coulomb drag between helical
liquids. In a Coulomb drag experiment, current is driven in an “active” conductor (active edge in our
setup), inducing an electrical field or current in a “passive” conductor (passive edge), with the frictional
force being due to electron-electron interactions, without transfer of electrons between the subsystems.
As such, Coulomb drag is a sensitive probe of inelastic electron-electron scattering. We will show that,
due to its topological origin, the Coulomb drag between helical liquids differs in an essential way from
Coulomb drag between TLLs. In particular we will discuss how the mechanism of plasmon-mediated
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drag arises in such systems and affects the transport properties.

The unique properties of the edge modes of TIs crucially depend on the nature of the bulk gap.
The quantum-well heterostructures that host the HLL at their boundaries are band insulators and the
transition to the TI regime is achieved by band inversion. Strong interactions in 1D conductors provide
an alternative way to generate spectral gaps. Electron-electron correlations in 1D systems can lead to
a strong-coupling regime where spectral gaps are generated dynamically without spontaneous breaking
of any continuous symmetry. In these phases the charge sector remains critical (gapless), however the
spin sector aquires a gap. This leads immediately to the question: Can one obtain states akin to a
topological insulator when the gap is not present in the band structure, but dynamically generated by
interactions? The distinguishing feature of the helical edge modes is their protection against Anderson
localization for not too strong interactions between them. Consequently, we ask the question: What
happens with such a strongly correlated topological state in the presence of disorder?

These issues will be discussed in the work at hand.

Specifically, the remainder of this thesis is organized as follows. In two introductory chapters (Ch. 1
and Ch. 2) we present a basic introduction into aspects of quantum physics in one-dimension and
topological phases of matter. In particular in Ch. 2 we review key experiments on transport properties
of the HLL. In Ch. 3 we will be concerned with the transport properties of a single helical edge mode
at the boundary of a 2D QSH insulator. As outlined before, the impact of strong interactions for
the stability of the topological phase as well as signatures of interaction and disorder in the transport
properties of the HLL represent important issues of current research. Specifically, we derive semiclassical
expressions for the conductivity of interacting helical fermions in the presence of disorder as a function
of the temperature and the frequency of the driving field. Possible strong coupling phases are discussed
in the framework of a weak-coupling RG analysis. Next, in Ch. 4 we will be concerned with the
Coulomb drag between clean HLLs. We will obtain analytical expressions for the drag conductivity,
the central observable determining drag between quantum liquids, in a wide parameter regime using
a combination of perturbative methods, bosonization and renormalization group transformations. In
particular we uncover the mechanism of plasmon-mediated drag unique to the HLL. Finally, we will
discuss the stability of the coupled HLL system in the case of strong inter-edge interactions. Ch. 5 will
be concerned with the study of 1D conductors with strong SOC. We will show that strong interactions
can drive the system into a nontrivial topological phase, where the spin sector of the LL is gapped, while
the charge sector remains massless. This fascinating new topological phase exhibits many properties
akin to topological band insulators. In particular we will show that the phase is stable against Anderson
localization for moderately strong interaction strength and that it hosts gapless edge excitations with
fractional properties.

For the convenience of the reader a summary of the acronyms as well as a list of notation and
conventions commonly used in this thesis is given on pages 127 and 129, respectively.
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Chapter 1

Fundamentals: Quantum physics in one
dimension

The common theme of this thesis is the interplay of interactions, disorder and topology in one dimen-
sional electron systems. For now we will focus on the first two key words “interaction” and “disorder”,
postponing a discussion of topological effects to the next chapter.

In particular we will be concerned with transport in a one-dimensional electron system, where both
disorder and interactions modify the transport properties more strongly compared to higher dimensions.
In the absence of disorder, electron-electron interactions drive the system into a non-Fermi liquid phase
known as LL. The distinctive feature of this state of matter is that the elementary excitations have no
relation to free electrons, but rather are described by collective plasmon modes. Additionally, these
bosonic modes carry spin and charge independently, a phenomenon known as spin-charge separation.
As a consequence of the collective nature of the elementary excitations, even weak interactions between
the electrons have profound consequences for the quantum state of the system [35, 44]. If interactions
become strong they can lead to a strong-coupling regime where spectral gaps are generated dynamically
without spontaneous breaking of any continuous symmetry.

On the other hand, it is known [51], that in the absence of interactions, even arbitrarily weak
disorder leads to the localization of all electronic states in the system. The de-conductivity is then
zero, o(T) = 0, for all temperatures 7', since the temperature only determines the distribution function
over the localized states.

If both, interactions and disorder, are present, the transport is determined by their mutual renor-
malization, with a metal-insulator transition at sufficiently strong attractive interaction.

The purpose of this chapter is twofold. First, we review, mostly for notational purposes, the powerful
techniques of the renormalization group (Sec. 1.1) and bosonization (Sec. 1.2) that are at our disposal
to solve problems in one dimension. We then discuss the impact of interactions, see Sec. 1.3, and
disorder, Sec. 1.4, on the transport properties and phase diagram of 1D electrons.

1.1 The renormalization group

Here we will present only a very basic introduction to the renormalization group and refer the reader
to the literature [52-54] for more details.

In condensed matter physics the renormalization group (RG) is a general term for methods that
allow systematic investigations of a system’s behavior under scale changes. In particular one is often
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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 accumulate all sorts of ultraviolet
(UV) or infrared (IR) divergences. Therefore, a purely continuous theory makes no sense and we have
to introduce an energy cutoff A that marks the range of applicability of the model. In condensed
matter such a regularization is very physical, since we often study the effective low-energy theory of
some lattice model, where the bandwidth provides a natural cutoff for the theory.

This procedure invariably introduces an energy scale A, which is part of the theory as one of the
parameters along with other coupling constants, masses, velocities 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.

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 A’ = 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) new values of the coupling constants and (ii) a decreased energy cutoff
A — A = b~ 'A. In the latter 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 8 function which describes the flow of the set of parameters
A under the change of the control parameter

BA) = : (1.1)

Of importance for our purposes is the notion of a fized point, i.e. a point in parameter space A*
that is unaffected by the renormalization step (5(A*) = 0). Exactly at a fixed point the system is
scale invariant. However, every system has at least one intrinsic length scale, the correlation length &.
Consequently, at a fixed point we must have either £ = 0 or £ = co. On the other hand, a diverging
correlation length is the hallmark 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, characterized by their
coupling constants, fall into three categories: relevant, irrelevant and marginal. Relevant parameters
grow algebraically under renormalization, irrelevant parameters decrease algebraically and marginal
parameters undergo logarithmic variations.

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




1.2 Bosonization

Effect of perturbations: Consider the perturbed action of a one-dimensional system
S:SO+)\/d:chO(:c,T) (1.2)

where Sy is the fixed-point action, A is a dimensionless coupling constant and O is an operator of
scaling dimension A. The scaling dimension defines the properties of the operator under dilation of the
space-time scales, O (bx,br) = b=2O(z, 7). 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,7) = (b~'a/,b~!7'), where (z,7) now have
the same cutoff as before. Thus

s’ :So—i-)\/dx’dT’O(x’,T’) = S+ b2 /dxdTO(x,T). (1.3)

Therefore, we can read off the change of the coupling constant,
N(b) = Ab*™2 = \(0) 22 n(0), (1.4)

Let us assume that b = 1+ ¢ (¢ < 1) is close to unity (which means we "shave off" an infinitesimal
layer in momentum space in each RG step) , i.e. In(b) ~ ¢. Then we can encapsulate the information
from the RG step in the differential equation % ~ % = A(2 — A). In other words the § function is

given by

dA

BN =5 =

A(2—A). (1.5)
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.

1.2 Bosonization

The conventional description of the low-energy properties of interacting electrons in dimensions D > 1
is based on the Fermi-liquid theory.

Free fermions obey Fermi-Dirac statistics and their ground state at zero temperature is the filled
Fermi sea. Fxcitations with respect to this ground state are electrons defined by their momentum,
spin and charge. 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
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. The affinity of the quasiparticles to eigenstates of the many-body
system is shown by the spectral function A(k, €); the spectral weight is centered around the quasiparticle
dispersion &(k) with width de < (k) and quasiparticle weight Zj.

While this description works well in higher dimensions, it breaks down for the description of one
dimensional electrons in the presence of even arbitrarily weak interactions. The correction to the
quasiparticle weight in second (lowest non-vanishing) order scales as o In(A/e), transferring spectral
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weight away from the quasiparticle pole. Furthermore, the second order corrections to the single
particle density of states v(e) at € = 0 and to the momentum distribution function n(k)  [de A(k, €)
are divergent at the Fermi points +kp.

These divergencies signal that electron-electron interactions drive the system into a non-Fermi liquid
phase known as LL. While a description of the Luttinger liquid state is possible within a fermionic
treatment, an alternative and very powerful approach is bosonization, in which the theory is formulated
in terms of bosonic degrees of freedom. This description hinges on the fact that particle-hole pairs,
in the linear spectrum approximation, have a well defined excitation energy. For free electrons an
excitation with energy e, consisting of an arbitrary number of particle hole-pairs with total momentum
q, only depends on that total momentum, € = vpq. This degeneracy allows one to describe the fermionic
excitations in terms of free bosonic excitations - the quantized density waves (plasmons) of the electron
gas.

A thorough discussion of the Luttinger liquid and the bosonization technique is beyond the scope
of this thesis and we refer to the literature |35, 44, 54, 55|. In this section, we will merely show the
fermion to boson equivalence on the level of correlation functions of the field theories of free bosons
and free electrons in 1D.

1.2.1 The Gaussian model

The model describing free massless bosons in one dimension is called the Gaussian model and is defined
by the action

So :% / dadr [v7! (9r9)° + v (u9)’] (1.6)

where ¢(x,7) is a real scalar field and v is the velocity. At T'= 0 it is straightforward to show that the
single particle Green’s function on a disk of radius R and a short distance cutoff a is given by

_ _ 1 R?
G(z2,2) = (p(2,2)9(0,0)) = —In <22+a2> : (1.7)
where we introduced the complex coordinates
z=vT —ix , zZ =0T +1ix , (1.8)

It is also useful to study the behavior of exponentials of bosonic fields, called vertex operators. To
avoid divergencies in the theory these operators have to be normal ordered. Thus, vertex operators
don’t multiply like ordinary exponentials but according to

(109(2) fiBO(') _ iad(2)+iBO(Z) ,—aB(B(:)8(')) (1.9)

which can be shown using the Campbell-Baker-Hausdorff-Formula [54].
Next, defining the correlation function of bosonic exponents,

F(1,2,---N) = (ePrelera) . oiBnelan 2n)) (1.10)

one finds that

5.\ BibBj —(32; Bi)?/am
I I Zii%; R
b2 = < ZL2]> (a) (1.11)
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For an infinite system, R — oo, this yields the “neutrality” condition that the correlation function is
only nonzero if

> Bi=0. (1.12)

From the result (1.11) we see that the scaling dimension of a vertex operator is exp(ify) : A = 32/4x.
Note that, on the level of correlation functions, the boson field ¢ decomposes into a holomorphic and
an antiholomorphic part, which are functions of only z or Z, repectively. Hence, we can define chiral
components of the boson fields as

p(2,2) = d4(2) + ¢-(2) - (1.13)
It is customary to further define the dual field

0(z,2) = ¢1.(2) —¢-(2) , (1.14)
which satisfies 0,0 = 0, and 9:0 = —0z¢p, or in space time coordinates 10, = —9,6. Hence, the dual
field is related to the conjugate momentum II = —0;6 which, in the Hamilton formalism, obeys the
canonical equal time commutation relation [p(z),II(2')] = id(x — 2’). The relation between the dual

field and the conjugate momentum implies the non-local commutation relation between the bosonic ¢
and 6 operators:

[p(z),0(z")] = —iO(z — 2') , (1.15)

where O is the Heaviside step function.

1.2.2 The Dirac equation
Let us now discuss the model of free one dimensional fermions without spin, described by the action

2
So = /dZL‘dT [11_)(:1:,7') (8T - &)Ql)(l‘,T)], (1.16)

2m
where 1,1 are Grassmann fields. We note, that in contrast to higher dimensions, the 1D Fermi surface
consists of only two points. Usually, the bandwidth A or the Fermi energy EFr by far exceed the energy
scales of interest such as the temperature or applied voltage. Our interest thus lies in a model that
captures the relevant physics close to the Fermi points. There are two consequences of this. First, the
only relevant Fourier components off external fields are those close to zero or +£2kr.? Second, we can
linearize the spectrum close to the Fermi points and expand the electron fields in chiral fields 1), that
destroy electrons close to the right (n = +) or left (n = —) Fermi point. These excitations are usually
referred to as right- and left-movers. Since the wave packet of an electron in the vicinity of the Fermi

surface is peaked around momenta +kg, this decomposition takes the form

U(w,7) = Yy (w, 1) (2, T)e I, (1.17)
In the Hamiltonian formalism these chiral fermions correspond to operators with commutation rules

{hy(@), P, (2)} = 6(a = 2') 3y (1.18)

3That means that electrons can only be scattered forward or backward; there are no angles to play with.
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Using the expansion (1.17) in (1.16) and neglecting oscillatory terms and higher order gradients we
arrive at

Sy ~ Z /dxdT 1;7, (8T — z'mjax) (9 (1.19)
n==

with the Fermi velocity v. If we can safely neglect curvature corrections (these would become important
e.g. at the bottom of the band) the action in Eq. (1.19) is a universal model for the low-energy
excitations of one-dimensional electrons. The free propagators of the fermionic model are readily
calculated

- 11 - 11
= ——— d _ —_ == . ].2
(4254 (0) = 5~ and (Y- (2)P-(0) = 5= (1.20)
We can also include an external electromagnetic field via the standard minimal subtitution 9, —
Ou — ieAM.4 This enables us to calculate the current density j = j; and charge density p = ijy by
variation of the action,

. dS[A]
= 1.21
m 5‘4/1 ) ( )
which yields:
p =e(ps+p-), (1.22)
j=elptr—p-). (1.23)
Here we defined the chiral densities p, = 1/;771/’77'
1.2.3 Bosonization relations
If we define the correspondence
1 —iVArg (2 5 1 wiang—(Z
Yi(z) = e VTG oy (7)) = ——eVIT-(), (1.24)
2ma 2ma

the correlation functions of the fermionic model in Eq. (1.20) and those of the bosonic exponentials in
Eq. (1.11) are identical. In fact it turns out that the entire spectrum of the two models is identical
and Eq. (1.24) is an exact operator identity (if one includes Klein factors to be introduced below). We
are not going to prove this equivalence here but refer to the literature given at the beginning of this
chapter. A bosonization dictionary with useful relations can be found in App. A.

While the bosonization formulas (1.24) are the basis of fermion-to-boson translation, their naive im-
plementation often leads to errors. Take for example the density of right movers p (z) = v ()b ().
It is formally infinite because there is an infinite number of holes occupying the states below the Fermi
surface at point x. To regularize such infinities we have to normal order the operator. Equivalently, we
can implement the procedure of point splitting by defining

pi(2) = |y (2 + i (2 — €) = (B (2 + ey (2 = )] (1.25)

*Remember ¢ = 1 and e is the fundamental charge. Furthermore, in the imaginary time formalism Ay = i¢.




1.3 Interacting electrons in 1D: The Luttinger liquid paradigm

and similar for the left moving current. This yields the expressions

1

er(Z) - \/7_(

l

82¢R7 p,(Z) = \/77_

Oz9L. (1.26)

The particle current and density take the form

1
p = p+rtp- = \ﬁax@v (1.27)
L 9.0 (1.28)

J:P+—p—:ﬁ

The field ¢ is sometimes called displacement field because it measures the local deviations from the
average density, while the field 0 is called phase field due to its relation to the current.

The relations 1.24 describe the bosonization relations for spinless electrons. For real electrons with
spin ¢ =1,] they have to be adjusted in two ways. First, to ensure the correct anticommutation
relations between fermions of different spin species, one has to introduce Hermitian operators called
Klein factors A, into the bosonization relations. These connect different fermionic Hilbert spaces in
the operator formalism and obey the Clifford algebra: {&;, Ry o'} = 6y 0s,0. For many purposes
the Klein factors can be projected out [54, 55] and oftentimes we will neglect them in this thesis.

Second, we introduce the spinful chiral bosonic fields ¢, + and ¢, |. The full bosonization relations
for spinful fermions then read as

Ko ) T T Ro —1 TO— x
Vi o(x) = —¢ VaT 40 () Y o(r) = —e VARG o (7). (1.29)

2ma ’ 2ma

The chiral fields define the displacement and phase field similar to the spinless case Yo = ¢4 o + P— 5
and 0, = ¢4 5 — ¢— . It is often useful to work not with the spin fields but with the spin and charge
components:

Qe = \lf(m +0), ps= é(w — %) (1.30)

2
and the same for 0, ;.
Admittedly, at the moment it is not clear why the bosonization transformation is useful. This only
becomes apparent after we include interactions between electrons in the next section.

1.3 Interacting electrons in 1D: The Luttinger liquid paradigm

The general pairwise interaction between 1D electrons (of one band) is of the form

Sint = ;/dmldIEQ ﬂa(wlﬁ)%(m,ﬂv(m _«752)1;0’(55277—)1/]0’(37277—) (1'31)

Here, we assume that the pairwise interaction potential V (x; — z2) is short range (screened by external
gates). We need only its Fourier components close to ¢ = 0 (V) and ¢ = +2kp (V4), which describe
forward and backward scattering. Using the low-energy decomposition of the electron fields in (1.17),
the interaction processes naturally fall into four categories labeled by dimensionful coupling constants
g;- This classification is usually termed g-ology for this reason and is defined by the coupling constants




1 Fundamentals: Quantum physics in one dimension

forward 92 forward 94

backward g1 umklapp gs

___.»____

Figure 1.1: Interaction processes in a LL. Solid (dashed) lines denote right-moving (left-moving) elec-
trons. The spin index has been suppressed.

g4 (e-e forward scattering inside the same chiral branch), g, (e-e forward scattering between right-
and left-movers), g; (e-e backscattering) and g3 (e-e Umklapp scattering). Additionally we introduce
subscripts which specify whether the spin of the two incoming electrons is parallel (]|) or antiparallel
(L). The interaction part of the action then reads as Sip; = S+ Sp, + Sum, with

1
S=53% / AT (9400 + 411070000y ) Prob o

. ot (1.32)
+§ Z Z /dxdT <92H6‘77‘7'5777ﬁ/ —+ 92l5075’5n,7’7’) pnyo.pnxﬁl s
o0’ nn’
S =911 Z/diUdT 7]4,0&—,&1?-5-,&1/1—,0, (1.33)
Sum = g31 Z/dxdT .oty stbhstnoe T (1.34)
n,0

The interaction processes are diagrammatically depicted in Fig. 1.1. The incoming spin in the backscat-
tering term can be assumed to be antiparallel, since the case of parallel spins is included in the renor-
malization of the g term via go — go — g1- In the Umklapp term the term with parallel spins
vanishes due to the Pauli principle.

Two points are worth mentioning here. First, all coupling constants of the above action in general
already contain renormalizations due to high-lying states and should be considered as effective coupling
constants of the model. Second, we will neglect the Umklapp scattering in the remainder of this
chapter, since it contains a highly oscillating exponential factor. It only has to be taken into account
at commensurate filling, because of constraints set by crystal momentum conservation.’

To begin with, we neglect scattering across Fermi points (i.e. g1; = 0). The model described by the
action Spp = Sp + St is then known as the Tomonaga-Luttinger model. The beauty of this model is
that its bosonized form remains noninteracting (albeit with renormalized parameters). Applying the

®To see this consider the operator in momentum space e.g. Vg xR pWL ktq¥L p—q then we must have k,p ~ kp,
q ~ —2kr. In order for all the operators to be near the Fermi points we must add a reciprocal lattice vector
Q = 2m/ao . In the case of half filling, kr = 7/(2a0), we have @ = 4kr and thus p — ¢ — Q is close to the left Fermi
point as needed.
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bosonization identities we find

— 1 2 2 2
Su= 3 po / dadr [v2(0rpu)? + (Orpu)?] (1.35)

n=c,s

The model is determined by four parameters, the plasmon velocities v, and the Luttinger parameters
K,,, which are given by

1-U,
K, = E 1.36
g 1+U,’ (1.36)
Uy = w1 = U2 (1.37)
with

1

= S, (92” + gu) ; (1.38)
1

Up = Up o <g4|| igu) ) (1.39)

where the upper sign corresponds to charge and the lower sign to spin. We see that the only role
of g4 forward scattering is to renormalize the Fermi velocity; it is therefore often neglected from the
start. The result (1.35) shows the complete separation between spin and charge degrees of freedom - a
phenomenon commonly referred to as spin charge separation.

We point out that it is not straightforward to derive the form of the coupling constants in (1.36)
and (1.37) starting from the fermionic action in (1.31). By linearizing the spectrum around the Fermi
surface and introducing left and right movers we effectively take a short cut to performing a rigorous
RG treatment to derive the low-energy theory. The latter yields the flow to the LL fixed point but
renormalizes the g-ology parameters. It is possible to fix the form of the coupling constants v, and K,
by invoking the Pauli principle, Galilean invariance and spin SU(2) symmetry [56, 57]. The resulting
expressions read as

v, =1,
2V — Vi,
K- =1 f
c t or (1.40)
7
Kb =14+ 2.
TUR

Also the coupling constant of the Umklapp term is fixed to g1, = V. It is important to keep in mind
that if we want to model the low-energy theory of interacting electrons the coupling constants of the
Luttinger model are not independent but obey the relations in (1.40).

Physically, the mapping of the interacting fermionic model to the free bosonic model in (1.35) means
that the excitations of the Luttinger liquid are not single particle excitations, but bosonic density
fields. The Luttinger liquid correlations manifest themselves for example in power law singularities of
the single particle density of states at energy ¢ measured from the Fermi surface,

v(e)/vo ~ |¢® (1.41)
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Figure 1.2: RG flow of the equations (1.43) for the dimensionless strength of backward (M. ) and for-
ward (\s) scattering electron-electron interaction potential of 1D fermions. If spin-rotational
symmetry is not broken the bare parameters lie on the first bisecting (black) and the system
flows towards the Luttinger liquid phase for repulsive interactions, A\; = As > 0 and to the
charge-density wave (CDW) phase for attractive interactions, A\ = Ay < 0. In the latter
case, the spin sector becomes gapped.

Here, vy is the density of states in the absence of interactions and the exponent depends on the
interaction strength. For tunneling into the bulk of a spin-rotational invariant electron liquid it is given
by a = (K. + 1/K. — 4)/2. The suppression of the density of states at zero energy signals, what we
already mentioned at the beginning of this section: that no single particle states exist at the Fermi
surface for electrons to tunnel into, they need a finite energy to convert into collective excitations before
entering the bulk.

1.3.1 Spin or charge gap and the sine-Gordon model

If we take into account backscattering (g1, ), the field theory of interacting electrons can no longer be
solved exactly by bosonization. Combined with the bosonized Luttinger model we get one of the most
studied models in field theory, the sine-Gordon (SG) model S = Spr + Ssq, with

Ssg = UsILL /dxdT cos (\/ 87rg05> (1.42)

2m2a?

This model is integrable and hence many exact properties are known about it. Most of the important
properties can already be extracted from a perturbative RG treatment of the model. Note, that the
scaling dimension of the cosine operator is A = 2K,. Naively we would expect that it is relevant for
K, < 1 and irrelevant for Ky > 1. However, K is subject to the RG flow itself and thus we have to
study the coupled RG equations

A A
= S YW (1.43)
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where we expanded K3 ~ 14 \s/2 for weak interactions and defined the dimensionless coupling constant
AL = g11/mvs. The equations (1.43) were first obtained by Kosterlitz and Thouless [58] and are known
as Berezinskii-Kosterlitz-Thouless (BKT) equations. The corresponding flow diagram is illustrated in
Fig. 1.2. There are several important aspects to these equations. As we have already discussed, the
bare coupling constants are fixed by spin SU(2) invariance to A\ = A2 = V. Hence the flow in Fig. 1.2
is constrained along the separatrix. If the electron-electron interaction is repulsive the system flows
to a Luttinger liquid phase with renormalized Luttinger parameter and plasmon velocity. If, on the
other hand, the interaction is attractive the flow is to a strong-coupling phase, the CDW phase, where
interactions dynamically open a gap in the spin sector. There is also another strong-coupling fixed
point, the spin-density wave (SDW) phase, that can only be realized, if spin-rotational invariance is
broken, see the discussion in Ch. 5.

The nature of the strong-coupling fixed points can be studied by means of mean field theory. If
the coupling constant of the cosine potential becomes strong, the field ¢ locks to one of the minima
of the cosine potential ~ gy cos(\/877rcp5) to minimize the action. We can then define a local “order
parameter” that characterizes the strong-coupling phase. As the charge mode, irrespective of the spin
sector, always remains gapless, these local order parameters are never nonzero in the thermodynamic
limit. Rather the phase of the system is identified with the order parameter with the slowest decaying
correlations, see e.g. Ref |56, 59].

For definiteness we consider repulsive interactions in the charge sector, K. < 1. In this case we have
to study two possibilities for the order parameter. For g; | < 0 the potential energy ~ gy | Cos(\/gaps) is
minimized by o$PWV = | /7/2 n, where n is integer. For these mean-field configurations, (cos(v/2mg,)) #
0 and the dominant correlations are described by the order parameter

Ocpw = —sm(\ﬁgoc)cos V2rp,) = Z Z wgnagg T ol - (1.44)

o,0' n'==%

In the second line we formulated the order parameter back in the basis of chiral fermions. The matrix
o spin space signals the presence of spin singlets, while the matrix 7% in chiral space signals that the
charge degree of freedom fluctuates. This order parameter thus may be interpreted as a charge density
wave phase.

On the other hand if g;; > 0 the potential energy is minimized by 3PV = /7/2 (n+1/2) and the
order parameter

Ospw = —cos(\/ T0e) SIN(V2rps) = D 0% T oy (1.45)

o0’ nn

becomes dominant since (sin(v/2mps)) # 0. The only difference between this order parameter and
that in Eq. (1.44) is the presence of o* instead of ¢". This means, that one has an antiferromagnetic
pattern of spins. We can thus interpret this phase as a spin density wave. A cartoon picture of the
phases is depicted in Fig. 1.3.

Lastly, we discuss the nature of excitations in the massive phase, see Ref [44] and references therein.
If the field @4 is locked to one of the minima of the cosine potential, there is a spectral gap to excitations
which are given by solitons in the field ¢4 interpolating between adjacent minima. These solitons, also
called spinons, are pictorially depicted in Fig. 1.3. There also exist antisolitons - mirror images of
solitons. Additionally, there is a residual interaction between solitons, which is attractive for K; < 1/2
and repulsive for 1/2 < K, < 1. In the attractive case, solitons and antisolitons can form bound states
(breathers) with lower energy than the individual excitations. At exactly Ks = 1/2, the Luther-Emery
point, the solitons are free and can be mapped to free massive fermions.

11
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Figure 1.3: (a) Strong-coupling phases of the 1D electron gas with repulsive electron-electron interactions.
Spin degrees of freedom order while charge degrees of freedom (red solid circles) fluctuate
strongly around their average position (black open circles) (b) Ezcitations above the SDW
ground state. The blue line denotes the local value of the spin displacement field . A flipped
spin decomposes into a soliton and an antisoliton that each carry spin 1/2 and travel through
the system as indicated by the blue arrows.

1.4 Disorder in Luttinger liquids

So far we discussed the physics of interacting one-dimensional electrons in the absence of disorder. Now
let us discuss what happens if we introduce localized impurities into the system. This problem is of
considerable practical relevance. Every physical realization of one-dimensional systems — semiconduct-
ing quantum wires, nanotubes, quantum Hall edges, etc. — generally contain imperfections such as
dislocations, vacancies or charged impurities.

The goal of this section is to give a tailor-made introduction to the concepts required for the study
of disordered one-dimensional systems and to review some key results known in the literature, see
also [35, 60]. As mentioned, it is known [51] that arbitrarily weak disorder leads to the localization
of all electronic states in the system, with the localization length &, given by the inverse scattering
rate vpT. The de-conductivity then vanishes, o(T") = 0, for any temperature 7', since the temperature
only determines the distribution over the localized states. The peculiarity of 1D electrons is, that the
ballistic regime of free electrons crosses over directly to the localized regime in the presence of arbitrarily
weak disorder, without any intermediate diffusive regime [60].

The transport properties of the localized system can be probed by the ac-response at an external
frequency w. In the limit of low frequencies wr < 1, the conductivity is given by the Berezinskii-Mott
formula [61, 62]:

Reo/op = 4(wr)?In?(wr), (1.46)
where op = eQ/m)%T and k is the compressibility. In the opposite regime of high frequencies, wr > 1
the ac-conductivity follows the Drude law o(w) = op/(1 — iwT).

The presence of electron-electron interaction changes this picture profoundly. In general interaction
is responsible for two distinct main effects. First, it renormalizes the elastic scattering potential through
the creation of particle-hole excitations (screening). In one dimension, this corresponds to the dressing of
impurities by Friedel-oscillations, see the discussion in Sec. 1.4.2; which yields a temperature dependent
scattering time 7(7') in the Drude formula.

The second effect of interactions is to break the phase-coherence of electrons. This introduces a new
scale, the dephasing time 74, into the problem - quasiclassically it corresponds to the time an electron
can travel on average before it changes its phase through an inelastic scattering event.

12
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Taking these effects into account, the conductivity of the interacting, disordered electron gas at
sufficiently high temperatures is given by o(T) ~ op + Aoy and is dominated by the temperature
dependent Drude part. At lower temperatures, when op ~ Aoy, which is equivalent to 7(T") ~ 74(T),
the weak localization corrections become strong and trigger a metal-insulator transition towards a
localized regime.

We will discuss the specific behavior in 1D system in more detail below. But first, we have to
introduce a bit more formalism.

1.4.1 Model for one-dimensional disordered systems

We first discuss how to model random impurities in a field theoretical model. 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. In a specific system disorder is described by
the continuous potential U(z). However, the field U(z) will differ from one system to another since the
microscopic arrangement of impurities is always different. To obtain a description that only depends on
a few characteristic parameters, we apply a statistical description where U is treated as random variable
that is described by a probability distribution P[U], i.e. P[Uy|D[Up] is the probability that the specific
potential Uy is realized. This methodology is applicable if the system in question is “self-averaging”,
which is expected to be the case when the phase coherence length is much smaller than the system
size. The distribution is often chosen to be Gaussian, because due to the central limit theorem most
distributions will become Gaussian if one considers a large ensemble of systems. The entire information
about the distribution is contained in the moments

(U(x))gis = 0, (1.47)
(U(@)U(2")) g = K (2 — ). (1.48)

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

(o = /DUP[U} () (1.49)

If the correlation length of disorder is much smaller than any other characteristic length scale of
electrons, the disorder kernel can be chosen as a delta function, K(x — 2’) = Dd(z — '), where
D = nippU?(q = 0), with the density of impurities nipyp, is a measure of the disorder strength.

When performing the disorder average one encounters the technical problem that the normalization
of the path integral depends on the disorder configuration. One way to circumvent the problem is the
replica trick which is based on the identity In Z = limy_,o(Z" — 1)/N, where Z denotes the partition
function. Therefore, instead of studying one copy of the system with a random disorder potential it is
more convenient to study N identical copies of the system with an effective disorder action. The fields
in the replicated model then carry an additional replica index n and physical observables are obtained
by taking the N — 0 limit of correlation functions.

Let us now apply this formalism to obtain a model for one-dimensional disordered electrons. The
disorder term in the action is simply

Sais = /dxdT U)o (2, 7)o (2, T) . (1.50)

If impurities are weak, DEp < 1, disorder only produces effects close to the Fermi points. Consequently,
impurities can only scatter forward (¢ ~ 0) with scattering amplitude Uy or backward (¢ ~ +2kp) with
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amplitude Uy,. It can be shown that Uy is real, while U, is complex and that their correlation functions
are given by

{Up(x)Up(z")) =0 (1.51)
(Up(2)Uy () = Us(x)Uyp(2")) = (U(2)U(")) (1.52)

Furthermore, we can decompose the fermionic field v into right- and left-movers according to (1.17).
The resulting low-energy disorder action is then Sgis = Sais,t + Sdis,p, With

Sdisf = Z /dxdTUf(ﬂﬁ) <&+,a¢+,a + &—,aw—,o)

(1.53)
Sdis,b = Z /dxdT [Ub($)¢+,a¢—,a +U§(ﬂf)¢—,a¢+,a} .
In the bosonized form the disorder terms read as
2
Suns == = [dadrtly(@)sec (1549
R —Vompe
Sdisp = - dzdr Up(x)e cos(V2mps) + c.c.. (1.55)

An important fact to notice is, that forward scattering can be completely removed® by the transfor-
mation ¢, — ¢, + [“dyUs(y)K./(ver/T). As long as the observable one is interested in does not
explicitly depend on the field ¢, forward scattering can be neglected completely and we can set Uy = 0
in the above expression. In particular this is the case for the current j. = —ie\/2/70,p.. It is then
understood that the index “dis” always refers to backscattering processes.

1.4.2 Renormalization of a single impurity in a Luttinger liquid

As a first part of our analysis let us consider the effect of a single impurity, modelled by the potential
Uy(z) = U(q = 2kp)d(x). If we assume that the impurity potential is inversion symmetric, its Fourier
components are real and the impurity is decribed by a single parameter. It was found in early works [63—
66], that the density-density wave correlations of the LL yield a strong renormalization of the impurity
potential. If the initial impurity potential is weak, the renormalized backscattering amplitude, seen by
an electron with energy scale e scales as

U(2kp,€) o< (A/e])? (1.56)

where the exponent [ is determined by the interaction strength. For example, for the spinless electron
gas, f = 2—2K.. We see that, in this case, the potential grows if K. < 1. An (infinitely) strong impurity
potential perfectly reflects incoming electrons at any energy. Hence, as a result of this renormalization,
an impurity in a system with sufficiently repulsive interaction can effectively decouple the wire into two
independent parts, leading to a vanishing conductance at zero temperature.

Physically, this renormalization is due to the dressing of the impurity by Friedel oscillations: imagine
a wavepacket of a right moving electron with characteristic momentum kg colliding with an impurity at

®One may argue that this transformation also changes the backscattering part because Uy — Uye? /" dvUsKe/ve
However, since U;, was a random variable to begin with and its Gaussian statistics are not affected by the additional
phase and the action is unchanged by this.
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x = 0. The resulting wave amplitude to the left of the impurity ¥, (x) ~ e*r% 4 re=*r® will be a linear
superposition of the incoming amplitude and the reflected amplitude, where r is the reflection coeflicient.
Therefore, the electronic density profile is given by p(z) = |¥(z)|” ~ 1 + r|? + 2Re(re 2%, The
oscillatory contribution is known as Friedel oscillalion. In one dimension these decay rather slowly
(~ 1/]z|). The key point is, that electron waves approaching 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.

1.4.3 Many impurities: disordered Luttinger liquid

Let us now look at the case of many impurities. In order to perform the disorder average we introduce
replicas ¢,. Using the Gaussian nature of the disorder distribution we can average over disorder
configurations, (exp(—Sqis))qis = €XP[—3 (Shs)qi] = exp[—35p], to arrive at the disorder averaged
action

S = ZSLL [(,On] + ZSSG [@n] + ZSD [@m@m] )

Su = 3 g [[dndr [120nem) + @upun?].

2v, K,
= (1.57)
Ssq = 12};921; /dxdT Cos(\/877r<psn)
Sp = (WZ)Q /dxdﬁde cos(V27[pen (1) = pem(2)]) cos(V2mpen (1)) cos(V2mosm(2)) -

The RG equations of the model for disordered Luttinger liquid in (1.57) has been derived by Giamarchi
and Schulz [67]. The flow equations are given by

dK, 1_.,v
¢ = —ZK**D
de 2 g
dK 1
S D) 2 :|K2
dr 2 [ ALK
K
i
o o K (1.58)
S — _ S S,D
dl 2
dAy
— =(2-2K)A, —D
L= (2-2K)n
dD
with the dimensionless quantities
2Da [vs\ "
)\L:f:; ,D:7w§<z> . (1.59)

The equations describe not only the renormalization of interactions by disorder but also, vice versa,
the renormalization of disorder by interactions. To understand the basic physical mechanisms behind
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D Anderson insulator

“ NP

2

1 % Luttinger liquid i

Figure 1.4: Flow diagram of the Giamarchi-Schulz RG 1.64. The parameter D denotes the dimensionless
disorder strength and K is the Luttinger parameter measuring the strength of electron-electron
interactions. The black line, ending in the quantum critical point K = 3/2, separates the
localized Anderson insulator phase from the delocalized Luttinger liquid phase.

this renormalization it is sufficient to study the limit of spinless fermions, formally Ky = K, = K,
vs = v, =0 and Ay} = 0. In this case the equations simplify to

dK /dl = — K*D/2, (1.60)
dv/dl = — 9KD/2, (1.61)
dD/dl =(3 — 2K)D. (1.62)

There is one subtlety to these equations. Naively one could think, that Eq. (1.60) gives the unphysical
prediction, that interaction is generated by disorder if we start from the noninteracting fixed point
K = 1. However, the parameters K and @, as a consequence of how the RG was derived, already
contain admixtures of disorder and K = 1 is not the correct condition for the clean fixed point. In
terms of the true Luttinger constant the equations read as [60]

dK 1., (1+K?*(3-2K)

1L > D, (1.63)
D
CiTl —=(3 — 2K)D, (1.64)

Here, we dropped the equation for the velocity, since it does not couple to the other equations. Note,
that now K does not flow if we start at the clean fixed point K = 1. The flow diagram is depicted in
Fig. 1.4. There are two types of fixed points of the flow, a strong-coupling fixed point at K =1,D — oo
which can be identified as the Anderson localized phase and the line of Luttinger liquid fixed points
with renormalized parameter K = K* and D — 0. At sufficiently strong attractive interaction and
weak disorder strength, (1.64) predicts a metal insulator transition at zero temperature by lowering
the parameter K below the critical value 3/2. On the other hand, repulsive interactions are expected
to enhance the disorder induced localization.

If the flow of disorder is to strong coupling, there exists a temperature where the disorder coupling
constant becomes of order unity and the system enters a strong-coupling regime, where the Drude
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1.4 Disorder in Luttinger liquids

approach breaks down. This temperature is determined by the condition T'7(7T) ~ 1. Physically, this
is because the Friedel oscillations are cut at scales of the disorder induced mean free path. At higher
temperatures, the equations describe the temperature dependence of an effective scattering time for
scattering off impurities dressed by Friedel oscillations, thus yielding a temperature dependence of the
Drude conductivity,

op o (T/A)* (1.65)

with the same 8 as in the single impurity case.

It is important to emphasize, that the RG approach only captures the renormalization of the Drude
conductivity due to T-dependent screening, but does not accurately describe the weak localization
corrections to the conductivity, which arise from coherent scattering on several impurities and therefore
only appear in the RG equations in O(D3). The weak localization correction becomes strong at the
temperature 71, when |Aowi(T1)| 2 op(T1), which in 1D is equivalent to the condition 74(77) ~
7p(T1). The onset of strong localization is determined by this condition which yields a higher threshold
temperature than the temperature where the renormalized disorder strength becomes strong.
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Chapter 2

Fundamentals: Topological insulators

In this chapter we give a short introduction into the concept of topology in condensed matter physics
and introduce the notion of a TI. In particular we are interested in the transport properties of the
gapless edge modes that emerge at the boundary of two-dimensional TIs. For a further study of the
field we refer the reader to one of the many good reviews on the topic of topological in materials
[13, 68-70].

We begin by defining the notion of a TT in Sec. 2.1. To this end we explain how insulating phases may
be classified according to the presence or absence of certain antiunitary symmetries and how they can
be characterized by a topological invariant in Sec. 2.1.1 and illustrate these concepts on the example
of the Su-Schrieffer-Heeger model in Sec. 2.1.2. We then switch gears and focus on a specific class of
TIs the Zo quantum-spin Hall insulators in two-dimension in Sec. 2.2. We will discuss their theoretical
description, with special emphasis on the transport properties of the helical edge states that emerge at
their boundaries (Sec. 2.2.1) and their experimental signatures (Sec. 2.2.2).

2.1 Definition of a topological insulator

A topological state, within a given symmetry class, describes a gapped fermionic system that cannot
be adiabatically deformed into the vacuum. By adiabaticity we mean in this context the following.
Any gapped system can generically be described by a Hamiltonian. It turns out that the space of
all Hamiltonians decomposes into several equivalence classes according to the absence or presence of
certain antiunitary symmetries in the system. The notion of topology then originates from the fact that
Hamiltonians of a given symmetry class cannot be continously deformed into each other by changing
the parameters of the model without closing the gap or breaking the symmetries of the corresponding
symmetry class. By definition, a topologically trivial insulator is one that can be adiabatically deformed
into the vacuum; all other insulating phases are called topologically non-trivial.

The gap can have several physical origins. It can arise in band insulators, i.e. the gap between
occupied valence and unoccupied conduction bands, in superconductors due to a Cooper instability or
it can arise dynamically, without breaking of any spontaneous symmetry, due to strong correlation in
1D materials (Ch.5). In any case the nontrivial topology of the bulk leads to the emergence of gapless
edge modes at the boundary to a topologically trivial state. These gapless degrees of freedom are
completely robust against disorder. That means we can add any random perturbation or potential of
arbitrary strength to the Hamiltonian of the TI and the edge states will not develop a gap (as long as
the perturbations preserve the antiunitary symmetries of the model and do not close the bulk gap).
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2 Fundamentals: Topological insulators

Cartan label | ©2 22 11?2 |d=1 d=2 d=3 d=4 d=5 d=6 d=7 d=8
A 0 0 0 0 Z 0 Z 0 Z 0 Z
AIII 0 0 1 Z 0 Z 0 7 0 7Z 0
Al +1 0 0 0 0 0 Z 0 Zos 7o Z
BDI +1 41 1 Z 0 0 0 Z 0 Zo 7o
D 0 +1 0| Z Z 0 0 0 Z 0 Zo
DIII 141 1| Ze  Zo Z 0 0 0 Z 0
AII 10 0 0 Zo 7o 7 0 0 0 Z
CII 1011 Z 0 Zo 7o Z 0 0 0
C 0 -1 0 0 7 0 Zo 7o Z 0 0
CI +1 -1 1 0 0 Z 0 Zo 7o Z 0

Table 2.1: Periodic table of topological states of matter. The notation for the symmetries and topological
invariants is explained in the main text. The whole table is periodic as a function of the
dimension with periodicity 8 (“Bott periodicity”)

The addition of any perturbation only adiabatically maps Hamiltonians within one symmetry class
onto each other which may change the exact form of the boundary modes but does not change their
presence.

In the following we will elaborate on the classification of random Hamiltonians and give a minimal
example of a TT to further explain these concepts.

2.1.1 Symmetry classification of Hamiltonians

As we already mentioned above, symmetries of the Hamiltonian play a key role in characterizing topolog-
ical phases. As is well known [71] all symmetry operations are either described by unitary or antiunitary
operators. It turns out that unitary symmetries are irrelevant for the topological classification, since
they always allow for block diagonalization of the Hamiltonian. Consider for example spin rotation
invariance around the z-direction for spin 1/2 particles. If S, is conserved, the Hamiltonian can be
brought into block diagonal form, where the blocks correspond to S, = {1, ]} respectively. Therefore,
one must study the symmetry properties of these blocks of irreducible Hamiltonians in terms of the
most basic symmetries. These are TRS © and charge-conjugation or particle-hole symmetry (PHS) =,
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. Now consider the Hamiltonian of non-interacting fermions with translation invariance
in second quantized language

i = z; /k O (kMo (k) s (K), (2.1)

where «, § are arbitrary quantum numbers and H, g(k) is the first quantized Hamiltonian. The Hamil-
tonian is symmetric under TRS or PHS if it commutes with the respective antiunitary operator. In
terms of the single-particle Hamiltonian this can be expressed as

OH(k)O™! = +H(-k), (2.2)
EH(E)E = —H(-k). (2.3)
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2.1 Definition of a topological insulator

It is easy to see that there are 10 distinct ways for a system to respond to the action of TRS and charge
conjugation. Time reversal can either be absent (© = 0) or present. If the system is time reversal
invariant the antiunitary operator can square to either +1 or —1 which is usually denoted as ©% = +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 © and = one also has to introduce the combined chiral symmetry,
IT = ©F, which is unitary and transforms the Hamiltonian as

OH(k)O ' = —H(-k). (2.4)

The behavior under II is always uniquely fixed, except for the case © = = = 0. In this case, II is either
a symmetry of the Hamiltonian (IT = 1) or it is not (II = 0).

Hence, there exist 10 classes of random Hamiltonians called Cartan-Altland-Zirnbauer symmetry
classes [72, 73]. It was shown that the same classes can be used to classify topological states of matter in
all dimensions. The full symmetry classification of noninteracting TIs and topological superconductors
has been developed based on the analysis of lattice Hamiltonians [10] and of field theories of disordered
systems [14]. Both approaches turn out to be equivalent [15, 69] and yield the table of TIs in different
dimensions in Tab. 2.1. To illustrate how the table is constructed we discuss the specific example of
class A TIs following the analysis of Ref. [74].

For simplicity let us consider a translationally invariant band insulator. Due to the translation
invariance Bloch’s theorem holds i.e. eigenstates of the Hamiltonian are characterized by the crystal
momentum k in the first Brillouin zone (1BZ) and the band index n:

H(K) lun(k)) = en(k) [un(k)) . (2.5)

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

filled

Pk) =Y |un(k)) (un(k)|. (2.6)

n

It turns out to be more useful to work with the “simplified Hamiltonian" Q(k) defined as
Q(k) = 1 - 2P(K), (2.7)

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 1BZ
to the so called Grassmannian U(m + 1)/ [U(m) x U(1)]:

Q: 1BZ — Um+1)/[Um)xUQ)],
k — Q).
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

(2.8)
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2 Fundamentals: Topological insulators

that can’t be continously deformed into each other. The answer to this question is given by homotopy
theory.

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

6: ST = M,

X — o(x). 2.9)

We will consider two fields to be equivalent, ¢1 ~ ¢9, if they can be continously deformed into each
other, i.e. if there exists a continous mapping (“homotopy") @,

®: S'x[0,1] — M,

(2.10)

(x,a) = ®(x,a),

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 m4(M). The homotopy groups of the target manifold in the above case
are well-known and in d = 2, 3 dimensions we have

m(U(m+1)/ [Um) x U(1)]) = Z, (2.11)
m3(U(m+1)/ [Um) x U1)]) = {1}. (2.12)

This suggests that for any integer vz € Z there exists a topologically distinct band insulator in D = 2
dimensions in symmetry class A. Hence, we see that similar to the concept of an order parameter
that characterizes symmetry broken phases, TIs can be assigned a topological index that specifies their
topological phase. TIs with different topological indices cannot be continuously deformed into one
another without a topological quantum phase transition. In the particular example of class A, the
topological state of matter is the quantum Hall effect and the topological invariant vz measures the
number of chiral edge modes that emerge at its boundary. 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 three dimensions.

Besides Z TTs there exist also Zg = {0,1} TIs. In this case the insulator can only be trivial (vz, = 0)
or topological vz, = 1.

To illustrate the concepts discussed in this section we will now analyze a specific model of a TT and
explicitly calculate the topological invariant.

2.1.2 Example: Su-Schrieffer-Heger model

To present a simple model that exhibits a topologically nontrivial phase we study the Su-Schrieffer-
Heeger (SSH) model, which was originally proposed in Ref. [75] for the description of polyacetylene
chains, 1D chains ([C2H3),) of carbon atoms. In this system the Peierls instability leads to a distortion

!The fields ¢ take values in spacetime R?. However, to keep the action finite we have to impose the condition P(x) —
const. for |x| — oco. Thus the base manifold of the fields is actually isomorphic to the d-dimensional unit sphere
RYU {0} =~ S%.
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2.1 Definition of a topological insulator

of the periodic 1D lattice and creates different hopping strengths between neighboring atoms. The
Hamiltonian of the model is then given by

jH:Z:w+ﬁﬂ@%H+@—ﬁﬂ@H@+Hg (2.13)
J

where ¢ denotes the nearest neighbor hopping amplitude, dt is the hopping anisotropy and a; or b;
destroys an electron at site j of sublattice A or B, respectively. We assume periodic boundary conditions
and set the lattice spacing between atoms of the same sublattice species to unity, ag = 1. We perform a
Fourier transform to momentum space, i.e. a mapping j — k € [—m,7) = S; and introduce the vector
cr = (ag,by)?. Then the Hamiltonian takes the form

H=>Y clH(k)c, , (2.14)
k

with the single particle Hamiltonian H(k) = d(k)7, where 7 denotes the vector of Pauli matrices in
sublattice space. The components of the vector d read as

di(k) = (t+dt) + (t — ot)cosk , dao(k)=(t—ot)sink, ds3(k)=0. (2.15)

By diagonalizing the single particle Hamiltonian we obtain the spectrum

By (k) = £|d(k)] = 21/t cos?(k/2) + 6t2 sin(k /2) . (2.16)

In particular we note that the system is a band insulator at half filling kr = .

It is easy to check that the antiunitary symmetries of the system can be represented in sublattice
space as © = K, Z = 0.K and II = 0., hence TRS and PHS obey ©2 = Z2 = 41 and II? = 1,
which places the Hamiltonian into the class BDI. According to Tab. 2.1 the class BDI supports a Z T1
in 1D. To analyze the topological properties of the Hamiltonian we define the simplified Hamiltonian
Q(k) = [d1(k) +1id2(k)]/|d(k)|, which is a mapping from S! — S and can therefore be classified by an
integer since 71(S') = Z. This winding number can be defined as

vy = Z/ dk Q719,Q . (2.17)
2 J_,

It counts the number of times the vector d winds around the origin as k transverses the 1BZ zone. In the
SSH model the winding number is either 0 or 1 depending on whether 6t > 0 or 6t < 0. The topologically
distinct configurations are depicted pictorially in Fig. 2.1. It is clear, that the winding numbers cannot
be adiabatically transformed into each other by changing parameters of the Hamiltonian. Only, when
0t = 0, in which case the band gap closes is the winding number not defined and may change between
values. The winding number is therefore an example of an topological index.

Bulk boundary correspondence and edge states. We now show that a nontrivial bulk topology
leads to the emergence of zero energy bound states at the boundary to a topologically trivial insu-
lator. Consider therefore the boundary between two copies of the SSH chain with opposite sign of
the parameter dt. It is convenient to study the low-energy theory of the SSH model. To this end we
expand momenta around the Fermi momentum k& = 7 + ¢ with |¢| < 7 and assume 6t < ¢t. The
Hamiltonian #H(q) then describes massive Dirac fermions with spectrum Ei(q) ~ £++/(vq)? + m?, with
mass m = 26t and velocity v = tag.
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2 Fundamentals: Topological insulators

(a) 6t <0, topological (c)
dy A
.\ //.\ //.\ //.\ //.\ //.\
dy "
(b) 6t > 0, trivial (d)
dy
A AAA
dy

Figure 2.1: Two copies of the SSH chain with different bond configurations, corresponding to different
signs of the parameter dt; (c) corresponds to 6t < 0 and (d) to 6t > 0. The two configurations
are characterized by a topological (a) or trivial (b) winding number.

Two coupled chains with opposite sign of the mass can be modelled by a continous mass function m(z)
in the Hamiltonian. In real space the single particle Hamiltonian takes the form

H(x) = —iv0,y + m(x)7y, (2.18)

Due to the chiral symmetry of the model the Hamiltonian anticommutes with 7, and therefore the
eigenstates at energy E have the property 7, [¢g) = |¢¥_g). Multiplying the Schrodinger equation
for the zero mode H(x)o(x) = 0 by ir, from the right and using the fact that the zero mode is an
eigenstate of 7, with eigenvalue 1, one arrives at the equation

v0z10(x) = m(z)vo(z) - (2.19)

The wavefunction of the zero energy state then reads as

1 — L% da’ m(a’
Yo(z) = (()) e ot (2.20)

The emergence of zero-energy modes at the interface between topologically distinct phases is not a spe-
cial property of the SSH model but is a general phenomenon known as bulk-boundary correspondence.
Whether the edge modes are real, so called Majorana fermions, or complex, i.e. Dirac fermions, depends
on whether the system has a PHS. In the SSH model the edge states are real, but in the Bernevig-
Hughes-Zhang (BHZ) model to be discussed below the edge states turn out to be Dirac fermions as
the Hamiltonian belongs to class AIl without PHS. The number of bound states is determined by the
topological invariant to the right and left of the boundary, |vg — v1| = number of zero modes.

The bulk-boundary correspondence can be understood intuitively in the above example, when m(z)
is a smoothly varying function. Then the mass interpolates between positive and negative values and
therefore must vanish at some point, independent of the exact form of the function m(x).
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Figure 2.2: (A) Band structure of HgTe and CdTe near the T point. The band gap in the former is
inverted, i.e. the I's band lies above the I's. (B) The bandstructure of thin quantum wells
(d < d.) resembles the CdTe bulk with band gap M = (Ey — H1)/2 > 0, while thick quantum
wells (d > d.) have an inverted band structure like CdTe with M < 0. From Ref. [13].

2.2 7, topological insulators and helical edge states

The properties discussed in the previous sections are general and hold for all topological materials.
In the remainder of the chapter we will focus exclusively on TIs of the class All in two dimensions
with conserved TRS. The first experimentally observed TT in this class was discovered in HgTe/CdTe
quantum wells [9]. Since a majority of this thesis will be devoted to the study of transport properties
in the edge states of such 2D TIs we will discuss the host materials in some detail.

In this section we review the basic electronic structure of the semiconductors HgTe and CdTe and
derive a simple model, following [8, 76], to describe the physics of the subbands of HgTe/CdTe quantum
wells that are important for the topological nature of the material.

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 SOC, the bands become mixed and are characterized
by their total angular momentum j i.e. we have quantum numbers (j,m;,(,s).

The important point is, that the band structure in Hg'Te is inverted because of the large SOC in heavy
materials like Hg. That means that the I's band lies above the I'g band in this material, see Fig. 2.2. For
small quantum well thicknesses, we expect that the band structure of the quantum well behaves just as
the one of CdTe with normal band ordering. However, as we increase the thickness above some critical
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2 Fundamentals: Topological insulators

value d., the bandstructure will be determined by the properties of HgTe and become inverted (see
Fig. 2.2). In the inverted regime the bands naturally have to cross at the boundaries which, according
to the bulk-boundary correspondence, leads to the emergence of massless edge states. We therefore
expect a topological quantum phase transition as a function of quantum well thickness in this material.

To derive an explicit model for this system, we consider the band structure of the quantum well. The
conduction band consists of the doublet |T's, 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 SOC
and will be disregarded in the following.

In quantum wells grown in [001] direction the spherical symmetry is broken down to an 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 kj = 0, m; is
still a good quantum number. The quantum well states |E1, m; = £1/2) are then linear combinations
of states |I's,j = 1/2,m; = £1/2) and |I's,j = 1/2,m; = £1/2) while |H1,m; = £3/2) are made of
IIs,j =3/2,m; = £3/2), respectively. Therefore, the quantum well states are given by the ordered
basis {|E1,T) JHL Y |EL ), |H1,¢>}.3 The states |E'1,0) are Kramers partners, as well as |H1, o)
and therefore all matrix elements between them must vanish due to Kramers theorem. Furthermore,
since |E1,0) and |H1, o) originate from s-like and p-like bands respectively, they have opposite parity.
Hence, every mixed matrix element connecting them must be odd under parity, while matrix elements
between the states must be even. These symmetry considerations lead to the effective BHZ Hamiltonian
for momenta close to the I' point:

H(kx,k:y):<h(0k) h*(o_k>> , (2.21)

with the 2 X 2 matrix
h(k) =e(k)1y + d;(k)oy, (2.22)

Here, e(k) = C' — D(k2 + k2), d(k) = [Aky, —Aky, M(k)]",M (k) = M — B(k2 + k2) and A,B,C,D,M
are material parameters that depend on the specific geometry of the setup. The two blocks of the
Hamiltonian h(k) and h*(—k) correspond to the Hamiltonians of anomalous quantum Hall insulators
and are related by TRS. The model thus can be understood as two time reversed copies of the quantum
Hall effect in opposite magnetic field. While each copy breaks TRS their combination is time-reversal
symmetric.

Each block can be characterized by a topological invariant, the Chern number, v, and v_ respectively.
The Chern numbers are given by vy = £[sgn(M)+sgn(B)]/2 and therefore there exist two topologically
distinct massive phases. The trivial phase in which the topological invariants vanish (sign(MB) = —1)
and the topological regime with finite Chern number (sign(M B) = +1). The bulk is gapped in both
cases with a band gap ~ 30 meV.

2The notation T'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.

3For I's states we have 1=0 which implies that m; = 41/2 is the same as s = +1/2. On the other hand, for T'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 =|.
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Figure 2.3: (a) AlSb/InAs/GaSb/AlSb heterostructure: the electron valence subband E; is localized in the
InAs layer, while the hole conduction subband is located in the GaSb layer. (b) When the
hole band is tuned above the electron band, tunneling between the layers opens a hybridization
gap. In this regime, gapless edge modes, energetically located within the band-gap, appear at
the boundary of the quantum well. From Ref. [77].

However, in the topological phase edge states emerge at the boundary of the sample, whose spectrum
lies inside the bulk gap, see Fig 2.3. One finds, that the helical edge states are Dirac fermions with
spectrum,

By (ky) = 2vpk, (2.23)

where vp = A and for HgTe/CdTe quantum wells A ~ 5 - 10°m/s. Since the model describes two time
reversed copies of the quantum Hall effect, two edge modes appear at the interface of the sample to
the vacuum. They are Kramers partners of counterpropagating electrons with opposite spin. Due to
the fixed relation between spin and momentum they have been termed helical edge states.

The number of counterpropagating edge modes is measured by the Chern numbers and determines
the Hall conductance. While the total Chern number v, = vy 4 v_ vanishes, the spin Chern number,
vs = vy — v_ is finite. By definition the charge and spin Hall conductance is G;(Ucljs) = %VC,S, and hence
G. = 0 while G4 = 262/h is quantized. The 2D TI is thus also referred to as QSH insulator.

An experimental difficulty that arises in the described setup is that the topological nature basically
depends on the quantum well thickness and can not be changed in situ.

Another material that shows the QSH effect are AlSb/InAs/GaSb/AlISb heterostructures shown in
Fig. 2.3. Because the valence band of GaSb is higher in energy than the conduction band of InAs,
the conduction band and valence band of the quantum well are spatially separated. In the inverted
regime Fy < Hj the bands cross at some finite wavevector, but due to tunneling between the electron
and hole layers a hybridization gap ~ 4 meV is opened, rendering the bulk insulating. Following the
ideas developed in the previous discussion, the quantum well should be in the topological phase in the
inverted regime and in the trivial phase in the normal regime. One major advantage of this experimental
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setup is that the band alignment and the Fermi energy can be tuned by back and front gates, as shown
in Fig. 2.3.

Let us make one more remark concering the BHZ model (2.21). The model predicts the existence
of helical edge states at the boundaries of 2D TIs. In the derivation of the model the bulk-inversion
asymmetry (BTA) and structural-inversion asymmetry (STA) of the quantum well have been neglected.
This is not always justified [78, 79]. In InAs/GaSb heterostructures both BIA and SIA are always
present and also in HgTe/CdTe the application of an electric field in the z-direction may break lead
to SIA. Therefore, the general Hamiltonian should contain additional SOC terms that arise due to
the broken inversion symmetry. Of course such inclusion does not change the topological phase of the
system since the terms do not break TRS. However, in the presence of SOC the spin in z-direction is
no longer conserved so that the edge states do not have a fixed spin polarisation anymore. At fixed
energy the Kramers partners at momenta k and —k still have opposite spin but the spin polarisation
changes with momentum and there is a finite overlap between right and left moving states at momenta
k and k' if k # —K'. This leads to new allowed scattering mechanisms, as discussed in Ch. 3.

2.2.1 Topological protection of the helical edge states

If the Fermi energy is tuned into the bulk gap of a trivial insulator electron transport is inhibited. On
the other hand, if one tunes the Fermi energy inside the bulk gap of a TI charge transport is possible due
to the presence of edge states. The transport properties of the edge states are particularly interesting
because the helical modes are topologically protected, i.e. they cannot be localized by arbitrarily strong
disorder as long as TRS is not broken. Here, we present an argument due to Kane and Mele [6] that
helical electrons are robust against elastic scattering of impurities as long as TRS is preserved.
Counsider an edge that is disordered in a finite region and clean outside that region. The conductance
of the system can be found by solving the corresponding scattering problem. For a noninteracting
system the eigenstates in the clean region at any given energy can be expanded in plane waves with the
amplitudes ¢, of the incoming waves and the outgoing waves ¢, where ¢ = (¢, ¢_)T consists of the
amplitudes of left and right moving edge states. Due to the spin-momentum locking right movers have
spin-up and left movers have spin down. In particular the time-reversal operator can be represented
in chiral space by the same form as for spin 1/2 fermions as © = io, K. The scattering that occurs
in the disordered region is characterized by the unitary 2 x 2 matrix S, which relates incoming and
outgoing states ¢, = S¢;,. Time reversal symmetry switches the direction of propagation, which
yields the relation between the amplitudes and the time reversed (TR) amplitudes ¢ox = ioy ¢y, and
PR = 10y @oyi- Since the TR amplitudes are again related by the S matrix, ¢gq; = Séi," we find the

out —
constraint

S = O'ySTO'y . (2.24)

It is straightforward to show that this implies that the S-matrix has to be diagonal, i.e. electrons in the
disordered region are not backscattered. It follows that, unless TRS is broken, electrons are perfectly
transmitted along the disordered region. Eigenstates at any energy inside the region are extended at
T = 0 and the edge transport is ballistic with the quantized conductance G' = 2¢?/h. This argument,
however holds only for scattering between Kramers pairs. If there are two sets of Kramers pairs at the
edge, elastic scattering between different pairs is allowed and localizes both pairs of edge modes. This
shows that the QSH insulator is characterized by a Zsy invariant in the bulk [6], which corresponds to
an even (topologically trivial) or odd (topologically nontrivial) number of Kramers pairs at the edge.
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Figure 2.4: Four terminal resistance R4 23 as a function of the gate voltage V, that controls the chemical
potential. The measurement is performed at temperature T' = 30 mK and zero magentic field.
Different curves correspond to different samples: (I, black) device size (20.0 x 13.3) um? in
the trivial regime; (II, blue) device size (20.0 x 13.3) um? in the topological regime; (III,
green) device size (1.0 x 1.0) um? in the topological regime; (IV, red) device size (1.0 x 0.5)
pum? in the topological regime. The inset shows the temperature dependence of the resistance.
The behavior of the curves is discussed in the main text. From Ref. [9].

2.2.2 Experimental evidence for helical edge states

A possible way to show the existence of edge states experimentally is through transport measurements
at the sample edges. If the TI is in the topologically nontrivial regime and the Fermi energy is tuned
inside the bulk gap the current is expected to be carried solely by the ballistic edge modes. The
resistance in a multi-terminal setup then can be obtained by the Landauer-Biittiger formalism. The
current flowing out of the i-th contact into the sample due to the applied voltages V; at the contacts is
given by

2
€
I;= 5 Y (T;iVi = TiVy) (2.25)
J

where T;; is the transmission probability from the i-th to the j-th electrode. Due to TRS Tj; = T)j; and
since Kramers theorem prohibits backscattering between Kramers partners all entries except T; ;41 =
Ti41,1 = 1 vanish. The total current is conserved in the sense that ) . I; = 0. Furthermore a voltage
lead j is defined by the condition that it draws no net current, i.e. I; = 0 and we have to identify the
1 = N+1 electrode with ¢ = 1. The first experimental evidence of topologically protected edge transport
was reported in [9], where the authors measured the four-terminal resistance R4 03 = It —I4/(Va — V3).
The results of the measurement are depicted in Fig. 2.4. For the setup considered in the experiment,
Eq. (2.25) predicts Ri4,23 = h/2e?, which is in good agreement with the experimentally measured curves
for short samples (green and red) with device size 1 x 1 um?. For larger samples of size 20 x 13.3um?
(blue curve) the conductance deviates significantly from the predicted value. In the latter case the
system size is much larger than the mean free path of the system fee ~ 1 pum. This suggests that
electron-electron scattering leads to nonuniversal corrections to the quantized conductance in these
systems. Possible scattering mechanisms in helical edge modes will be discussed in detail in Ch. 3. The
black curve is measured in the topologically trivial regime where no edge states are present and therefore
shows much larger resistance than the other curves. Lastly, the inset shows that the conductance is
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Figure 2.5: Measurement of the temperature (a) and (b) and voltage dependence (c) of the conductance
of helical edge modes in InAs/GaSb quantum wells. Figures from [45].

only weakly temperature dependent, a point to which we will return shortly.

The quantization of conductance in the inverted regime and deviations from the perfect conductance
for larger samples have also been observed in multiterminal measurements in InAs/GaSb quantum
wells [12, 45, 80].

The transport measurements confirm the physical picture of topologically protected edge states, but
do not shed light on the spin polarization. The fact that the edge states indeed are helical was confirmed
in measurements on split-gated H-bar nanostructures, where QSH and spin Hall transport take place
in the same device [81]. The spin Hall effect can be used as a spin current injector into the QSH region
which allows for an electrical measurement of the spin polarization.

In addition the helical edge states of 2D TIs have been imaged explicitly in real space in Ref. [82, 83].
Here, the experimentalists used a scanning superconducting interference device (SQUID) to image the
magnetic field produced by the current through a Hall bar and reconstructed the current density from
the signal. The results confirm edge transport in the topological regime.

In Ch. 3 we will discuss in detail possible scattering mechanisms that may lead to conductance
corrections beyond the ballistic regime. However, since elastic scattering is forbidden due to TRS at
any energy scale, the mechanisms are necessarily inelastic and lead to power law corrections to the
conductance dG ~ €*. Here, ¢ = max (T, eV) and the exponent depends on the Luttinger parameter
due to the one-dimensional nature of the edge states. It is important to emphasize, that the condition

kpT > eV (2.26)

corresponds to very small bias currents in experiment. In the ballistic regime, G' ~ 2¢%/h, the voltage
is proportional to the current V ~ (h/2€?) - I and thus the condition (2.26) can be expressed as [70]

T [mK] > 150 - I [nA] . (2.27)

Since the experiments discussed above have been performed for bias currents of the order of 100 nA,
the temperature dependence could only be observed for temperatures 7" > 15K for which bulk effect
become important and make it experimentally difficult to measure the edge current. This might explain
the temperature independent nature of the conductance corrections in the above measurements.

Due to the experimentally difficult nature of the measurements, the first experimental observation
of temperature dependence of the conductance was reported only recently in Ref. [46]. The results of
the experiment, performed on systems with edge length L ~ 1.2 um are shown in Fig. 2.5. When the
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chemical potential is tuned inside the bulk gap the longitudinal resistance shows a quantized plateau
that persist for temperatures from 30 mK up to 2 K. The resistance is measured for a bias current of
500 nA, so that (2.27) is not fulfilled for any of the curves. Consequently, the plateau is temperature
independent. For higher temperatures bulk states contribute to the transport leading to an increased
conductance, as is shown in the inset. Fig. 2.5 (b) shows the conductance as a function of the
temperature on a log-log plot for two different bias currents and in a temperature regime, where the
conductance can safely be attributed to the edge modes. For temperatures, where (2.27) is fulfilled the
curves collapse onto the line corresponding to the power law G oc 7032, Finally, the experimentalists
also studied the voltage dependence of the conductance for Iyas = 0.1nA and temperatures T < eV.
The result is depicted in Fig. 2.5 (¢). The main plot illustrates that all measured curves collapse onto
a single curve G o< V037 by scaling the measured dI/dV .

The non-integer power laws for the temperature and voltage dependence of the edge conductance
suggest that the edge modes form a helical Luttinger liquid, where inelastic electron-electron inter-
actions lead to corrections to the quantized conduction. The Luttinger constant in the material has
been determined experimentally as K ~ 0.22. For a discussion of the possible microscopic scattering
mechanisms and a comparison to this experiment we refer to Ch. 3.
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Chapter 3

Electron transport in a disordered helical
Luttinger liquid

This chapter is devoted to the discussion of electron transport in a disordered HLL. As we have discussed
in Sec. 2.2 the HLL is a novel type of 1D quantum liquid that emerges at the edge of a 2D QSH
insulator [6, 13, 68, 76| and consists, in its most conventional form protected by time-reversal symmetry,
of two counterpropagating Kramers conjugate modes. In an “ideal” helical edge, the electron spin is
conserved for each of the chiral modes. Electron-electron backscattering between the modes, as well
as backscattering by nonmagnetic inhomogeneities, is then prohibited by the combination of the spin-
axial and time-reversal symmetries. As a consequence, charge transport through the ideal helical edge
is characterized by a quantized conductance Gy = 2¢2/h, at any temperature T, also in the presence of
nonmagnetic disorder. This conductance quantization has been experimentally observed at the edges
of short HgTe/CdTe [9, 84] and InAs/GaSb [12, 45, 80| quantum wells.

As we have seen in Sec. 2.2.2, transport measurements on larger samples, however, show clear devia-
tions from the quantized conductance. The fact that these deviations appear only for scales larger than
the mean free path due to electron-electron interaction ., = vpTee sSuggests that interactions between
right- and left-movers at the edge are the source of dissipation. Since backscattering in an ideal helical
liquid is inhibited by the spin-axial symmetry this in turn means that the S, symmetry at the edge
must be broken.

The goal of this chapter is twofold. First, we derive a model for the HLL with broken spin axial-
symmetry by taking into account Rashba-type spin-orbit coupling, which is naturally induced by broken
inversion symmetry about the plane of the semiconductor heterostructure. Second, we calculate the
conductivity of this “generic” HLL in the presence of both electron-electron interaction and disorder,
which allows us to make predicitions about transport properties of large samples. While impurity
scattering alone does not affect transport due to the topological protection of the edge states, we will
show that the dressing of impurities by interaction generates effective scattering processes that govern
transport at low temperatures.

The chapter is organized as follows. In Sec. 3.1 we introduce the model we are going to study, that
describes interacting helical electrons in the presence of SOC and nonmagnetic disorder. We then go
on to calculate the conductivity of an infinitely long edge channel for this model. First, we consider
weak interactions and low frequencies of the applied electric field in the framework of a kinetic equation
in Sec. 3.2. Subsequently, in Sec. 3.3 we complement these results by obtaining the conductivity for
arbitrary strength of forward scattering interaction and high frequencies using bosonization and the

33




3 Electron transport in a disordered helical Luttinger liquid

linear response formalism. The combination of both approaches enables us to make predictions for the
temperature and frequency dependence of the conductivity in a wide parameter regime. The results
of the perturbative approach are summarized and discussed in Sec. 3.4. Finally, we perform a weak
coupling RG analysis of the disordered HLL in Sec. 3.5 in order to discuss the temperature behavior of
the conductivity at lowest temperatures before summarizing in Sec. 3.6.

This chapter is based in part on Refs. [85, 86].

3.1 The helical Luttinger model with broken axial spin symmetry

Let us start by discussing the model we are going to study. The Hamiltonian of electrons at the edge
of a two-dimensional QSH insulator consists of four parts H = Hy, + Hso + Hint + Hais. The kinetic
part takes the form

Hign = /k B (R)eo ()6 (1) (3.1)

Here, 1¢,(k) annihilates an electron with spin ¢ =t,] in the z- direction (growth direction of the
quantum well) and with momentum & parallel to the edge. The model of edge electrons we want to
study should be invariant under time-reversal and therefore the Hamiltonian has to commute with
the time reversal operator ©. For spinful electrons © squares to ©? = —1 and can be parametrized
as © = io, K, where o; with 7 = x,y,2 denote the Pauli matrices in spin space and K is complex
conjugation. Time reversal symmetry then constrains the dispersion as €,(k) = ez(—k). We will
assume that the spectrum is linear in the whole momentum range k € [—=A/vp, A/vp], where A denotes
the UV-cutoff of our theory (the bulk gap). The dispersion takes the form:

er(k) = vpk, e (k) = —vrk (3.2)

Here, vp denotes the Fermi velocity and the momentum is measured from the crossing point of the
spectrum which we will refer to as Dirac point. Note that right-moving modes correspond to spin up
and left-moving modes to spin down - due to this special relation between the spin and the dispersion
the excitations are dubbed helical electrons.

As we mentioned in the introduction to this chapter, spin orbit coupling arises naturally in semicon-
ductor heterostructures, due to broken inversion symmetry. The strong SOC in these systems creates
a band inversion in the topologically nontrivial regime and leads to the emergence of edge states in the
first place. We will not derive the form of the SOC term at the edge from a microscopic theory here,
but rather anticipate its form by symmetry arguments. The most generic SOC term we can write reads
as

Hso = /k B (R (K)o b () (3.3)

where TRS contrains the (real) expansion coefficients to be antisymmetric o;(k) = —a;(—k). In the
presence of this term the axial spin symmetry is broken and the quadratic part Hy = Hyn + Hso of
the Hamiltonian is no longer diagonal. We will return to this point shortly after introducing electron-
electron interaction and disorder.

We assume that electrons interact via a short-range (screened by external gates) interaction poten-
tial V(x — /). Additionally, we introduce weak (D < u) white-noise disorder, characterized by the
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3.1 The helical Luttinger model with broken axial spin symmetry

correlation function
({U()U(2"))gis = Dd(z —2') (3.4)

Here, D = njmpU 2(q = 0), with the impurity concentration Nimp, i @ measure for the disorder scattering
strength. The interaction and disorder terms in the Hamiltonian take the form

1 / /
=5 | g 2 PHO = DV UL 4 0. (35
Hys = /k S U@ b (), (k= q) (3.6)

Let us now proceed to rediagonalize the quadratic part of the Hamiltonian in the presence of SOC. If
we introduce the vector of fermionic fields,

Ti(k) = (] (k), [ (k). (3.7)
the noninteracting, clean Hamiltonian takes the form
Ho = [ WRHDwE), (38)
k
with the hermitian matrix
- vpk + as(k) Oé”(k’)
H(k) = ( ai(k)  —vek—as(k) | (3.9)

Here, we defined the function « (k) = a1(k) — iaz(k). The subscript || describes the fact that o (k)
is defined by the spin orbit components parallel to the 2D TI plane. The function a”(k:) can always
be chosen to be real by absorbing a momentum dependend phase into the definition of the fermionic
fields.

Being bilinear in the spinor ¥, the Hamiltonian Hy can be brought into diagonal form by the unitary

transformation,
Vy(k)) _ _ [cost —sinfy Y1(k)
<¢+(k)> = Bk)¥(k) = (Sinﬂk cos 0y, > <¢¢(k)> ) (3.10)
Setting 26 = arctanaH(k)/[ka + a3(k)] the quadratic part takes the form
Ho = Z/ (k) en(k)eby (k) (3.11)
g

where the dispersion relation is given by €,(k) = [aﬁ(k) + (az(k) + vpk)?]Y/2. Performing the rota-
tion (3.10) in Egs. (3.5) and (3.6), we obtain the interaction and disorder Hamiltonians in the chiral

basis as
Hiy = ;/k > Vi) [Bf(k;)B(k - q)]nw [Bf(p)B(p + q)]nw

DP n1m2 n3Ma (312)

Hys = | D U@)|BR)Blk—q)] vl (), (k- 0. (3.13)

m1,M2
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(a) (0) (c) (d)

Figure 3.1: lllustration of the spin orientation and dispersion of (a) an ideal helical liquid with
well defined spin-orientation and (b) a generic helical liquid. In an ideal HLL no
scattering processes (elastic or inelastic) between quasiparticles of different chirality
can take place because their states are orthogonal in spin space. (c) Elastic scattering
in the generic HLL is forbidden due to Kramers theorem, that ensures that states at
fized energy have opposite spins. Filled (empty) circles denote occupied (unoccupied)
states (d) Inelastic scattering in the generic HLL is allowed but is suppressed by the
spin momentum locking - for weak spin-orbit coupling the spin-orientation changes
only slowly as o function of the momentum, so that right- and left-moving particles
have nearly opposite spin.

To simplify the expression we make two assumptions. First, for small momenta and isotropic spin orbit
coupling we expand a3(k) = ay(k) ~ ak + gk*. Second, using realistic values for the parameters in
HgTe/CdTe quantum wells [87] we estimate vp ~ 5 x 10° m/s and a ~ 1,2 x 10* m/s. This means we
can cousider the SOC as a weak perturbation to the kinetic energy of the edge electrons and expand
our results to leading order in «/vp < 1.

In the lowest order in this expansion the rotation angle 6 takes the form 6, ~ 6y + k2/k:§, with
0o ~ a/vp and k:g = vp/B. The regime of “small” momenta is then defined by the condition k < ky. The
first order expansion of the angle 6 corresponds to a constant rotation independent of the momentum,
which we will neglect in the following.

Using the approximations outlined above, the unitary transformation between the chiral and spin
basis in Eq. (3.10) takes the form

(k) [ 1 —k/RG (¢r(k)
=\ p2/22 . (3.14)

Y- (k) kky 1 by (k)
This form of the rotation matrix has first been proposed in [48] based on symmetry arguments alone.
Note that the chiral operators ¥4 involve superpositions of 7 and | electrons, i.e. the quasiparticle
states have no well defined spin in z-direction. In the limit of vanishing SOC (kg — 00) we recover
the spin momentum locking, characteristic of the ideal helical liquid. For large but finite kg the spin

orientation changes as a function of momentum, which is schematically depicted in Fig. 3.1.

Using the approximation in Eq. (3.14) the product appearing in Eqgs. (3.12) and Eq. (3.13) can be
written as

k2 o p2
[BU0BW)| by (kD) = g1 — My (3.15)

n1,m2 k%
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forward g2 forward 94

umklapp g3

Figure 3.2: Two-particle electron-electron scattering processes in a helical Luttinger liquid. Full
(dotted) lines denote right- (left-) moving quasiparticles, wiggly lines denote electron-
electron interaction and a full circle denotes the vertex function by, n.. (Kout; Kin)
wntroduced in the main text.

Substituting this into the interaction and disorder Hamiltonians in Eq. (3.12) and Eq. (3.13) and
expanding the quadratic part to leading order in both /v and k/kg, we arrive at the helical Luttinger
model, H = Hy + Z?Zl H; + Hy + Hy. Thereby, the quadratic Hamiltonian reads as

= /k (k) en (K)o (B) (3.168)
n

where the dispersion relation is given by €,(k) = vpnk. The interaction part can be organized in the
spirit of the g-ology as

e =gu [ ST 00k = 000k = 00y~ 0+ ).

kg

Hy=go [ ST lR0) 0+ @bk - 0),

kg

Hy =gs | > wl(k)b, 5k, k — @)tk — @)l (p)by (P, 0 + Q)5 (p + @), (3.16b)

k.p.a

Ho=gi [ SR+ vk - o),

kpa

Hy =g [ Ry bk = 0k~ DU} (0), 0+ ) + .

kg

Here, we assumed that the interaction potential is sufficiently short-ranged such that we can replace
its Fourier transform by a constant, V(q) = Vi € R. This yields the dimensionful g-ology constants
g1 = g2 = g3 = g4 = g5 = Vo. However, the parameters of the above Hamiltonian include in general
renormalization due to high lying states and should in general be considered as independent, effective
parameters of the theory, cf. the discussion in Sec. 1.3. A diagrammatic depiction of the scattering
processes is shown in Fig. 3.2.
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Finally, the disorder term takes the form Hyis = Hy + Hp, with

Hy =Uo/k Sl k), (k- q)

»q n

Hy = Us /k S b (k)b ks ke — @y ( — q).

sq n

(3.16¢)

Here, the first term describes forward scattering (scattering inside the same chiral branch) and the
second term backscattering (scattering from one chiral branch to the other) off impurities. We assumed
that impurity potential is short-range, which allows us to replace its Fouriertransform by a constant
U(q = 0) = Up. The Hamiltonian in Eqgs. (3.16a), (3.16b) and (3.16¢) defines the theory of helical
fermions we wish to study in this chapter. Although the theory is in principle defined for all momentum
scales |k| < A/up, scattering between electrons of different chirality, and conjoined Luttinger liquid
renormalization only sets in on scales |k| < ko, since the matrix elements of B connecting the spin and
chiral basis are strongly oscillating for larger momenta.

The helical Luttinger model is very similar to the spinless Luttinger model introduced in Ch. 1.3,
except for two important aspects.

The first and main difference is the presence of the factors by, ,,(k,p) in the interaction and disorder
part of the Hamiltonian. These factors appear when a particle changes its chirality in a scattering
process and ensure that no elastic scattering between Kramers partners (for which £ = —p) can take
place, see Fig. 3.1 (¢). Inelastic scattering between particles of opposite chirality, on the other hand, is
allowed but suppressed by powers of £ 2. For weak spin-orbit coupling the chiral states in Eq. (3.14)
only have a small admixture of states of the opposite spin direction, the overlap between states of
different chirality is therefore small ( oc ky2). This is schematically depicted in Fig. 3.1 (d).

The other difference is related to the population of eigenstates at thermal equilibrium. The conven-
tional Luttinger model is obtained by linearizing the spectrum of fermions around the Fermi energy
defining left and right movers with linear spectrum. The theory is then defined for temperatures T' < p,
where the linearization is valid. In the helical Luttinger model, we assume that 7" can be larger than
the difference between p and the Dirac point, so that real scattering events, that involve electron states
around the Dirac point are not necessarily thermally suppressed. Therefore, Umklapp processes (g3
and gs5), that usually would only appear in lattice theories at commensurate filling, appear in the
Hamiltonian in Eq. (3.16b).

In particular in the gs process, energy and momentum conservation necessitate that one of the
particles (incoming or outgoing) is exactly at the Dirac point, see Fig. 3.4. This scattering process is
therefore unique to the helical Luttinger model and we will see that it drastically changes the transport
properties of the HLL compared to the LL.

3.2 Conductivity of helical fermions

The goal of the remainder of this chapter is to study the transport properties of the helical Luttinger
model defined in Egs. (3.16a), (3.16b) and (3.16¢c). The key quantity characterizing transport in a
system is the conductivity

U(Q7w) :j(Q7w)/E(Q7w)7 (317)

where j(g,w) is the current density and E(q,w) is an external electric field. In a macroscopic system, one
takes the limit ¢ — 0 first, which corresponds to a uniform, but time dependend electric field. For lack
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of better nomenclature we will refer to the quantity o(q = 0,w) as the conductivity as well. In particular
we are interested in the resistivity p = [Rea(0,0)]~' = E2/(—Q), which measures the energy (—Q) that
is dissipated due to scattering in the edge if we apply a homogeneous dc field F(q,w) = Epd(q)d(w) to
the system [57].

The opposite order of limits (w — 0, ¢ finite), corresponds to the situation when a static electric
field is applied to part of the edge. The electric field can be nonuniform, but we will demand that the
voltage V' = [dz E(x) is finite. In this case it is often more convenient to introduce the conductance
G=1I/V.

Before we introduce the formalism to calculate the conductivity, let us first review the role of sym-
metries on the allowed microscopic scattering mechanisms in the system. Microscopically, the current

operator of the relativistic low-energy theory of the helical electrons defined in Eq. (3.16a) is given by
J(] = EUF(N+ - N,) 5 (3.18)

where Ny denotes the total number of right- and left-movers, respectively. Electrical resistivity is cre-
ated by perturbations that do not commute with the current operator. These perturbations correspond
to scattering events that change the chirality of electrons.

As we have already discussed, elastic backscattering between Kramers partners remains exactly
forbidden by TRS. As a result, the T' = 0 conductance is given by the quantized value Gy, independently
of the strength of disorder (as long as the bulk remains insulating). However, at T' > 0 inelastic
backscattering processes are generically present in the model with broken spin-axial symmetry and will
give rise to dissipation.

3.2.1 Conductivity of helical fermions: kinetic equation

Our starting point for the calculation of transport properties of helical fermions is the kinetic equation
for pair collisions in a homogeneous edge of a topological insulator. It suffices to consider only pair
collisions, since (single-particle) elastic scattering is strictly prohibited by Kramers theorem to any
order.

The kinetic equation can be used to derive observables of physical interest such as the conductivity,
on length scales much larger than the collision mean free path f.' yet smaller than macroscopic scales,
such as the length over which the drop of an external voltage occurs. Furthermore, we have to assume
that the system is subject to some external source of dephasing, such that the dephasing length /4
is much shorter than fe. This assumption is important because the kinetic equation only describes
collisions, where the electrons have no memory of previous scattering events, and is therefore not able
to capture quantum interference corrections, such as weak localization.

Under these conditions the evolution of the distribution function? f,(k, t) of electrons of chirality 7 at
momentum k and time ¢ is governed by a kinetic equation. We consider the response of edge electrons
with equilibrium temperature 7" and chemical potential p to the application of a homogeneous electric
field E. The corresponding kinetic equation reads as

O fn (K1, 1) — €EOy f, (k1 t) = Sty [f], (3.19)

!Since elastic scattering is forbidden by TRS at any energy scale, the mean free path is generated by inelastic scattering
processes only. Therefore we associate ¢ = fee.

In general the distribution function depends on both the momentum k and the position z. It is then understood that
one considers a wave packet with both k& and x approximately defined, but always such that the uncertainty relation
AxAk ~ 1 is fulfilled. In the case of a homogeneous edge studied here the spatial dependence is neglected.
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3 Electron transport in a disordered helical Luttinger liquid

where St,[f] denotes the collision integral for right- or left-movers, which contains all the information
about scattering of electrons. It is given by

Sty [f] = (27T)2/ > M(L,2,1,2)8(er + €2 — err — €2)0(k + by — ky — k)
Kok ks gy o (3.20)

x LAV = FOIL = f)] = FOFRIA = AN = F@)]}

where we introduced the joint index 1 = (k1,71) and the single particle energies €; = vpnk;. The
function M describes the probability for transitions between the eigenstates |1,2) and |1/,2') of the
clean, noninteracting Hamiltonian. The probability in Fermi’s golden rule approximation takes the
form

2
M(1,2,1,2) = ‘(1’2’\ T\12>( , (3.21)
with the T-matrix

T ~ (Hais + Hint) + (Hais + Hint) Go (Hais + Hing) + - - - (3.22)

Here, the Green’s function operator is defined as

1
Go=——+——, 6—=0+. 3.23
0 € — Ho+ i6’ + ( )

where €; = €1 + €2 denotes the energy of the initial state. If the external electric field is weak, the
distribution function will not differ significantly from the thermal Fermi-Dirac distribution. It is then
convenient to represent the solution of Eq. (3.19) in terms of the functions g,(k,w) as

f) =np) —g(W)np)(1 —np(1)) (3.24)

where np(1) = {1 + el{M=vrkrl/TI} =1 i5 the thermal distribution function. Linearizing the kinetic
equation in Eq. (3.19) in g we obtain (in the frequency representation)

. eFvp
—iwg(1) = 1 = sty [g (3.25)
with the linearized collision integral
Stm [g] = 4 X (27T)2/ Z M(l, 2, 1/, 2/)5(61 + €2 — €1y — 62/)(5(1{71 + ]{72 — ]-Cl/ - kg/)
ka,kys Koy o e, (3.26)

x (2 WnrM)np(2)1 = np()][1 = nr@){g(1) +9(2) - 9(1) - 9(2)}
and
¢(1) = cosh[(eg — p)/2T] . (3.27)

By solving the kinetic equation in (3.25), we find the electronic distribution function g. This, in turn,
allows us to obtain any physical observable of interest. In particular we will be interested in the
conductivity which is obtained as

o(w) :—g/k zn:vn(k)fn(k;w), (3.28)

where v, (k) = vpn. Analytical results for the conductivity can be obtained in the high- (wTee > 1)
and low-frequency (wTee < 1) limits, where 7o denotes the inelastic electron-electron scattering time.
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3.2 Conductivity of helical fermions

High-frequency conductivity

In the high-frequency limit we obtain the conductivity by iterating the integral equation in Eq. (3.25)
once. To zeroth order we neglect any electron-electron collisions, which yields the distribution function
g9 (1) = eBvpn /(—iw 4+ 0)T. The next order is obtained by solving Eq. (3.25) with the collision
integral st,, [¢9]. The resulting distribution function is then used to calculate the conductivity in
Eq. (3.28) which takes the form

— (3.29)

for wrgy > 1. The symbol oo is used to emphasize that the conductivity is calculated in the high-
frequency regime. The high-frequency electron-electron scattering rate is given by

1 2m)3
1 G0 / S M(1,2,1,2)8(er + €3 — €1 — e2)0(ky + ks — ks — ky)
Tee T k1,k2,kqr,kyr 1,112,117 Mgt (330)

x np(Dnp(2)[1 —np()]1 —np2)] (mor +mne — 1 —n2m)

One result, we obtain immediately from this expression, is that scattering processes, that do not change
the chirality of the particles, do not yield a finite scattering rate. For instance, for g;-type processes
we have 71 = 1o # n1 = 12 and thus the sum of products of chiral factors in Eq. (3.30) vanishes.

For weak interactions, g;/vp < 1 and weak impurity scattering (D < p) we can calculate the rate
perturbatively by expanding the T-matrix in Eq. (3.22) up to second order. Thereby, the impurity
Hamiltonian is replaced by the Hamiltonian of a single impurity times the density of impurities nimy
(first Born-approximation).

Since elastic scattering is exactly prohibited to any order, the first order expansion is equivalent to
the (inelastic) scattering rate of the clean system. In second order there appear corrections to the clean
rate, but also rates due to combined processes involving both disorder and electron-electron scattering.

Inelastic scattering rate for the clean system: To first order in an expansion in the T-matrix the

scattering probability is given by M(1,2,1/,2") = | (12'| Hint [12) |2, with the interaction Hamiltonian
defined in Eq. (3.16b). Substituting this into the expression for the electron-electron scattering rate in

Eq. (3.30), we obtain
1 20 7\
gs 1
= (= — T 3.31
Teeg5 (UF) (kao> d (T> (331
with the dimensionless function

$2 _2)\2
£(i) :i7r /d:z:dy - @~ y7) (3.32)

cosh(*52) cosh(¥5%) cosh(“T4=) cosh(&) -

Note, that the g5 process is the only electron-electron scattering mechanism that generates a finite
inelastic scattering rate — a point to which we will return shortly. Let us first discuss the behavior of
the scattering rate as a function of temperature. For low temperatures T' < p, we obtain the asymptotic
behavior of the function f as f(fi) ~ (447/45)fi%e~" [86], which yields the rate

4
! 44 g5 2 k?F n o
“w5r \or) \ ) \T f T. 3.33
Té?,gg, 457 <UF> (ko T pe T, or > ( )
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3 Electron transport in a disordered helical Luttinger liquid

The inelastic scattering is thermally activated in this regime, since momentum and energy conservation
restrict one of the incoming (outgoing) particles in g5 scattering events to sit exactly at the Dirac point,
see Fig. 3.4. For low temperatures the probability that this one state is empty (full) is exponentially
small which triggers the exponential suppression of the scattering rate.

For higher temperatures, T > u, we expand f(f1) ~ 306.02, which yields the rate

2 4
T
~ 306.02 <g5> < ) T, for T>> p. (3.34)

Tee,g5 UF vrko

The parametric dependence of the scattering rate is determined by the product of the available phase
space ~ T and the absolute square of the probability amplitude of the involved scattering process. In
the g5 scattering amplitude one of the incoming particles changes its chirality, which is suppressed by
a small factor (T/vpko)? due to the spin-momentum locking. The high power of the scattering rate in
the temperature can therefore be attributed to the small matrix element for scattering between states
of opposite chirality.

Let us at this point address two important conceptual points. First, how is it possible that inter-
actions that conserve momentum, such as the g5 term, lead to current relaxation? This is surprising
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, in the present case we are dealing with an effective low-energy theory in which
the current of the model (3.18) is determined by the number of left and right movers. In particular,
momentum conservation does not imply current conservation. Current relaxation arises from the scat-
tering of right to left movers or vice versa. While these scattering processes conserve quasimomentum
in the effective low-energy theory, they are in fact Umklapp processes in a superordinate lattice model.

Second, why is the g5 process the only g-ology scattering process that generates dissipation? As we
have already discussed, only processes that change the chirality of electrons generate a finite resistivity.
Consequently, forward scattering processes (g2 and g¢4) and the backscattering process (g1) do not
produce a finite transport scattering rate. The case of the g3 Umklapp term, on the other hand, is
more subtle. This scattering process obviously changes the chirality of the incoming electrons. The
reason why it nonetheless does not lead to any dissipation is intimately linked to the conservation laws
of the helical Luttinger model.

Consider the translation operator Pr and the particle current Jy of the free Hamiltonian in Eq. (3.16a),

Pr = Z/k h(k) ki, (k), and Jo = Z/k Dk by (k). (3.35)

Both commute with Hy and therefore measure conserved quantities. For the case of a clean LL, it
was first realized in Ref. [88] that there exists a hidden conserved quantity, the linear combination
Py = Pr + kpJy, that can be identified as the total momentum of the Hamiltonian and is therefore
conserved, but also commutes with a single Umklapp term. It is straightforward to show, using the
expressions in Eq. (3.16b), that H3 commutes with the total momentum while Hs does not. Thus,
although the g3 term breaks the conservation of current, there is another conservation law that is
preserved by this particular Umklapp term. If this conservation law is obeyed it is impossible to
relax a finite current, and therefore the conductivity remains infinite even at finite temperature. Since
the conservation of the total momentum is only broken due to g5 Umklapp terms, we expect that
gs processes generate a finite conductivity, while gs processes do not, which is consistent with the
calculation above.
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Figure 3.3: Diagrammatic representation of the scattering amplitude of the scattering processes
that appear in the second order expansion of the T-matrix and are relevant for the
calculation of the conductivity. Here, full (dotted) lines denote right- (left-) mov-
g quasiparticles, wiggly lines denote electron-electron interaction, crosses represent
scattering off an impurity and full circles denote the spin-momentum locking vertex
factors by, k,... The diagramms are grouped into two classes (1) and (II) according
to the number of incoming electrons that change their chirality during the scattering
process.

Higher order scattering processes: To the second order of the weak coupling expansion of the T-
matrix the transport scattering rate is given by Eq. (3.30) with the transition probability M(1,2,1’,2") =
| (172'] (Hdis + Hint) Gy (Hdis + Hint) |12) |2. The matrix element contains three distinct types of scat-
tering mechanisms. First, there are processes where both particles are (independently) scattered by an
impurity and then propagate freely before scattering off another impurity. As we have already discussed
such elastic scattering events do not yield a finite scattering rate and will therefore not be considered.
Similarly, there exist processes that include two electron-electron interactions. Diagrammatically, these
correspond to calculating the two particle scattering amplitude with full Greens functions, where the
infinitesimal lifetime is replaced by the electronic self energy. Being quartic in the interaction strength
such processes represent corrections to the rate derived in Eq. (3.31) and will not be considered here.
This leaves us with the third type of processes: scattering event where one incoming (outgoing) parti-
cle scatters off an impurity undergoes a free propagation and then interacts with the other incoming
particle via the electron-electron interaction. Thereby, the impurity scattering can be either of the
forward or backward type and the interaction line can be any of the 5 g-ology processes, which leaves
us with 10 types of combined scattering processes. Using the intuition obtained from the first order of
perturbation theory we expect that only processes that change the total number of right or left movers
can affect current. This is confirmed in the explicit calculation. The remaining processes, that are
relevant for the transport scattering rate are diagrammatically depicted in Fig. 3.3.

We note that we can classify the different processes by how many of the incoming electrons change
their chirality during the scattering process. First, there are processes that change the chirality of a
single incoming particle which we will refer to as “1P processes”. Second, we have scattering processes
that change the chirality of both incoming particles which we will dub “2P processes”. We stress that
these processes are inelastic, due to the electron-electron scattering, but do not conserve momentum,
since they also contain scattering off one impurity. The composite processes are depicted in Fig. 3.4.
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3 Electron transport in a disordered helical Luttinger liquid

Calculating the transport scattering rate for these processes explicitly we obtain

B 8 4
~ c De+2 Db —
Tea 1P B Rt 93 ( ko vrko

1 . TN (3.36)
2 2 F F
~ D 297Dy | — —
with the numerical constants
4 (.1'1 — .7}2)2
= — [dzydasd ~ 21.06 3.37
a4 T / 1A G cosh(z) cosh(xg) cosh(zs) cosh(xy + 2 + x3) ’ (3:37)
29 (1'1 — :L‘2)2(I1 + 29 + 2:133)2 4
= — [dxydzad ~ 1.14 x 10 3.38
- / 1 a2 G cosh(x1) cosh(zg) cosh(zs) cosh(zy + x2 + x3) . (3:38)

In (3.36), the first line describes the scattering rate due to “1P” type processes, while the second line
corresponds to “2P” type processes and we introduced the strength of impurity forward (D = D) and
backward (D = D) scattering to highlight the type of impurity scattering that participates in a given
scattering process. Note that composite scattering events that contain forward scattering off disorder
are always parametrically larger by factors of (ko/kr)? than the ones containing backscattering off
disorder, since they contain less backscattering vertices; see also Fig. 3.3.

The composite scattering processes, together with the g5 Umklapp term determine the behavior of
the high-frequency conductivity. To leading order in the dimensionless strength of electron-electron
interaction and disorder scattering it is given by (3.29) with the scattering rate,

1 1 1 1
— = + + , (3.39)
T Teogs  TeodP  Teo2p

where the rates are defined in Eqs. (3.31) and (3.36). In the case of weak interactions studied in
this section, the 1P scattering rate is parametrically larger than the 2P scattering rate by a factor of
(ko/kr)?(vrko/T)? and we can neglect the latter. However, it turns out that 2P processes are the
dominant scattering mechanism at low temperatures for K < 2/3 when we include Luttinger liquid
effects in Sec. 3.3.

It is instructive to study the behavior of the transport scattering rate in the regimes of high and
low temperatures, compared to u, separately. For low temperatures, the rate due to g5 processes is
exponentially small, see Eq. (3.33). We remind the reader that the exponential suppression originates
from the fact that momentum and energy conservation force one of the particles to be at the Dirac
point deep within the filled Fermi sea. The 1P process is very similar to the g5 process, but contains
scattering off impurities. If we include disorder, momentum conservation is broken and the phase
space requirements for the process are relaxed, which removes the exponential suppression. Thus at
low temperatures, the scattering rate is dominated by the contribution due 1P processes and hence
Re o ~ 1/T§e<zlp. At high temperatures, on the other hand, the rate due to g5 Umklapp processes is
parametrically larger than the 1P rate by a factor T'/D;. The parameter originates from the comparison
of the available phase space and the transition matrix elements of both processes. The 1P process
contains one impurity scattering event and is therefore of higher order in the impurity strength Dy.
On the other hand the available phase space for this process is higher, since it is not constricted by
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3.2 Conductivity of helical fermions

momentum conservation. The difference in phase space yields the factor 77!, relative to the Umklapp
process. At high temperatures T" > u > Dy, the higher phase space is more important and the
conductivity behaves as Reoc ~ 1 /ngg,. The same reasoning qualitatively still applies once we take
Luttinger liquid renormalization into account in Sec. 3.3.

Naively, one might think that, in the spirit of the Drude theory, or the memory function formalism,
with the memory function expanded to lowest order in disorder and interaction, the high-frequency
scattering time 757 also defines the transport properties in the dc limit (w — 0) with the conductivity
given as 0 ~ 75°. As we will see in the next section, this assumption turns out to be true for the

composite 1P and 2P processes; however, it fails for the g5 Umklapp processes.

Low-frequency conductivity

Let us now discuss the behavior of the conductivity in the de limit, w — 0. As we have seen in the
previous section, the conductivity is determined by g5 type Umklapp processes and composite processes
containing both disorder and interaction. We classified these processes according to the number of
incoming electrons that change their chirality during the scattering event as 1P and 2P processes. In
order to simplify the subsequent calculations we introduce effective Hamiltonians for these composite
processes:

Hip = gipaUo /k 3wl R k) (@) () + He, (3.40)
7p7q)q T]

Hap = gopUs /k 3 kgl e 0) Yla) bole), (3.41)
7p7q7q ’r)

with the coupling constants
93k
ki
These operators appear in the second order of the perturbative RG procedure performed in App. C.
The RG is most conveniently performed in the bosonized language and we obtain the operators in
Egs. (3.40) and (3.41) by refermionization. Their coupling constants are fixed by demanding that the
high-frequency scattering rate calculated with the composite operators reproduces the results obtained
by the perturbative expansion of the T-matrix in (3.36). In the values of the coupling constants we
neglected terms o Dy, since they are accompanied by powers of kp/ko making them subleading.

To study transport behavior in the dc limit we explicitly solve the kinetic equation (3.25) for the
distribution function gy, (k1,w) in the limit w — 0 for each of the composite scattering processes in
Eqgs. (3.40) and (3.41) and the g5 Umklapp process in Eq. (3.16b), separately. Once the distribution
functions are known, we obtain the contribution of each process to the conductivity through Eq. (3.28).
To lowest order in the coupling constants, the conductivity is then just the sum of all individual
contributions. Some details of this calculation are outlined in App. B of Ref. [85]. As a result we obtain
the conductivity for w — 0 in the form

gip1 = \/5% and gop =8 (3.42)
0

2e2vp 1 _ _ -1
olw=0)= — (Tee}g5 + Tee}lP + Tee}2P> (3.43)
Here, the dc transport scattering rate of the clean system reads as
T 4
-1 2 H
Teegs ~ 95 <ka0> T fac <T> (3.44)
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3 Electron transport in a disordered helical Luttinger liquid

The function f4.(f1) behaves as fqc(fi) ~ 71.4 for ji < 1 and fge(ft) ~ 1.2 exp(—ji) in the limit
> 1.
The rates due to composite processes take the form

4
T
-1 2
Tee 1P ~4.3g;5 Dy <'UFkO> ,

2 4
k T
-1 3 2 F
Tee,QP ~ 1.5 x 10 g3 Df (k’0> <UFkO> .

It is instructive to compare these rates with the ones obtained in the high-frequency limit. Let us
first consider the clean system at high temperatures, T' > p. In this regime the high-frequency rate
in Eq. (3.31) and the dc rate in Eq. (3.44) are parametrically identical - they differ only by a factor
of order unity. On the other hand, in the low temperature regime, 7' < p, the rates in Eqs. (3.33)
and (3.44) differ by a parametrically large factor 7eegs /T&ig5 ~ wu/T > 1. This discrepancy can be
attributed to the Pauli blocking of the state at the Dirac point. As we have discussed, each g5 process
involves one incoming or outgoing particle that occupies the state at exactly zero momentum. At high
frequencies the state is frequently emptied due to the applied field. In the de limit this can only happen
due to thermal fluctuations that are suppressed as T'/u at low temperatures.

Finally, by comparing the scattering rates of composite events in the high-frequency regime (3.45)
and the low-frequency regime (3.36), we see that they are identical up to a numerical prefactor.

We summarize, that the only parametric discrepancy between high and low-frequency transport
scattering rates occurs in the clean rate for temperatures 7" < p, where the g5 term is exponentially
suppressed anyway. Hence, we conclude that the conductivity behaves Drude-like with the effective

scattering rate 7., (T) ~ T(;}g5(T) + 75 (T) + 7. Lp(T). That means the conductivity has the form

(3.45)

_2¢? 1ee(T)

o(w,T) = i) (3.46)

At the moment, we will postpone a discussion of the behavior of the conductivity to Sec. 3.4 after we
have included the effect of Luttinger liquid renormalizations.

3.3 Bosonization: The disordered helical Luttinger liquid

In this section, we bosonize the helical Luttinger model which allows us to take forward scattering
interactions, go and g4, into account exactly.

To this end we first perform a Fourier transform of the model in Eqs. (3.16a)-(3.16¢) to real space.
The quadratic part of the Hamiltonian and the electron-electron forward scattering can be written
similar to a conventional spinless Luttinger model as

Hy = —ivp Y 7 / dz ) 0,1, (3.47)
n
and the Hamiltonian of electron-electron forward scattering reads as
Hy+ Hy = Z /dx (94(577’,7/ + 925ﬁ,n’)pnpn’ , (348)
nn'
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(a) E B E

(b)

»K»—- ————
- ——- > >
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Figure 3.4: (a) Momentum configurations for two particle scattering in a HLL in the most im-
portant scattering channels. Full (empty) circles denote thermally occupied (empty)
states. (b) Diagrammatic representation of the scattering amplitude of the scattering
processes. Here, full (dotted) lines denote right- (left-) moving quasiparticles, wiggly
lines denote electron-electron interaction, crosses represent scattering off an impurity
and full circles denote the spin-momentum locking vertex factors by, ., n.. (Kout; Kin).
“1P” and “2P” scattering processes denote effective inelastic scattering processes, that
contain both electron-electron interaction and scattering off impurities, in which one
and both of the incoming particles, respectively, change their chirality. Due to the
presence of disorder, the total momentum is not conserved during the scattering. In
the g5 Umklapp term the incoming particle has to sit directly at the Dirac point, due
to kinematic restraints set by momentum and energy conservation.
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3 Electron transport in a disordered helical Luttinger liquid

with the chiral densities p, = w;gwn. Note, that we dropped the g; term in the expression above. For
spinless electrons, this term is similar to the g term, but contains more spatial gradients making it
less relevant in the RG sense.

Next, the Umklapp part takes the form

Hy = 9ok 3 [de @@ (3.49)
n

Hy = gsky* 30 [ o (0up) (000 + Hic (3.50)
n

where p = py + p— denotes the total fermionic density.
Finally, the disorder Hamiltonians read as

ty = Y [ U@l @i, @) .51
Hy =k Y0 [deUG)[vloke, - (@), (352)
n

For weak interaction and disorder potentials, all relevant scattering processes take place close to the
Fermi points. It is then convenient to introduce new fermionic fields R and L, for left- and right moving
electrons, whose momenta are measured from the Fermi points. In real space this corresponds to the
transformation

Yi(r) = R(x)e*r™, () = L(x)e *re, (3.53)

As we have mentioned, the forward scattering term can be treated exactly using bosonization, with the
fermionic fields represented in terms of the bosonic field p(z) and its dual field 0(x) as

1 i/Tp(x)—0(x

R(z) = \/ﬂe Vrle(z)=0()] (3.54)
1 ,

L(z) = QWae*lﬁ[W(f)Jr@(x)}_ (3.55)

Here, a ~ kj ! is the short-distance cutoff of the theory.

Since the subsequent calculations are most conveniently performed in the framework of a field the-
oretical description we also switch to the action S = [dadr {illd.¢ + H|[p,II]}, where the canonical
momentum is given by II = —0,6. The quadratic part of the helical Luttinger model including electron-
electron forward scattering then takes the form

S = / dndr { —i0,00-0 + 5K (0:0)° + K100} (3.564)

Here, K denotes the Luttinger parameter and v the plasmon velocity. In terms of the interaction
parameters go and g4 they are given by

1 2g4 292 94 \? 92 \2
K = TuE TUE d = \/(1 + ) — ( ) . 3.56b
1 + g4 + g2 an v vF 27T’UF 27T’UF ( )

27I'UF 2Tl"l)F
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3.3 Bosonization: The disordered helical Luttinger liquid

Performing the bosonization procedure for the Umklapp part yields

Sy = 937]{3 - / dz A7 [(0,0)% — (8.0)*] cos(4v/7@) , (3.56¢)
T Oa

Sy = %i2 / dz dr (82()(0.0) sin(2v/7) (3.56d)
Wkoa

where we defined ¢ = ¢ — kpa/+/m. Similarly, the disorder terms take the form

Sy = \}%/dxdTUf(a:)axgo, (3.56e)
S = 5o / dar dr Uy (2) [ 9,00, 5 + iv/Ar020]e V% + Hec. | (3.56f)
s Oa

The forward and backward scattering impurity potentials are defined by the correlation functions
Us(@Uy (o)) o = Drola—a'),  Up(@)h (@))gs = Dydla —a) (3.56¢)

and zero for all other correlators.

Unlike in the Luttinger liquid model, the forward scattering term can not be removed by a gauge trans-
formation of the field ¢ as we outlined in Sec. 1.4.1. The conventional shift ¢ — o+ [“dy U (y) K/(vy/T)
removes the term Sy from the action but reintroduces the disorder fields ¢y in the argument of the
cosine of the Umklapp terms. As we have seen in the perturbative calculation of the conductivity
for weak interaction strength, disorder forward scattering plays an important role for the transport
properties of the disordered HLL by generating composite scattering processes when combined with
Umklapp scattering.

The composite 1P and 2P processes appear in the second order of the perturbative RG procedure
performed in App. C and have to be included into the action. They read as

Sip = gip1(va)™? /dxdTZ/{f(a:)a,%Q sin(vVdny — 2kp)
+ gipa(va®) ™t /d:ch Us(x)050 cos(Vary — 2kpx), (3.56h)

Sop = gap(vat) ™! /dxdTZ/lf(x) sin(vV16mp — 4kpx) .

The values of the coupling constants at the UV scale are given in Eq. (3.42). They are fixed by the
condition that the operators reproduce the results of the fermionic perturbation theory.?

We now perform the disorder average using the replica trick, as discussed in the Sec. 1.4. If we are
interested in the behavior of the system at energy scales € = max (T, w) < p, we can neglect terms
in the action that are higher order in spatial derivatives, since they are less relevant in the RG sense.

3Note that the term with coupling constant gip2 does not contribute to the conductivity in the lowest order of pertur-
bation theory. Its value would have to be fixed by the perturbative calculation of other observables.
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This yields the action of the disordered helical Luttinger liquid
_ . v 2 —1 2
S = ; /dxdT{ - ZaxenaT(Pn + §[K(a;r9n) + K (8339071) ]} s
v
S = )\39 Z /dx dr cos(4v/mp, — dkpx),
S5 = X510 Z /daf; dr 0%0,1 cos(2v/mp, — 2kpx)
v
— A52— dz d7 9,0, sin(2 n — 2k ,
572@;/ rar sin(2v/7p F)

2
Sop = — )\QP% Z /dxdeT/ cos(2vVar[pon (2, T) — om(z, 7)]) ,

(3.57)
Sip = — A\ip1v%a Z /dxdeT/ 0204 (2, 7)020y(x, 7') cos(VaAr[on(z,7) — om(z, T')])
+ Aipov? Z /dxdeT' 0204 (2, 7) 040y (, T') sin(V Az [ (2, 7) — om(z, 7)]) ,
S; = —D Z#/dxdd/a (2, 7)o (2, 7')
f = fnma TAT OxPn\Z, T )OzPm\Z, T ),
2
Sy = — va— Z /d:p drd7’ 0,0, (2, 7)02 0 (2, 7') cos(VaT[pn(x, ) — @m(z,7')]) .
a
Here, n, m = 1,--- , N denote replica indices, where N is the number of replicas, and we defined the

dimensionless coupling constants of the Umklapp terms \3 = g32k% /m?vkia®, A5 1 = g52kp/\/7§vk(2)a
and A5 = g58k:%7 / \/ﬁvkg, the dimensionless coupling constants of the composite terms \ip; =
G?pDy/4advt, \ips = Q%P,QQ%P,1Df/2“37)4 and Aop = gapDy/4(av)* and the dimensionless coupling
constants of the disorder terms Dy = Dya/2mv? and Dy = Dpk2 /2mv?akd + Dyg?p o /4av?.

We point out, that if the chemical potential is tuned to the Dirac point (kg = 0), we have to consider
the original action in Eq. (3.56a)-(3.56h) instead of the action in (3.57).

3.3.1 High-frequency conductivity of the disordered helical Luttinger liquid

We now calculate the conductivity of the helical Luttinger liquid model (3.57) in linear response. The
conductivity is obtained as [52]

(W, T) = — “x(k — 0,ikp — w+i6), §=0+. (3.58)
w

where the susceptibility contains the current-current correlation function and the so-called diamagnetic
term and reads as

X(z,7) = x4 (2, 7) + (j(,7)j(0,0)) . (3.59)

Here, the brackets include both the average over disorder and the average over quantum fluctuations
described by the action in Eq. (3.57). In the presence of an electromagnetic field we couple the vector
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3.3 Bosonization: The disordered helical Luttinger liquid

potential to the canonical momentum via the minimal substitution 9,0 — 0,6 + %A [44]. The current
is then obtained by varying the action with respect to the vector potential

J=05/0Ala=o (3.60)

and the diamagnetic susceptibility is obtained as

dia / ! 68
XHla—a,r—7) = _<5A(g;,r)5A(xf,T/)>‘A:o' (3.61)
Note that the vector potential does not only couple to the free action but also to the perturbations in
Eq. (3.57). Therefore, we get additional contributions to the current and the diamagnetic susceptibility
proportional to the coupling constants of the perturbations. These have to be taken into account in
the perturbative calculation of the conductivity as well.

In the absence of any perturbations, the current is given by

K
jola, ) = %81,9(%7) (3.62)
and the diamagnetic susceptibility is
2
. K
3oz — o/ 7 — 1) = S50 — 2)d(r — 7). (3.63)

s

From this we obtain the conductivity of a free HLL in linear response according to Eqs. (3.58) and (3.59):

_ 2¢%2 WK

oo(w) = T (3.64)

The real part of the conductivity is therefore a simple delta peak, with Drude weight vK. The system is
a perfect conductor with infinite static conductivity [35]. To obtain a finite real part of the conductivity,
which leads to dissipation in the system, we perform a perturbative expansion of the susceptibility to
lowest nontrivial order in the considered scattering mechanism. In order to treat the effect of scattering
processes perturbatively the corresponding scattering rate has to be the lowest energy scale in the
problem. In particular we have to require w > 7..' which means the perturbative treatment only
allows us to calculate the ac conductivity.

In the following, we will first discuss the conductivity in the clean case and then in the presence of
disorder. Some details of the calculation are summarized in the Appendix B.2.

Clean case

In the weakly interacting case, we have identified the g5 Umklapp interaction as the main source of
resistivity in a clean system. Let us now study the conductivity induced by this process in the bosonic
language. To lowest order in the coupling g5 and in the regime w,T < pu we obtain the conductivity
0 = 0g + 0g5, With

v w3

2 . 2
g5 (W, T) = <g5> i et (Z) Tre(w,T) (3.65)
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3 Electron transport in a disordered helical Luttinger liquid

where the function Zx(w,T) is defined in Eq. (B.26) in the Appendix. The imaginary part of the
conductivity (3.65) renormalizes the zeroth order result (3.64), which amounts to replacing the Luttinger
parameter and plasmon velocity by their renormalized values at given energy scale € = max(7,w). Here,
we are interested solely in the real part of the conductivity. It is useful to express the conductivity
through the high-frequency scattering rate as Re o = 67?55 (722)~! and to discuss the effective rate in
the limit of low T' < w and high T > w temperatures.

In the regime p > w > T we obtain

1

Tgs (W)

gs 2’1)216‘2 row
~ fi(K) () —E(kpa)?KT2eTeor . (3.66)

v w

where we defined the positive, dimensionless function

16 1
FE) = — 22— sin(nK)?K> [(6 +K)D(—K)D(—K —3) + (-1 — K)?] . (3.67)
73 (koa)?
Note, that we did not discuss the regime w > T bheforehand, because it lies outside the region of
applicability of the kinetic equation. We will return to this point at the end of this section
For high temperatures w < T, on the other hand, we obtain the transport rate

1 fi(K) (g5 ZUQk% QK42 L
~ = —(k + . .
75 (W) 2 v 7 (kpa)™ et (3.68)

For weakly interacting electrons, K — 1, v — v, this agrees with the result obtained in the kinetic
equation approach in Eq. (3.33). For a qualitative discussion of the behavior of the conductivity we
refer to Sec. 3.4.

Note, that we could also have obtained the parametric dependence of (3.68) by scaling arguments.
The full conductivity, apart from an unimportant numerical prefactor, can be obtained by substituting
the renormalized coupling constant gs(€) into the equation for the scattering rate in Eq. (3.33). If one
neglects the scaling of K, which only starts at order g2, the renormalized coupling can be obtained by
power counting. The scaling dimension of the action in Eq. (3.56d) is Ags = K + 3. It is important
to realize that this scaling includes both the gradient terms, which are already included in the weak
coupling result and the scaling of the cosine-operator which includes information about the Luttinger
liquid renormalization. On this basis, the renormalized coupling constant reads as

95(€) = g5 () o (3.69)

’Uk’o

where we used that the renormalization only sets in on scales vky << A. Above this scale all interactions
that mix left- and right movers contain strongly oscillating terms and can be neglected. For a finite
interaction radius, dy < 1/ko, on the other hand, the UV cutoff would be of the order of v/dy (compare
the discussion in Ch. 4.3).

Finally, we can make predictions about the regime of w,T > u. In this limit the system effectively
behaves as if the chemical potential were at the Dirac point. To zeroth order we thus have to calculate
the conductivity in the presence of the original g5 term in Eq. (3.56d) at kr = 0. Instead of performing
the calculation explicitly, we will use the scaling arguments we just discussed to obtain the behavior of
the conductivity. Substituting the renormalized coupling constant in Eq. (3.69) into the high-frequency
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3.3 Bosonization: The disordered helical Luttinger liquid

rate in Eq. (3.34) we obtain the renormalized rate

o~ () = () (@)

The parametric dependence of the clean conductivity as a function of the frequency or the temperature
will be discussed in Sec. 3.4.

To summarize, we find, that for strong interactions, the power law exponents in the scattering rate
are functions of the Luttinger parameter. Thereby, the correct parametric dependence of the scattering
rate can be obtained by substituting the renormalized coupling constants at energy scale € into the weak
coupling kinetic equation results. Additionally, the combination of bosonization and the linear response
calculation allows us to make predictions for the frequency range w > T', beyond the applicability of the
kinetic equation formalism. In the kinetic equation the external field is treated classically, so it cannot
be applied if the frequency becomes larger than the temperature. In this case one has to quantize the
electric field and treat the interaction of photons with the electrons quantum mechanically. This regime
becomes accessible in the present formalism.

Disordered case

In the presence of disorder the conductivity has additional contributions due to the composite 1P and
2P processes. One could naively expect that also the term Sy, that describes backscattering off disorder
dressed by electron-electron forward scattering yields a finite contribution to the conductivity. However,
we find that this contribution vanishes exactly, independently of the value of K.

If we calculate the conductivity in linear response to leading order in the coupling constants A1p, Agp
and Dy, we obtain

2K+4
i 283K [ mwaT
o1p(w,T) = Np1—5——5— <> (3J2k+4(w,T) — 22k 42(w, T)) (3.71)
w3 ™ oa v
8K
i e2v32mv3 K2 wal
op(w,T) = E?T)\QP Y Tek(w,T) (3.72)
op, =0, (3.73)

where Joi (w,T') is defined in Eq. (B.20).

First, let us discuss the conductivity due to the composite operators in the limit of low and high
temperature. To this end we again express the conductivity through the high-frequency scattering
rate as Re o0 = %(Té’e")*l and substitute the value of the coupling constants Agp and A;p; by their

definition below (3.57).
In the limit T" > w this yields

A 9 2 8K—2
1 N 1 Dy 1 2°K L (9 I2(4K) [ kr 1 2raT
TeodP  TesoP v (akg)t v TRK)w* \ ko | (akp)? v

2 (K +1) omar\
gs Ta
* (v) F(2K+4)F2(K+1)< v ) ]

(3.74)
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and for T < w

2
1+1_vaF2126K44932 1 ke 1 (aw\* 2
TP Teop U \v /) (ako)t 7 v ) TEK)x* \ ko | (ako)2 \ v
L= 3 (wa\T
v/) KIQ2K+4)\ v
In both limits the transport scattering rate behaves as a power law of temperature and frequency, where

the exponent is a function of the Luttinger parameter. As in the clean case we could have derived the
parametrical form of these rates by substituting the renormalized coupling constants

g93(€) = g3 (65>4K_2 , o g5(€) = g5 <6:> o ; (3.76)

at the scale e = max(7T,w) into the results for K = 1 in Eq. (3.36). For a discussion of the conductivity
of the disordered HLL we refer to Sec. 3.4

Now, let us discuss the result that the disorder backscattering term in Eq. (3.57) yields no finite
conductivity even when dressed with arbitrarily strong forward scattering electron-electron interaction.
In Appendix B.2 we show that, to the leading order in disorder strength Dy, the backscattering term
does not lead to a finite scattering time for any value of K. Recall that the term Simp originates
from backscattering off impurities and should therefore have no impact on transport on its own in the
absence of go interaction at K = 1. However, we find that the conductivity does not only vanish for
K =1 but for arbitrary K meaning that even the combination of go interaction and backscattering
off impurities does not change the conductivity. This is also consistent with our fermionic analysis in
Eq. (3.36), where no terms proportional to Dyg3 appear. It was recently shown [89] that this statement
is true to any order in the perturbation series. However, at the moment of writing, the origin of this
conservation law remains an open question.

(3.75)

3.4 Discussion of the semiclassical conductivity

Let us now combine the results obtained so far. In particular we will be interested in the temperature
dependence of the semiclassical dc resistivity p = o !(w = 0) of the disordered HLL and in the
frequency dependence of the conductivity at fixed temperature.

First, we have checked by explicit calculation of the conductivity of weakly interacting electrons in
the ac limit in Sec. 3.2.1 and in the de¢ limit in Sec. 3.2.1, that the conductivity behaves Drude like as

B 22 Tee(e)
o(w,T) = T iwree(e) (3.77)

1_ -1

where 7 ce,g5 +Te;11P +Te;12P is the renormalized scattering rate at energy scale €. The effect of Lut-
tinger liquid renormalizations on the rate can thereby be incorporated by substituting the renormalized
interaction constants (3.76) into the kinetic equation results.

Combining the results of our different approaches, we obtain the dc resistivity p = h/2e?7,,!, with
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o(T) o(T)

~ T2K+3

K T H T

Figure 3.5: Behavior of the dc resistivity of the clean (left) and disordered (right) HLL as a func-
tion of temperature. At high temperatures the main source of resisitivity is provided
by g5 Umklapp processes which yields p oc T3 These scattering processes become
thermally activated at temperatures T < p and thus the behavior of the resistivity of
the disordered HLL is dominated by the composite 1P and 2P processes instead. These
scattering processes yield a behavior p o< T, with the exponent oy = 2K + 2, for
K >2/3 and oy = 8K — 2, for K < 2/3. At zero temperature the resistivity goes to
zero, as long as K > 1/2.

the scattering rates

M 2K+2
-1
Tee,g5 chfz)fdc <T> <Uk0>
-1
7—ee,lP ( > (3.78)

SK 2
-1
ee2P O<g3< > Uk() Df’

where € = max(u,T) and fa.(fi) behaves as fqc(fi) = const. for ji < 1 and fac(ji) ~ f° exp(—f) in
the limit & > 1. The exact prefactors of the rates are in general functions of the Luttinger parameter
and the dimensionless ratio w/T and are difficult to obtain in general. Here, we will only discuss the
parametric dependence of the total rate, which in turn determines the behavior of the resistivity.

The resistivity as a function of temperature is plotted schematically in Fig. 3.5 for both the clean
(left) and disordered (right) HLL. In both cases the resistivity mirrors the behavior of the renormalized
scattering rate 7,,' and we can discuss them on equal footing. At high temperatures, the transport rate
is dominated by the contribution of g5 Umklapp terms and hence the resistivity decreases as temperature
is decreased as p ~ T?(£+3, For temperatures T < j, the Umklapp term becomes thermally activated
due to Pauli blocking of states close to the Dirac point. Hence, in the clean HLL the resistivity decreases
exponentially as temperature is lowered reaching zero at T' = 0. In the disordered case, on the other
hand, the resistivity at low temperatures is determined by either 1P or 2P processes and decreases as
a power law p ~ T%. The exponent is a; = 2K +2 for K > 2/3 and a; = 8K — 2 for 1/2 < K < 2/3.
In any case the resistivity vanishes at zero temperature, due to the absence of phase space for inelastic
scattering events. For even stronger interaction K < 1/2, electron-electron interactions become relevant
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Re o(w) Re o(w)

T H w T 1 w

Figure 3.6: The real part of the conductivity of the clean (left) and disordered (right) HLL as a
function of frequency. The behavior of the curves is discussed in the main text.

in the RG sense and a perturbative treatment is no longer viable. We discuss the behavior in this regime
in the next section.

We have also studied the frequency dependence of the real part of the conductivity, which is plotted
for the exemplary case T' < p in Fig. 3.6 for both the clean (left) and disordered (right) HLL. Let us
first discuss the clean case. At high frequencies the conductivity is proportional to the renormalized
scattering rate Re 0 ~ 1/w?7ee(w), which yields a power law behavior Re o ~ w?5+1. At frequencies
below the chemical potential the Umklapp process becomes thermally activated due to the Pauli block-
ing of the state at the Dirac point. The conductivity thus decreases as ~ w3 exp(—pu + 2w/2T") down to
exponentially small values at frequencies of the order of the temperature. At even lower frequencies,
the conductivity behaves Drude like with the renormalized scattering rate 7ee(7), this means it begins
to grow again as ~ w2 as frequency is lowered reaching a finite dc value at zero frequency. The dotted
line at highest frequencies indicates that the conductivity has to decrease at frequencies above the
UV scale of our theory ~ vkg, lest the theory becomes unstable — remember that the real part of the
conductivity at frequency w is proportional to the average dissipated energy in the system in response
to a ac field with frequency w.

Now, let us turn to the discussion of the conductivity of the disordered HLL. Similarly, to the
discussion above the conductivity behaves as a power law of frequency, where the power is determined
by the dominant scattering mechanism. For frequencies w > u, the g5 Umklapp process yields Re
o ~ W B+ At lower frequencies the transport scattering rate is dominated by the composite 1P or 2P
processes and we find Re o ~ w2 with a; = 2K + 2, for K > 2/3 and a1 = 8K — 2, for K < 2/3.
At even lower frequencies, w < T, the renormalization of the scattering rate is cut at scales of the order
of the temperature and the conductivity behaves as Re 0 ~ 1/w?7e.(T), before transitioning into the
dc regime where Re 0 ~ 7o (T)(1 — w?r2(T)).

Corrections to the quantized conductance of short edges. The electron-electron transport
rate can also be used to make predictions about other physical quantities relevant for transport. In
particular the dc conductance of a short edge with length L < lee can obtained as [57]

G~ 25(1 . EejT)> (3.79)

where leo(T) = vr75d(T). Roughly speaking, the frequency defines a characteristic length scale L,, =
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3.5 Renormalization group treatment of the disordered helical Luttinger liquid

vp/w and thus an infinite system at finite frequency is expected to behave similarly to a finite system
at zero frequency. Technically, we can perform the substitution (—iw + 0 — 1/L) in the result for
the ac conductivity and obtain the conductance as G = o/L. The behavior of the conductance as a
function of temperature is thus as follows. At zero temperature, £55(7") — oo and charge transport
through the helical edge is characterized by a quantized conductance Go = 2e2/h, also in the presence
of nonmagnetic disorder. At higher temperatures, on the other hand, forward scattering off impurities
dressed by electron-electron interaction yields a finite scattering rate and hence a correction to the
quantized conductance 6G = Gy — G, with §G ~ T, for temperatures T' < p. At higher temperatures
g5 Umklapp processes provide the fastest scattering mechanism and yield §G ~ T25+3. This agrees
with the analysis of previous works [48, 49, 90].

Comparison with experimental data. As discussed in Ch. 2.2.2, the temperature dependence of
the conductance of the HLL has been measured in InAs/GaSb heterostructures in [46]. The authors
estimate a Luttinger constant K = 0.22 in the material and obtain a temperature scaling of the
conductance G ~ T%32, At higher temperatures or voltages the conductance saturates to the quantized
value Gy = 2¢%/h. The nonuniversal power law is a clear indication of Luttinger liquid physics in QSH
edges. Our theory predicts a power law correction 6G ~ T8 =2 which would agree with the measured
exponent for K = 0.29. However, since the correction grows and hence the conductance decreases with
increasing the energy scale, the saturation cannot be explained by the model we considered.

The observed behavior of the conductivity was attributed to the scattering of quasiparticles off
a Kondo impurity [47]. At high temperatures, Kondo and two-particle scattering yield logarithmic
corrections to the quantized conductance, leading to the saturation at the quantized value at highest
energy scales. At low temperatures and for K < 1/4, on the other hand, the Kondo impurity becomes
screened and transport proceeds by weak tunlneling through the impurity potential. in this limit the
conductance is predicted to behave as 6G ~ T2k ~2. The experimentally observed value of the power law
exponent is obtained from this formula if K = 0.21, which fits well with the experimentally measured
value.

In summary, the experiment shows clear signs of Luttinger behavior in helical edge modes, but
further measurements on a variety of samples are needed to pinpoint the exact microscopic scattering
mechanisms behind the temperature dependence of the conductance.

3.5 Renormalization group treatment of the disordered helical
Luttinger liquid

The results of the previous sections are valid if a perturbative expansion in powers of the coupling
constants is possible. However, the coupling constants of the model are subject to renormalization
upon lowering the temperature. There may thus exist a critical temperature below which the system
undergoes a phase transition and the perturbative description breaks down. One way to handle this
problem is to study how the coupling constants change under a rescaling of the short distance cutoff
a — a = ab, with b > 1. For an infinitesimal RG step b = 1 + ¢, where £ = In(a’/a) we can derive
the perturbative renormalization group equations that determine the flow of the coupling constants. A
complete derivation of these equations can be found in App. C. The set of equations for kpa < 1 is
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given by

aK
de
dv
de

% = (2 — 4K)\3 — Dy A3 K + 2Dp3(1 — K)(1 - 2K),
(3.80)

dXop
= (3—-8K)\
dl ( ) 2P

4Dy
dl

D,
al

= —DyK(1—-K)(1-2K) - MK? + K*(8K — 2)\p ,

= — Dy(l — K)(1 - 2K) + K(8K — 2)Agpv,

= (1 - 2K)D,.

The equations are perturbative in the couplings Dy, Dy, Aop and A3 but exact in K and v. We have
dropped both A5 and A\ip terms because they are irrelevant.

There are several important aspects to these equations. First, note that the equation for the velocity
decouples from the others and can thus be dropped. Second, the flow of D; decouples from the other
equations in the absence of the Umklapp term A3 — 0. This is a good check for the validity of the
equations, since it is well known that the disorder forward scattering term can be removed by a unitary
transformation of the Hamiltonian in the absence of Umklapp terms [44]. The forward scattering
itself always grows under renormalization. This does not indicate any instability of the system but
just mirrors the fact, that the dimensionless coupling constant Dy = Dya/ 2mv? grows, because the
short distance cutoff a grows under renormalization. In other words there is no renormalization of
the dimensionful coupling constant Dy. Nonetheless, there exists a scale £* ~ —In(Dy), where Dy (£*)
becomes of order unity, at which we have to cut the renormalization of A3 due to forward scattering off
disorder. Third, the flow equation for K in general contains the dimensionless functions ¢y defined
in Eq. (C.34) in the Appendix. The exact form of these functions is not important and does depend
on the cutoff procedure. What matters is that they are essentially one as long as kra < 1, which
is the case discussed here, and vanish for kra > 1. The renormalization of the Luttinger parameter
coming from the Umklapp term is thus suppressed on length scales x such that kpx is of order unity.
This is physically plausible since the typical length scales of an electron in thermal equilibrium are of
the order of the thermal length = ~ vp /T, which leads to a strongly oscillating behavior of the cosine
cos(4y/Tpq — 4kpx) at low temperatures p/T > 1. In this case we can effectively neglect the cosine
term. At high temperatures, on the other hand, krx ~ 0 and we can essentially neglect the krpz term
in the argument of the cosine.

After having discussed some technical points, let us now discuss the consequences of the flow on the
phase diagram of the disordered HLL. The set of equations (3.80) has a line of weak coupling Luttinger
liquid fixed points at A3 = Dy = A9p = 0 and a set of strong-coupling fixed points at A3 — oo, Dy — o0
and A3 — —o0, D — —o0 and |Ag9p| — 00, A3 = Dy = 0. At this order in the RG the coupling Agp and
the couplings A3 and Dy do not influence each other. At higher order, on the other hand, the interplay
between the couplings might change the nature of the fixed points.

Note that the flow of K is determined by a competition of the disorder and Umklapp terms. If the
initial value is in the range 1/2 < Ky < 1, the disorder term and the 2P term increase K while the
Umklapp term decreases K. If we assume, that the bare values of interaction and disorder strengths
are of the same order, the renormalization due to Umklapp scattering can be neglected since it only
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tendency to the tendency to the
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Figure 3.7: lllustration of possible strong-coupling phases of the disordered HLL. For weak inter-
actions K > 1/2 the edge is in the HLL phase. Transport at lowest temperatures is
dominated by composite 1P processes for K > 2/3 and composite 2P processes for
K < 2/3. For more repulsive interaction the weak coupling RG predicts multiple
strong coupling phases. At K < 1/2 both disorder backscattering and Umklapp scat-
tering become relevant and lead to a tendency towards a (disordered) Mott insulating
phase. At K < 3/8 the 2P term becomes relevant, which leads to a tendency towards
the Anderson insulating phase.

appears in second order. In this case the disorder term wins and drives the system to more attractive
interactions. This has important consequences for the behavior of the other coupling constants. Note
that both the Umklapp term and the disorder backscattering term become relevant for K < 1/2
simultaneously. However, if the flow of K is to larger values, which is the case if we start with inital
values above K = 1/2, this threshold value is never reached. Therefore, for temperatures T < p or
sufficiently weak interactions K > 1/2 our perturbative results for the conductivity in the previous
section are perfectly valid. This constitutes the main result of our RG analysis.

Discussion of the strong-coupling phases. For strong repulsive interaction the weak coupling RG
predicts various strong-coupling regimes. While the RG does not allow us to identify the nature of the
strong-coupling phases, we can speculate on the behavior of the HLL by employing mappings to the
spinless LL, whose strong-coupling fixed points are known. A plot of the values of K where, based on
this mapping, different strong-coupling phases might emerge is presented in Fig. 3.7.

For K < 1/2 both the g3 Umklapp term and the disorder backscattering term become relevant
simultaneously and may drive the system into a strong-coupling phase. At the moment of writing this
thesis, the nature of this strong-coupling fixed point is unknown. For the clean HLL with Dy = Agp = 0
the theory can be mapped to the spinless Luttinger liquid at half filling with Ky, = Kpr1,/2, which
suggests that the strong-coupling fixed point corresponds to the Mott insulating phase. In this phase
the field ¢ is pinned to one of the minima of the cosine. At zero temperature, the Umklapp term thus
spontaneously breaks TRS and opens a gap in the electronic spectrum. At finite temperature, the TRS
is restored by solitons that connect neighboring minima. The exponentially small density of thermally
excited solitions triggers an exponentially large resistivity p ~ e/, with the excitation gap of the
form A ~ vk‘o(8K)\um)ﬁ [35]. In analogy to this phase we will refer to (the yet unknown) phase
that emerges when both disorder and Umklapp terms become relevant as the (disordered) Mott phase.

Although, the Umklapp and disorder terms become relevant already at K = 1/2 neither of them
leads to dissipation in our weak coupling analysis. The most important scattering mechanism at low
temperatures and strong repulsive interactions is the composite 2P scattering. The corresponding term
in the action becomes relevant at K = 3/8. It was pointed out in [87] that the model with the action
S = S11, + Sop can be mapped to the Giamarchi-Schulz model of the disordered spinless Luttinger
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liquid with Luttinger parameter Ky, = Kyy1,/4. As discussed in Sec. 1.4.3 this model exhibits a metal
insulator transition with a quantum critical point at Kp1, = 3/2, which corresponds to Kurr, = 3/8
in the model for the HLL. This mapping therefore suggests that the fixed point corresponds to the
Anderson localized phase.

Another possible scenario is, that the topological properties of the HLL prevents the opening of a
gap at the edge altogether. We speculate, that on the formal level of the effective edge theory, this
“topological protection” might be related to the difference between the normal LL and HLL: The latter
contains additional terms in the action namely Sip and Ss. While in the weak coupling regime these
are highly irrelevant, when the Umklapp, disorder and 2P terms enter the strong-coupling limit, they
might become relevant again, destroying the quasi-long range order. The interplay between the different
terms in higher order of the perturbative beta functions might additionally change the conclusions drawn
above.

A somewhat similar situation was encountered in Ref. [15] devoted to 2D surface states of 3D topo-
logical insulators. There, the perturbative (weak-coupling) RG suggested localization due to Altshuler-
Aronov-type corrections, but the topological protection remained and resulted in emergence of the
critical state in the strong-coupling regime.

3.6 Summary of chapter 3

In this chapter we have discussed the transport properties of the disordered HLL that emerges at the
boundaries of 2D TIs. We have demonstrated that these transport properties differ significantly from
those of conventional LLs, due to the topological protection against elastic scattering and the presence
of g5 Umklapp processes, that can be thought of as unique to the HLL, since their kinetics necessarily
require the presence of a Dirac point in the spectrum. In particular these Umklapp processes yield a
dc conductivity at any temperature T' > 0.

We have employed two complementing approaches to obtain the conductivity in a wide range of
parameters. One is the kinetic equation approach (3.2.1) for weakly interacting helical fermions, that
allowed us to obtain the semiclassical conductivity in the regime w < T. The other approach is
bosonization combined with the linear response formalism which enables us to take into account Lut-
tinger liquid effects and to describe frequencies w > T

By combining both approaches we have demonstrated, that while the disordered HLL is topologically
protected against elastic scattering, yielding a vanishing resistivity at 7' = 0, inelastic scattering gen-
erates a finite resistivity at 7" > 0, even in the absence of nonmagnetic impurities. For finite systems
this converts into temperature dependent corrections to the quantized conductance.

Our main result concerns the behavior of the dc resistivity of the disordered HLL depicted in Fig. 3.5
as well as the frequency dependence of the conductivity in Fig. 3.6 and the corresponding transport
scattering rates in Eq. (3.78). We find that the parametric dependence of the conductivity of a dis-
ordered HLL as a function of frequency is described by Drude’s law with the renormalized transport
scattering rate Tee(€) where € = max(7T,w). At energy scales above the chemical potential, the rate
is determined by g5 Umklapp processes. At lower energy scales, however, we find that the transport
scattering rate is dominated by composite processes containing both electron-electron interaction and
impurity scattering. Physically, these processes correspond to forward scattering off impurities dressed
by interaction. Thereby, it is of conceptual importance that forward scattering off disorder, in contrast
to disorder induced backscattering, plays the primary role in these combined effects.

Going beyond the semiclassical regime, we make predictions about possible strong-coupling regimes
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3.6 Summary of chapter 3

using a perturbative RG analysis in Sec. 3.5. A detailed analysis of the strong-coupling phases in helical
edge states remains a prospect for future work.
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Chapter 4

Coulomb drag between helical liquids

In Ch. 3 we have studied the transport properties of helical edge states with broken spin-rotational
invariance that emerge at the edges of 2D QSH insulators. One of our main findings was that dissipation
in the edge states is generated solely by inelastic scattering, which microscopically originates from
either electron-electron scattering or from scattering off impurities dressed by interaction. In light
of the importance of electron-electron interaction for the transport properties it is desirable to study
experimental setups that only probe the electron-electron interaction in helical edges disconnected from
disorder scattering.

In this chapter, we therefore investigate the Coulomb drag between parallel clean edges of two
identical QSH insulators, brought in proximity to each other, in the case of broken spin-rotational
invariance. We assume that each of the edges hosts a single set of Kramers partners with a linear
dispersion relation. In a Coulomb drag measurement, current is driven in an “active” conductor (active
edge in our setup), inducing an electrical field or current in a “passive” conductor (passive edge), with
the frictional force being due to electron-electron interactions, without transfer of electrons between
the subsystems. As such, Coulomb drag is a sensitive probe of inelastic electron-electron scattering.
For helical edges, Coulomb drag is particularly worthy of study because, as already mentioned above,
inelastic electron-electron scattering is the only source of dissipation inside a single edge. A typical
drag setup is depicted in Fig. 4.1. The key quantity characterizing friction is the drag resistivity,

pp = —Ea/j1, (4.1)

where j; is the current density driven in the active conductor and Es is the electric field applied to the
passive conductor to compensate for the friction force and maintain zero current therein. In conventional
one-dimensional systems (single-channel quantum wires), Coulomb drag has been intensively studied
both theoretically [91-105] and experimentally [106-112]. In general, Coulomb drag in one dimension,
independently of the particular form of the electron dispersion relation, can only occur in the presence
of scattering that changes the chirality of electrons [104]. Therefore, there is no Coulomb drag between
clean ideal HLLs, in which scattering between left- and right movers is strictly prohibited. Conversely,
Coulomb drag between HLLs is only possible if there is a perturbation that breaks spin-rotational
invariance of the edge modes.

One possibility to break the axial spin symmetry and lift the restriction on backscattering interactions
between two HLLs is to apply an external magnetic (Zeeman) field [113]. However, the magnetic field
also breaks TRS and generically gaps the edge modes.
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4 Coulomb drag between helical liquids

A

&/

Figure 4.1: Schematics of o Coulomb drag measurement between helical edges of two (QSH systems,
brought into proximity of one another with distance d. Current 17 is driven across the
active edge and, through electron-electron interactions, voltage Vo is induced in the
passive edge.

Another possibility to destroy the spin-rotational invariance originates from spin-orbit coupling in the
bulk of the QSH insulator. This is the model that we study in this chapter, within the framework
introduced in Ch. 3 for a single helical edge. In this context it is important that, in contrast to the
magnetic field-induced drag [113], TRS is preserved in this model, so that the topological nature of
the edge states as Kramers partners remains intact. We will show that therefore the Coulomb drag
between HLLs differs in an essential way both from Coulomb drag induced by the Zeeman field and
from Coulomb drag between LLs.

The chapter is organized as follows. In Sec. 4.1, we formulate the model of two capacitively coupled
helical edges with broken spin-rotational symmetry. The Coulomb drag between identical helical edges,
first neglecting Luttinger liquid renormalizations, is calculated in Sec. 4.2 in the framework of a kinetic
equation. The renormalization of the drag resistivity is included in Sec. 4.3, where we bosonize the
theory and calculate the drag resistivity in linear response. To determine the behavior of the drag at
lowest temperatures the perturbative calculation is supplemented by an RG calculation. The strong-
coupling regime is discussed in Sec. 4.3.4. Section 4.5 concludes with a summary. Some of the technical
details can be found in App. D.

This chapter is based in part on Ref. [114].

4.1 The model

We start by formulating our model for two helical liquids with broken spin-rotational invariance coupled
by a screened Coulomb interaction (we neglect the tunneling between the edges). In substance, we
employ the model proposed—for a single helical edge—introduced in Ch. 3 and extend it to the case
of two edges. We consider two identical QSH systems, each with one Kramers pair at the edge, as
shown in Fig. 4.1. Throughout the paper we assume that both edges are characterized by the same
temperature T" and chemical potential u. The transverse size of the edge channels is assumed to be much
smaller than the interedge distance d. We focus on Coulomb drag between infinitely long edges, i.e.,
the wavevector of the external perturbation in the response functions is sent to zero before taking the
dc limit: this is the order of limits that defines the dc resistivity in general, and the dc-drag resistivity
pp in particular.
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4.1 The model

The kinetic part Hy of the Hamiltonian is given by
Ho =3 | Grock = 6] 1 (42)
on

where s, is the electron operator at the momentum % in edge o = 1,2 with the chirality n = =+,
and vp is the Fermi velocity (assumed to be the same for the two edges). The sum over k for each of
the chiralities runs from —oo to oo (the bandwidth of 1D edge states is assumed to be larger than all
other energy scales), with the chiral spectral branches crossing at £k = 0 (“Dirac point”). In the ideal
helical edge, the spin-locking axis is independent of k, so that the electron state 1/;;903 with a given spin
projection s =1, | coincides with 9xq,.

As already discussed, we specialize to the model in which the spin-rotational invariance of the helical
edges is broken by Rashba-type spin-orbit coupling in the bulk (for more detail, see Sec. 3.1). In
the absence of spin-axial symmetry, @kgs is generically a mixture of the chiral states 14, with both
chiralities n. By TRS, the unitary transformation between the two basis sets (“spin” vs “chiral”) in the
vicinity of the Dirac point has a universal form, as far as the dependence on k is concerned, to order
O(k?). Specifically [48],

- k2
Vot = Vkot — ﬁ?ﬁlm— ,
0

0 (4.3)

Vhol = Yo + ﬁlﬂkﬁ ;
0

where kg is a model-dependent momentum scale which characterizes the strength of spin-orbit coupling
(taken to be identical in the two edges). We assume that the spin-orbit interaction is a weak symmetry-
breaking perturbation with vpkg > max{u, T}, so that the quadratic-in-k expansion (4.3) is sufficient
for our purposes.

The density-density interaction term in the Hamiltonian is then written in the chiral basis, rotated
with respect to the spin basis according to Eq. (4.3), as

1
Hint = 5 Z Z / b771774 (k +q, k)bmn?, (k, —dq, k/)vaa’ (Q) ¢]L+q7mg¢]£/fqng/wk’n30’¢kzn4a P (4,4)
0,0 mmnanzna ¥ kk'a

where V,,/(q) is the Fourier component of the interaction potential inside (o = ¢’ equal to 1 or 2) and
between (o # ¢') the edges and

b ki,ko) =0 — 1710 M 4.5
e (K1 2) = mnz — TOn1,—n2 12 . (4.5)
0

We assume that the interactions in the double-edge system are screened by a nearby metallic gate.
Note that—irrespective of the relation between the distance to the gate and the distance between the
wires d—the interwire potential Vi2(q) starts to decay exponentially with increasing [q| at |¢| ~ 1/d
(see, e.g., Appendix A of Ref. [104]). For simplicity, we take V11(q) = Vaa(q) to be given by a constant
Vo and Via(g) by a simple exponential Vopeldd,

The presence of the factors (4.5) in the interacting part of the Hamiltonian for the helical liquid
constitutes the key difference between the helical and conventional Luttinger models. Another difference
to notice is related to the population of the eigenstates at thermal equilibrium. The conventional
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4 Coulomb drag between helical liquids

Luttinger model is formulated for T" < p, where the chemical potential p is counted from the energy
at which the chiral spectral branches meet [either at the bottom of the electron spectrum, linearized in
the vicinity of the Fermi energy, or at the crossing point of two chiral branches with a linear dispersion
relation, similar to Eq. (4.2)]. In the helical Luttinger model, we assume that 7" can be larger than the
energy difference between p and the Dirac point, so that the real scattering processes that involve the
electron states at and around the Dirac point are not necessarily thermally suppressed.

4.2 Coulomb drag between helical edges: Kinetic theory

In this section, we consider Coulomb drag between helical edges within the model that neglects the LL
renormalization of parameters due to the intraedge interactions. This model is justified for sufficiently
high temperatures (the precise condition will be given below) and can be viewed as a direct counterpart
of the approach employed in Ch. 3 for a single edge. Treating the interwire electron-electron interaction
perturbatively, we solve the kinetic equation for two coupled helical edges and obtain the drag resistivity
in the high-frequency (ac) and low-frequency (dc) regimes. These regimes are distinguished by the
relation between the frequency of the driving field and the relevant inelastic relaxation rate. The
discussion of the LL effects is postponed until Sec. 4.3 below, where we will complement the fermionic
approach by the analysis of the bosonized theory including the LI effects.

4.2.1 Kinetic equation

Our starting point for the calculation of the drag resistivity is the kinetic equation for the pair collisions
in a system of two spatially homogeneous edges:

8tf0(1) - eEO'akl fa(l) = Sta[f] . (46)

Here, we have introduced the joint index i = (k;, ;) for the electron momentum and chirality, E, is
the electric field, and f, is the electronic distribution function in edge o. We first discard the intraedge
interactions and will discuss their role in Sec. 4.2.3 below. The collision integral St,[f] for o = 1 is
then given (to the lowest order in the interedge interaction) by

9 2 2 2
St1[f] = (2m) / Z ‘Vm(kl' — ke — 61)’ ‘Bm/,m(klukl)‘ ’Bny,nz(k’% k2)‘
k1/7k2/’k2 17521572
X 5(]{71 + ]{?2 — ]Cll - k21)5(61 + €3 — €1 — 62/) (47)

< { AW L) = AN - L] - A1 L)L - AL - f22)]]

with the single particle energies ¢; = vpn;k;. The collision integral for electrons in edge 2 is obtained by
interchanging edge indices (1 <> 2). The dynamically Random phase approximation (RPA)-screened
interaction Via(q,2) is specified by Eq. (D.27) in App. D. It will turn out that we cannot neglect
screening to lowest order in the interaction strength in the current problem since it introduces a novel
plasmon scattering channel for the drag, as we will discuss later.

It is convenient to represent the distribution function in terms of the functions g, (1) as

fo(1) = np(1) = go(Dnr(1)[1 —np(1)], (4.8)
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4.2 Coulomb drag between helical edges: Kinetic theory

where np(1) = [1 + exp(e; — p)/T) 7! is the thermal distribution function. Linearizing Eq. (4.6) in g,
we obtain (in the w representation)

_ vreE,m

2 = R st (19)

—iwgy (1)

where we defined the function

1
cosh[(e; — p)/2T]

¢(1) = (4.10)

and the collision integral

2 2 2
Z ‘V12(k1’ - klyel/ - 61)‘ ‘BWQ/,nz(k2/7k2)‘ ‘Bnl/ﬂh (kl/7k1)

n2,M7175N2/

st1]g] =4 x (277)2/

kg Ky o

X 8(e1 + €2 — ev — ex) S(kn + ko — ki — ky) np(D)np(2)[L — np(1)][1 - np(2)] (4.11)

< {n(1) + @) -0 () - 9:2)}

By solving the kinetic equation, we find the distribution function f, or, equivalently, g,, which allows
us, in turn, to calculate the electric current in edge o:

Jo 26% %:/kl m ¢*(1)go(1). (4.12)

The object of main interest in this section is the drag conductivity, defined as 012 = j1/FE2 under the
condition that F; = 0.
4.2.2 High-frequency Coulomb drag: Scattering rate

In the high-frequency limit, the kinetic equation (4.9) can be solved iteratively. In the zeroth approxi-
mation one neglects collisions between particles altogether, which yields the distribution function

1 vpekE,
—iw + 077 T

98 (k) = (4.13)

Substituting this into the collision integral on the right hand side of Eq. (4.9), we obtain an equation
for the next order approximation gc(,l) which is then used in Eq. (4.12). The drag conductivity obtained

in this approximation can be expressed as

62’1)F

Reoya = — wtp > 1. (4.14)

2,00
Tw TD

The symbol oo here is used to emphasize that the drag rate is calculated in the high-frequency regime.
Since gc(,o) is independent of k, the contribution of 7y = 19 to the collision integral for the particles
in the active edge vanishes, thus requiring the backscattering of at least one particle involved in the

collision process. The high-frequency drag rate defined by Eq. (4.14) then takes the form
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aii) 951 (bii

XXX XK XK

Figure 4.2: Momentum configurations for the interedge two-particle scattering in channels (a) and
(b) as defined in Eq. (4.16) and the corresponding g-ology classification. The inital and
final states in edge 1 and 2 are depicted as filled and empty circles, respectively. Blue
circles denote left movers and red circles right movers. For gs, processes (channel
a), the left mover is at zero energy while the right movers are close to the Fermi
surface, due to constraints imposed by energy-momentum conservation. As explained
in the text, the scattering rates for processes (ai) and (aii) cancel each other. The
drag scattering rate is determined by g1, and g3| processes.

(ai

2

1 (2m)3 2
o T T / Z N2 ‘Vm(ky — ki, e — 61)‘ ‘B_mm(k% &
k1 7k:2,k51/ 7k2/ n1,m2,MN/

2 4.15
X ‘Bnlum(klﬁ kl)‘ d(miky 4 nalke + kor] — k)8 (k1 + ko — by — ko) (415)
X nF(l)nF(Q)[l — nF(ll)][l — nF(kQ/, —7’]2)] .
The rate is a sum of 4 scattering channels:
(ai) m =nr and 9o =m (bi) m = —mir and 1 = —m
B X (4.16)
(aii) m =mny and no = —m (bii) m = —nr and my =m

The different scattering channels are depicted in Fig. 4.2 together with their g-ology classification.
We first consider the scattering rates for processes (a) which correspond to g5 processes in the g-ology
classification. Denoting ki/ — k1 = g we find

Tgol,(ai) =~ ;/khq %: (Vm(q,wq)‘2 <l§0>4np(1)nF(q,m)[1 = np(g 4k, m)][1 = ng(0, —m)]
(4.17)
T“’l(aﬁ) :;/k K 2 ‘Vlz’(q’qu)‘Q (/i>4”F(1)”F(0’ —n)[1 = np(q+ ki, )1 — ne(—g,m)]
D LRy Ty
:% /]M %: )Viz(q,wq)‘2 <§O>47”LF<1)TLF(Q,771)[1 —np(g+ k)] [L = np(0, =) .
(4.18)

In the last line here, we have first shifted momenta ¢ — —q and k1 — k1 + ¢ and then used the identity

np(Wnp2)[L —np)][1 = np2)] = np(1)nep@2)1 = npD][1 - np(2)]
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4.2 Coulomb drag between helical edges: Kinetic theory

which holds if €1 + €5 = €1/ + €or.

We thus notice that the scattering rates of the two g5 processes cancel out. The corresponding
scattering processes for 171 = + are schematically depicted in Fig. 4.2. The cancellation occurs because
the processes (ai) and (aii) have the same thermal occupation factors but the change of velocity is
reversed: in channel (ai) a right mover in edge 2 scatters to a left mover while in channel (aii) the
process is reversed. Both processes thus give the contributions to the current in edge 2 of the same
magnitude but with opposite signs, which leads to the cancellation observed above.

The high-frequency drag scattering rate is thus determined by the remaining sum of gy backscat-
tering (bi) and g3, Umklapp processes (bii):

’ 2

1 8 / Q4q4’V12(q, 20rQ)
D Tkg 7,Q cosh (% + %) + cosh %
(4.19)

1

1
>< JE—
cosh (% + %) + cosh % cosh (% — %) + cosh %

Here, ¢ = k1 — k1 denotes the momentum transfer and @ = (k1 + k1/)/2 the total momentum of the
incoming (k1) and outgoing (k1/) particle in edge 1. Due to constraints set by the energy-momentum
conservation in the collision kernel, the transferred frequency in the RPA interaction is set to e; —epy =
QUFQ.

We point out that the rate vanishes if the chemical potential is tuned to the Dirac point, yu = 0,
because the system exhibits perfect particle-hole symmetry at this point. Technically, the vanishing
occurs because the second term in brackets in Eq. (4.19), which is due to g3; Umklapp scattering,
cancels the contribution of the first term that stems from ¢y, backscattering.

Before proceeding with the calculation of the drag rate, we elaborate on the importance of the RPA-
screened interaction potential Via(q, 2vp@Q) which appears in the integrand in Eq. (4.19). The form of
the interaction potential is derived in Appendix D.2 and reads as

y o Voe~lald [(UFQ)Q _ 92}2 Lo
le.0) = [(@+ir)2—2] @+ )2-02] 20

The potential has poles at the energies of the plasmon excitations,

Qx =wv(q)lq|, (4.21)

where the plasmon velocities are given by

vi(q) = V1+ax(q) vk (4.22)

or equivalently by Eq. (4.54) below obtained using bosonization. Here, the difference (—) and sum (+)
of dimensionless intra- and interedge interaction constants are defined as

at(q) =« (1 + 67|Q|d> (4.23)
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4 Coulomb drag between helical liquids

and o = V| /mvp is the dimensionless interaction strength. Here and below, we make the assumption
that Vo = VoL = Vo, which simplifies the calculation but does not change the qualitative outcome of
the results. In the presence of scattering that changes the chirality of electrons, the plasmon excitations
acquire a finite decay rate I'.. To the lowest order in the dimensionless interaction, we find

4
Vrq [ q . ()
T+(g) =oi(e)— <ko> sinh

(4.24)
X 1 +
cosh(%4 + £) + cosh %52 cosh(*5He — &) + cosh 44
The damping of plasmons becomes strong at the characteristic energy scale
kod)*
Tho = Ve, (kod) (4.25)
d Q

as is discussed in App. D.3.2.

The appearance of plasmon poles in the screened backscattering interaction is a unique feature of
the HLL and does not occur in the conventional LL. In the diagrammatic RPA expansion shown in
Fig. D.1, the coupling to the chiral polarization bubbles that correspond to the plasmons of the system
is always mediated by g5 interaction lines. As we already mentioned, these interaction processes can
only take place in the presence of a Dirac point in the spectrum. Therefore, while the drag rate due to
951 processes cancels exactly, these processes nonetheless influence the drag indirectly—by facilitating
the coupling to plasmons in the RPA summation.

Returning to the explicit expression for the drag rate in Eq. (4.19), we point out that the contribution
of the plasmon poles in the screened interaction and that of particle-hole excitations decouple and can
be treated separately. Indeed, the integral over ) can be performed by contour integration in the
complex plane. The drag rate is then given by the sum of the contribution of the plasmon poles (4.21)
and the contribution of the thermal poles at

Qu==24 " firen-1)L
2 (2 (ya
with n € Z. We therefore use the following approximate scheme to calculate the drag rate. We note
that in the vicinity of the thermal poles we can approximate the RPA-screened interaction in Eq. (4.20)
by the statically screened interaction V (g, Qn) ~ Voe~ 144, Here, we first neglected the plasmon rates
't < T and then performed an expansion to leading order in the dimensionless interaction strength
«. The drag rate can thus be expressed as the sum of a particle-hole contribution, obtained by setting
Via(g, Q) = Vo exp(—|¢|d) in Eq. (4.19), and a plasmon contribution obtained by performing the integral
in Eq. (4.19) using only the plasmon poles. This program is performed in Appendix D.3. The high-
frequency drag rate is given by the sum of the particle-hole drag rate, derived in Appendix. D.3.1, and
the plasmon drag rate obtained in Appendix D.3.2. The behavior of the high-frequency rate is depicted
in Fig. 4.4. For now we postpone a discussion of this behavior until we have included the effect of LL
renormalization in Sec. 4.4 below.

4.2.3 Low-frequency Coulomb drag

In the low-frequency regime, one can no longer use the iterative solution employed in Sec. 4.2.2. In
the spirit of the Drude theory, the rate 1/73° can be expected to determine the drag also in the limit
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4.2 Coulomb drag between helical edges: Kinetic theory

w — 0, with the dc-drag resistivity pp ~ 1/7. This holds, in fact, as long as the intraedge relaxation
rate 1/7.. is much larger than the drag rate [104, 115-117]. The intraedge electron-electron scattering
rate is determined by g5 processes and reads as [85]

4
1 T
o<a2< ) T, for T'> p. (4.26)
Tee vrko

For temperatures 7" > p the drag rate is determined by plasmons and smaller than the intraedge
electron-electron scattering rate by a parametric factor (u/T)? for T < Ty [cf. Eq. (D.44)] and by a
parametric factor of (u/T)2(T,/T)" for T > Tpo [cf. Eq. (D.47)]. We thus conclude that the dc-drag
rate is determined by the same scattering time 73 as the ac-drag for 7" > pu.

For lower temperatures T' < i the dc electron-electron scattering rate is exponentially small, due to
the kinematic phase space constraints and reads as |85]

1 2 H ! Ko —u/T
— ~ — for T . 4.27
a (vpk0> The , or T < (4.27)

For T1 <« T < p, the drag rate is again parametrically smaller than the relaxation rate, by a factor
T/u. By comparing the rate (4.27) with the high-frequency drag rate in Eq. (D.30), on the other hand,
we find that 73 /7ce ~ exp(—p/T + 4kpd). Thus the dc-drag is determined by the same scattering
rate as the ac one in the regime T > vp/d while we can make no apriori statement in the regime
nw > vp / d>T.

Therefore, we will now solve the kinetic equation in the regime p > vp/d > T and determine the
dc-drag rate using the explicit form of the distribution function. It will turn out that, although the
high-frequency approximation is no longer justified in this regime, it nonetheless yields a parametrically
correct drag resistivity.

We begin by considering the terms in the chirality summation in the collision integral in Eq. (4.11),
which correspond to a different microscopic scattering mechanisms, one by one. First we notice, that
the collision integral vanishes exactly for forward scattering processes (go1 and g4 in the g-ology
notation) and therefore these processes do not contribute to the drag. In the case of go | processes,
with e = oy = —ny = —n1 in Eq. (4.11), the vanishing of the collision integral has a straightforward
interpretation. For a linear electron spectrum, these processes only exchange the energy and momentum
of the incoming particles and therefore do not change the distribution function. The contribution due
to ga,| processes, with 7o = ny = np = m in Eq. (4.11), is more subtle. For this scattering process
the delta functions ensuring momentum and energy conservation are identical and lead to a diverging
contribution in the collision integral, which would be regularized by a finite system length: §(k = 0) ~
L. Tf we take into account screening, the interaction will be given by Eq. (D.18). In the collision
integral the interaction has to be evaluated at the frequency 2 = +vpq where the imaginary part in
Eq. (D.12) diverges and thus |U(q, vrq)|* ~ 1/[5(0)]*. We therefore conclude that, although the energy-
momentum conserving delta functions diverge, the product of RPA-screened interaction and diverging
delta function goes to zero in the limit of infinite system size, such that the collision integral due to
forward scattering vanishes. For an analogous discussion of this cancellation in the context of spinful
disordered LLs we refer to Ref. [118]. We also point out the similarity to graphene, where unscreened
forward scattering also yields a divergent contribution to the collision integral. RPA regularizes this
divergency for scattering angles smaller than a4, the dimensionless strength of interaction in graphene,
but nonetheless scattering with small scattering angles is still parametrically enhanced. In particular
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one finds that the energy relaxation rate, which is dominated by the contribution of small scattering
angles is much larger than the transport scattering rate, which is dominated by scattering processes
with large scattering angles [116]. Finally, we will restrict the analysis to the regime p > T', where we
can neglect all contributions from Umklapp terms to the collision integral.

The only source of d¢ drag is then g1, backscattering which corresponds to the term with 1 =
—n2 = 12 = —ny in the sum over chiralities in Eq. (4.11). The set of kinetic equation in Eq. (4.9) then
takes the form

vreE1m

—iwgi(1) = ——=— =stig],
(4.28)
. vpeEom
“itoga(1) — B — ()
with the collision integral
k2 ’
st) = / [Via (k1 — klf)\z( 1) ¢*(=m, kv) (4.29)

X {91(—7717 ki) + g2(m, k1) — 91(771,7?1) — g2(—m, kv)}.

The kinetic equations in (4.28) can be decoupled by defining the relative and absolute components

g+(n. k) = (91(n, k) £ g2(n, k)) /2, (4.30)
and the (pseudo-) spin [sign + in Eq. (4.31)] and charge [sign — in Eq. (4.31)] components
95° (k) = (9(R. k) F g (L, —k))/2 . (4.31)
The drag resistivity is obtained as [104]

Fi—F
pp= 222 (4.32)

where the relative current is given by

hi—jo _ eve [g-(k+kp)
2 2 Jk COShQ(UFTk)

jo = (4.33)

We only consider the kinetic equations for the g¢ functions, since these determine the transport prop-
erties of the system. We find

E—E
—iwg® (ki + krp) — “Fe(;TZ) = ste[g¢], (4.34)
E\+E
g (bt + ) — SEAELH B (4.35)
2T
where
. 2k ki — k1 —2kp)tr . .
ste[g®] ~ — ( kg)/ yvlg(ky—kl—%p)\Q( ' g r) [gf(k1')+97(k1) : (4.36)
kyr cosh (%)
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4.3 Intraedge interaction: Bosonization framework

We now take the limit w — 0 and assume wg®(w) — 0 for w — 0 (which has to be confirmed
selfconsistently). Eq. (4.34) then takes the form of an integral equation for the function g¢:

2vke(E; — Es) :/dk1/ (k1 — kv — 2kp)4(ky + k) [Via (k1 — ky — 2kp)|?

R B ¢ R
X [gi(_kl, + kF) + g‘i(k:l + kF)] .

In the regime T' < vp/d < pu we can replace the expression kir — k1 — 2kp in the integrand by 2kp.
If we introduce the dimensionless variables * = vpky /2T and y = vpky/ /2T and the dimensionless

function
o (k) Vie(2kp)|? Tk T\ 2T
a _“ 2 12 F 0 c | 2= k 4.38
(QZ) s (k‘o) UIQ; €(E1 —EQ) ’UF]{JO 9- UF:EJr F ’ ( )

Eq. (4.37) takes the form

I R Y BN C R
G(x) = A (1 /dy cosh2(y)G(y)> , (4.39)

(z — 9)4 Tt 2.2 4
Alz)= [dy——— = — 2x. 4.40
(l’) / y COSh2 (y) 120 + T + T ( )

We solve the integral equation for G(z) numerically and use Egs. (4.32), (4.33) and (4.38) to express
the drag conductivity as

21 (ke WVe@kp)? [ T\
D=3 (zf()) o (Fk()) ko, (4.41)
with the constant
A= /dx mf}ffgx) ~ 0.242. (4.42)

We conclude, that the drag rate that determines the ac drag and the rate that determines the dc drag
are parametrically equivalent in the regime 7' < vp/d < p as can be seen by comparing the results in
Egs. (D.30) and (4.41). At higher temperatures, the ac and dc-drag rates are exactly equivalent, since
the intraedge electron relaxation rate is parametrically larger than the ac-drag rate, which legitimates
the high-frequency expansion. This curious behavior is due to the fact that the g5 scattering mechanism
that sets the scale for relaxation, does not contribute directly to the drag which is determined by RPA
renormalized ¢; and g3 processes with higher scattering rates.

4.3 Intraedge interaction: Bosonization framework

Above, we have addressed the drag between helical edges within the framework of kinetic equation, ne-
glecting Luttinger-liquid renormalization effects. In this section, we employ the bosonization approach
to extend the above analysis to the lower temperatures, where the renormalization of the 1D theory
leads, as usual, to the anomalous power-law temperature dependence of observables.
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Since the renormalization effects in Luttinger liquids necessarily involve backscattering processes, the
characteristic temperature scale at which the renormalization starts cannot exceed Ty = vp/d. Indeed,
the distance d between the edges determines the characteristic radius of the interedge interaction
potential Vi9, so that on smaller spatial scales one cannot treat this interaction as local. In fact, in
addition to the scale d, the screening by external gates introduces another scale dy for the intraedge
interaction, so that the renormalization becomes effective at T' < vp/max{d, dy}. For definiteness, we
assume that d 2 dy and hence treat the intraedge interactions Vi1, Vas as local on the scale of d.

In what follows, we first bosonize the model and analyze the resulting phase diagram for two coupled
helical edges. Next, we discuss the implications of the Luttinger renormalization effects for the drag
resistivity.

4.3.1 First-order backscattering

For simplicity, we will concentrate on the case of sufficiently high densities, such that krpd > 1 (or,
equivalently, pu > Ty). For relevant temperatures T' < Ty, we then have p > T, so that transitions
resulting from Umklapp interactions of two particles in the vicinity of the Dirac point are thermally
suppressed. Neglecting them, the part of Eq. (4.4) that describes chirality-changing interactions reduces
to backscattering in the vicinity of the Fermi surface. The Hamiltonian density simplifies, then, to
H = Ho + Hs + Hp, where Hg corresponds to the free Hamiltonian in Eq. (4.2) and #Hyj describes
forward (f) and backward (b) scattering.

To write H, it is convenient to introduce the electron operators at a given point in real space, for the
right- and left-moving electrons, in the form

Gt (&) = Ro(2)e™ 7,y () = Ly (w)e k5, (4.43)

where R, (z) and L,(x) vary slowly on the scale of k:;l. Specifically, Ho and H are written similar to
the conventional Luttinger model as

Ho = —ivp <Rj,8xRa - Lf,ang) (4.44)
and
1
Hy = Z (92||5oa' + 92J_5cr,fo’) PRoPLs' + 5 Z (g4||5ao' + 94ﬂ5a,fa'> ProPno’ (4.45)
oo’ oo'n

where the chiral densities in H are given by pr, = RLRU and pr, = LI—LU, and the coupling constants
read g4 = g2 = V11(0) and g41 = go1 = V12(0). The backscattering part

Hy = Z (gl||(5cra’ + 911_50,—0") h:g'ha’ (44:6)

oo’

is represented in terms of R, and L, differently, compared to the conventional Luttinger model, with
hs coming from the spatial gradient expansion:

h, = [(&;RI,)LU - RL(&CLU)] a, (4.47)
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where a is the ultraviolet cutoff in real space. As discussed above, the local representation of the
backscattering term is valid on spatial scales larger than d, hence a ~ d. The coupling constants for
backscattering are given by
4k2, 42
= LV (2kp), = LV, (2kp). 4.48
g1 Kia? 1(2kr), 911 ka2 12(2kF) (4.48)
Note that the ultraviolet scale a cancels out in Eq. (4.46).
The forward scattering term H; can be treated exactly by bosonization, with the fermionic fields
represented in terms of the bosonic field ¢, (x) and its canonical conjugate 6,(x) as

1

Rolz) = o eVt (4.49)
1 .
LU(IL’) _ e e*®ﬁ[¢a(m)+90(m)l . (450)

Changing from the “wire basis" (o0 = 1,2) to the basis of symmetric (+) and antisymmetric (—) fields
pr = (p1 £ 92)/V2, 0x=(01+062)/V2, (4.51)

the bosonized Hamiltonian density reads

M= 0 ¢ ] 2 (00— 0o (350 )

A==+
1-Ux
Ky =,/ 4.53
* 1+Uy’ ( )

vy = ug/1—U2 (4.54)

where

with
1
Us =3 (92\\ igu) , (4.55)
TUL
1
U = U + 5 (94” + 94¢) : (4.56)
™

Note, that the parameters do not contain gy interaction, unlike in the model of coupled LLs. In the
present theory the gy term contains additional gradients and can thus be neglected with respect to
the gy term.

Because of the g1, scattering processes, the coupling constants for the double-edge system described
by the Hamiltonian (4.52) are subject to renormalization. Under a renormalization-group (RG) trans-
formation that keeps the quadratic term in Eq. (4.52) invariant, the scaling dimension for the backscat-
tering operator is obtained as 2K _ +2, with 2 coming from the spatial gradients. That is, backscattering
is irrelevant in the RG sense, with the coupling constant

g1l
ap =
2mv_

(4.57)
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Figure 4.3: Renormalization-group flow of the coupling constant for interwire second-order
backscattering Py vs the Luttinger constant for the relative charge mode K_. The
separatriz between the strong- and weak-coupling phases (thick black line) terminates
at a strongly-interacting point with K_ = 1/4.

scaling with T as

7\ 2
ap(T') = ano i , (4.58)

where agg in the bare coupling.

We will return to the scaling behavior of “first-order backscattering" in Sec. 4.3.3, when calculating
pp. For now, we proceed with the RG treatment of Eq. (4.52). The discussion above brought up an
important point that the theory with H from Eq. (4.52) is weakly coupled, provided no additional
couplings that become relevant are generated by the RG transformation. In fact, as we discuss in
Sec. 4.3.2, second-order backscattering processes do become relevant for sufficiently strong forward-
scattering interactions.

4.3.2 Higher-order backscattering

As already mentioned in Sec. 4.3.1, the backscattering operator in Eq. (4.52), which is itself irrelevant,
can generate relevant operators under the RG transformation. These describe higher-order backscatter-
ing processes. Among the additional backscattering terms in the rescaled Hamiltonian, the relevancy is
the highest for the term proportional to the next-order harmonic of the field ¢_, i.e., to cos(4v2mp_).
Importantly, the emergent additional backscattering interaction is not suppressed by spatial gradient
terms in the prefactor of the cosine, in contrast to Eq. (4.52). Specifically, as shown in Appendix D .4,
the perturbative (in oy, < 1) RG yields the cos(4v/2mp_) term at two-loop order. The resulting effective
action reads S = Sy + 51 + S, where

v_
2K_

S :2vozb/d:£d7' [(8x9+)2 - (&EO,)ﬂ cos (2\/%@,) , (4.59)

So :v_%’ /dxdr cos (4\/ 27r<p,) .
Ta

So = /dasz [;(aﬂo_)u(ax@_)?] ,
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4.3 Intraedge interaction: Bosonization framework

The structure of the term Sy suggests its interpretation as describing the processes of correlated four-
fermion backscattering. A similar term with doubled harmonics is generated under the RG in disordered
helical edges, see, e.g., Ref. [85], where it described a two-particle backscattering off the random po-
tential.

The action (4.59) is identical to that for two coupled spinless LLs, characterized by the Luttinger
constant K '™ for the antisymmetric field ¢ T  if one changes K_ — KT /4 and rescales o —
@' /4. One importance consequence of this mapping is that the system of two strongly correlated
HLLs with K_ ~ 1/4 behaves similarly to weakly interacting LLs. In particular, there is a Berezinskii-
Kosterlitz-Thouless (BKT) transition in the limit of ¢ — 0 at K_ = 1/4 [35]. Specifically, the RG
equations for the coupling constants K_ and [, = g/2mwv_, which characterize the action (4.59), read

dd% = —8BEK? | % =2(1—4K_ )by, (4.60)
where ¢ = In(Ty/A’) with the running cutoff A’.

On the ultraviolet scale, the coupling constant 3, is quadratic in g;; and can be taken as [,
g F(K_,Ky), with F(K_,Ky) from Eq. (D.62). Importantly, the function F(K_, K.) is nonzero
for all values of K, so that the second-order backscattering is always generated.

The integral curves

Bo(K) = | B2, +2 <1 L KO) (4.61)

of the RG flow for different initial conditions 859 and Ky are shown in Fig. 4.3. The separatrix

1/2
Bi(K) = | 2 (4}(1_ - 4K1_> (4.62)

divides the phase space into the basin of attraction for the line of weak-coupling fixed points with 8, = 0
and K_ > 1/4 and the region in which the flow is to strong coupling (diverging 5, with K_ < 1/4). In
the strong-coupling limit, backscattering locks the phase ¢_ at the minima of the cosine potential in
Eq. (4.59), which means the formation of a zigzag charge-density wave in the double-edge system. This
is similar to the strong-coupling regime for two conventional spinless Luttinger liquids with repulsive
interactions [92, 94]. The difference is that there is a threshold value for the strength of repulsive
interactions above which the charge-density wave forms in HLLs, whereas arbitrarily small repulsion
between electrons drives the system into the strong-coupling regime in conventional Luttinger liquids.
We will discuss Coulomb drag between HLLs for the case of strong coupling in Sec. 4.3.4.

One can formulate a simple criterion for whether the strong- or weak-coupling regime is realized
in a system of two helical edges separated by a distance d by varying the ratio of d and the radius
of interaction dyg. For d < dy, the bare coupling constants for interactions inside and between the
edges are close to each other (go| >~ g21), so that the bare Luttinger constant Ko ~ 1 [Eq. (4.53)], as
illustrated by point A in Fig. 4.3. According to Eq. (4.62), the system is then in the weak-coupling
regime. That is, the strong-coupling regime is only possible in our model of helical edges if d = dp.
More precisely, since, as mentioned above, the bare coupling constant By < 1 irrespective of krpd or
d/dy, the transition to the strong-coupling regime is attained at K close to 1/4, which corresponds to
the bare value of the difference (go) — g21)/2mu— ~ 15/17. Tt follows that the necessary condition for
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the strong-coupling regime is a combination of (i) strong interactions inside the edge (go ~ 1) and (ii)
the distance between the edges being larger than the radius of interaction (d 2 dy).
Note that the behavior of 8y as a function of T" reduces, for Sy < 1, to a simple power law (one can

neglect the renormalization of K_):
8Ko—2
T
Bo(T) = Bro (T) . (4.63)
d

For Ky < 1/4 (by way of illustration, point B in Fig. 4.3), backscattering becomes stronger as T is
decreased. The characteristic temperature T* at which the zigzag charge-density wave is formed is
obtained as a solution to 5,(T*) ~ 1. For the interwire potential specified below Eq. (4.5), the result
for T™* is given by (with K_ = K))

T* = Tyop V) o exp (—%) . (4.64)

The behavior of the system in the strong-coupling regime will be discussed in Sec. 4.3.4.

4.3.3 Luttinger-liquid renormalization of the drag resistivity

In this section we calculate the drag resistivity in the high-frequency regime w > 7'51 incorporating
renormalization effects due to Luttinger liquid physics. In second order perturbation theory in the
interwire Coulomb interaction, the high-frequency drag resistivity is given by [97]

¢*V3(q) Imll(q,w)ImIl
Yir TL1’/L2T sinh2 <2T)

where Im I, (g, w) is the imaginary part of the retarded density-density correlation function of wire o =
1,2 and n, = K, kp /7 is the electron density of wire o. The drag resistivity obtained by this formula is
equivalent to the high-frequency drag calculated previously using the kinetic equation approach [104].
However, the current formulation is more convenient for the present analysis, since it expresses the drag
as an integral over the imaginary part of the polarization operator which can be calculated by standard
means in the bosonized language. The calculation of the high-frequency drag resistivity is presented in

App. D.5. We find
L T AK
o a
pp X oF <k0> <v> T. (4.66)

We note that the parametric dependence of the drag resistivity is consistent with our weak coupling
analysis in Eqgs. (D.30) in the limit K — 1.

It is instructive to obtain the derived temperature scaling pp o< T8+ from the RG solution of the
model in Eq. (4.52). For weak electron-electron interaction and 7' < vp/d the kinetic equation yields
the rate in Eq. (D.30):

pp x ai(T)T (4.67)

where the dimensionless strength of backscattering a,(7") is defined in (4.58). The effect of forward
scattering can be taken into account by using a renormalized interaction coupling constant ay(T") at
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K # 1. The drag in the regime > T is mediated by g1, scattering, which has the scaling dimension
Ay | = 2K_ 4 2. This scaling dimension can be interpreted as the scaling of the operator cos(\/ggo)
which we denote as Ao, = 2K_ together with the scaling of the vertex momentum factors Ayer, = 2
that arise due to the rotation to the helical basis in Eq. (4.3). The renormalization due to the latter
is already present in the weakly interacting case and yields ay(T) = ap(Ta/vr)? for K- = 1. The
interaction constant is renormalized by the Luttinger parameter only due to the scaling dimension
Ay | since the momentum factors are not affected by Luttinger liquid effects. In combination this
produces the renormalized interaction ay(T) = ap(Ta/v_)*K-. Inserted into Eq. (4.67) this indeed
yields the power law behavior pp(T) oc TH5-+1.

As we have pointed out in Sec. 4.3.2, the backscattering operator in Eq. (4.52), which itself is irrel-
evant, can generate relevant operators under the RG flow. These describe higher order backscattering
processes that contribute to the drag resistivity in order a?. As we will see shortly, we cannot ne-
glect these contributions, even though they are higher order in the interedge interaction strength, since
they scale with a lower power of the temperature than the first order backscattering contributions for
K_<1/3.

The effect of the higher order backscattering is not captured by the formula for the resistivity in
Eq. (D.65), which neglects interedge correlations. To obtain the drag conductivity due to these processes
we have to calculate the drag conductivity using Kubo’s formula,

(71(q; Q) g2(—q, =) (4.68)

op(w) =

T .
—— lim ,
w q—0 1Qp—w+i0+4

where j,(z,7) = eK;v,0,0(x,7)/+/m is the current in edge o = 1,2. Here, the correlation function is
calculated with respect to the action S = Sy + S1 + 53 in Eq. (4.59),

Sl
oy ]}g; e (4.69)

The calculation is standard and yields in addition to the contribution due to first order backscattering
discussed above the contribution Reop(w) = 621}_7;0’5 ® /mw? with the high-frequency rate

1 T 16K_—3
~ 6 (”‘”) K,

(-

(4.70)
f(K.) = %sin(STrK_) cot(4mK_)I'?(3 —4K_)[?(4K_),

where I'(z) is the Euler gamma function. As we have seen in Sec. 4.2.3 the same rate also parametrically
determines the dc resistivity as pp o< 1/75y.

The total drag resistivity is thus a sum of the contribution in Eq. (D.73), due to first order backscat-
tering and the contribution in Eq. (4.70), resulting from second order backscattering. We note that
even though the latter contribution is of higher order in the interedge interaction strength (8, ~ a?) it
scales with a lower power of the temperature if K_ < 1/3.

In summary, we have shown that the Luttinger liquid renormalization of the 1D theory leads to the
anomalous power-law temperature dependence of the resistivity pp oc T for temperatures T' < Ty ~
T;. The exponent ~ takes the value y =4K_+1for K_ >1/3and y=16K_—3for 1/4 < K_ < 1/3.
The different power laws originate from first order backscattering and second order backscattering
processes, respectively.

The latter become relevant in the RG sense at K_ < 1/4 and drive the system into a strong-coupling
phase. The behavior of the drag resistivity in this regime will be discussed in the next section.
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4.3.4 Coulomb drag in the strong-coupling limit

In this section we will discuss the strong-coupling fixed point of the RG flow derived in Sec. 4.3.2 and
analyze the behavior of the drag resistivity in the strong-coupling phase. The problem of Coulomb
drag in this regime bears strong resemblance to the drag between spinless LLs discussed in the work
by Klesse and Stern [94] and to the problem of pinned charge density waves (see e.g. the works by
Rice et al.[119] and Maki [120]). To keep our analysis self contained, we will reproduce the main results
of their discussion here refering to the original works for more details. In the strong-coupling limit,
with B, > 1 and K_ < 1/4, the action in (4.59) is minimized by the uniform mean-field configurations
V32w _ () = ¢ = (2m 4+ 1), that minimize the potential energy term. Physically, o_ describes the
displacement of electrons in edge 2 with respect to electrons in wire 1. A uniform mean field therefore
describes two interlocked charge density waves. At finite temperature there exist massive harmonic
fluctuations around this mean field. However these excitations do not carry an antisymmetric current.
Electron transport from one end of the active wire to the other only occurs if the mean-field value
changes from ¢, to ¢m+1. Depending on the temperature the transition between ground states occurs
due to quantum tunneling or due to thermal activation. The excitations carrying the current are either
(anti-)solitons that move along the wire, or soliton-antisoliton pairs that are formed inside the edge and
dissociated by the applied electric field. The energy Es and width Wj of a classical soliton are [120]

SV N S (4.71)

= , = a.
mK_ a 54K By

We consider the regime where the soliton width is much smaller than the system length, W, <« L,

and the temperature regime where solitons are excited thermally. In this limit the drag resistivity is

determined by the creation of soliton-antisoliton pairs and reads as [119]

h ESTCL2 E.)T
= 1/ s 4.72
Ptherm 32me20, \| 28K _v_ € ) (4.72)

where the phenomenological parameter 5 denotes the soliton mean free path.

Based on the above mapping, one concludes that for K_ < 1/4 the drag resistivity has a local
minimum at a characteristic temperature T*, Eq. (4.64), at which the coupling constant 3, for the
second-order backscattering becomes of the order of unity, below this temperature, pp(7') starts growing
exponentially due to thermally activated transitions between neighboring ground states of the potential
energy. On the other hand, if K_ > 1/4, this local minimum does not occur and the drag resistivity
vanishes as a power law as T' — 0.

We emphasize that the above conclusion is based on retaining only the terms Sy and S in the
bosonized action (4.59). If the mapping onto the conventional theory of 1D drag worked for helical
edges, for K_ < 1/4 one would obtain pp = —pi12 — oo at T' — 0. However, from the general
structure of the resistivity tensor, it follows that the diagonal (intraedge) resistivity should diverge
simultaneously: p1; — oo. Indeed, for clean (no disorder) systems we have p;; = —pia. Thus, the
divergence of the drag resistivity would mean that the interedge coupling destroys the topological
protection of the (otherwise) conducting helical edge states. Specifically, on both sides of the quantum
spin-Hall transition driven by the closing and re-opening of the gap in the 2D bulk of the system (gap
inversion), we would then have non-conducting edge states. However, at zero gap the 2D bulk state is
still conducting; therefore, the delocalized bulk state should transform into the conducting edge state
at one side of the QSH transition.

Es
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The situation is especially transparent in the “horizontal” drag setup, where the two parallel helical
edges belong to the two 2D samples placed in the same plane (not one above the other as in the
“vertical” setup of Fig. 4.1). Clearly, the interaction between the two halves of the sample cannot
affect the 2D bulk properties away from the cut along which the 1D drag is observed. Each of the
two samples still remains a 2D topological insulator and hence possesses conducting edges. Even if
one obtains p11 = pag = oo for the original edges, the true conducting edges are expected to re-appear
deeper into the sample: this would correspond to an “edge repulsion” or, in other words, to the shift
of the true conducting edges towards the bulk due to the “edge reconstruction”. The drag resistivity of
the new edge states would not be then infinite at 7" = 0.

We speculate that, on a formal level of the effective edge theory, this “topological protection” might
be related to the difference between the HLL and normal TLL: the former contains an additional term
Sj in the action (a-term). While in the weak-coupling regime this term is highly irrelevant, when the
B-term Sy enters the strong-coupling limit, the a-term might again become relevant, destroying the
charge-density wave. In this scenario, the topological protection is maintained due to the competition
of @ and B terms in the action, leading to non-perturbative effects in the strong-coupling regime.
A somewhat similar situation was encountered in Ref. [15] devoted to the 2D surface states of 3D
topological insulators. There, the perturbative (weak-coupling) RG suggested the localization of surface
states due to the Altshuler-Aronov-type corrections, but the nonperturbative effect of the topological
protection resulted in the emergence of a critical state in the strong-coupling regime

To conclude this section, the behavior of the drag resistivity at sufficiently strong intraedge inter-
action, K_ < 1/4, is expected to be governed by the interplay of the tendency to formation of a
charge-density wave due to the second-order backscattering (term Ss in the action) and topological
protection encoded in the a-term S;. This interplay might lead to a non-monotonous temperature
dependence of pp at low T with a local minimum around 7™ and a local maximum at yet lower 7.
The behavior of the drag resistivity at finite 7" would then demonstrate an “apparent metal-insulator
transition” driven by the decreasing K_. Based on the weak-coupling RG formalism, we cannot make
definite conclusions on the nature of zero-T drag for K_ < 1/4. We relegate the corresponding analysis
to future work.

4.4 Discussion of the drag resistivity

In this section, we combine the results obtained so far and discuss the resulting qualitative behavior of
the drag resistivity. The high-frequency drag rate 73° has been obtained in Sec. 4.2.2 and we have shown
in Sec. 4.2.3 that the same rate also determines the parametric dependence of the dec-drag resistivity
as pp o< 1/77Y. The results obtained in the kinetic equation framework hold down to temperatures
T ~ Ty ~ Ty, below which Luttinger liquid effects become important. In Sec. 4.3.3 we have shown that
the Luttinger liquid renormalization leads, as usual, to anomalous power law temperature dependence.
Let us, by way of illustration, discuss the behavior of the high-frequency rate (or equivalently the
dc-drag resistivity) for a fixed chemical potential p < T, as depicted in Figs. D.2 and D.3. At
lowest temperatures, the rate is determined by the particle-hole contribution. The drag rate, given
in Eq. (D.30), grows as a power law. Electron-electron forward scattering further renormalizes the

exponent, which yields
4 Y
1 2 M T —dkpd
— | T L 4.73
TD.ph o <ka0> (Td> * T
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T* T 2 TpU T

Figure 4.4: Sketch of the T dependence of the drag resistivity pp for two helical liquids for p <
Tpo, where Ty is the temperature above which the plasmon damping leads to a strong
suppression of the drag rate. For T > Ty, electron-hole excitations in two edges
couple to each other through plasmon modes (“plasmon-mediated Coulomb drag”).
For T < Ty, Coulomb drag is determined by direct backscattering of electrons close
to the Fermi surface. The exponent of the power law in this regime is v = 4K_ + 1,
if K- >1/3 and vy =16K_ —3 if K_ < 1/3. As T decreases, the system enters the
strong-coupling regime at T ~ T* (Sec. /.3.2).

Here, the exponent 7 takes the value y = 4K_+1for K_ >1/3andy=16K_—3for1/4 < K_ < 1/3.
The different power laws originate from first order backscattering and second order backscattering
processes, respectively.

At higher temperatures a crossover to the plasmon-dominated regime occurs at the characteristic
scale

1 2
4 In(ko/kp) + kpd

T (4.74)

For temperatures above 17, particle-hole fluctuations in one edge transfer momentum to plasmons
which, in turn, transfer momentum to the other edge. The coupling to plasmons occurs through gs-
type scattering processes making the plasmon mediated drag a feature unique to the HLL. For T' < p
the drag rate contains the activation factor exp(—u/T"), because g5 Umklapp processes are thermally
activated which lead to the drag rate in (D.43),

L xa? L ' T 2 Te 7T (4.75)
TB?PI UFk‘o 7T ’ |
For pn < T),, the activation behavior of the rate crosses over at T' ~ 11 to the power-law growth given
by Eq. (D.44):
1 21\
2 M
— T. 4.76
TBO o (UF]C()) (’U}ﬂfo) ( )
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At the highest temperatures, 7' > max{y, T}, }, the drag rate decreases as described by Eq. (D.47):

1 0T ? T, !

2 H P p
— T, . 4.
D @ (Upko> (vpk‘o> (T) P (4.77)

The overall temperature dependence of the high-frequency drag rate for u < T, is shown schematically
in Fig. 4.4. The T dependence of 1/775 for > T, is qualitatively similar, with the maximum shifted
towards T' ~ p. Most importantly, as we discuss in Sec. 4.3.4, we expect that the drag resistivity always
vanishes at T' = 0, due to the topological origin of the HLL. This is in stark contrast to the behavior
of conventionaly LLs, where the formation of a zig-zag order at lowest temperatures inevitably leads
to an exponentially diverging drag resistivity at lowest temperatures.

4.5 Summary of chapter 4

We have presented a theory of Coulomb drag between clean (no disorder) HLLs based on the kinetic
equation approach supplemented with bosonization to take into account Luttinger liquid renormaliza-
tion. We assume that the spin-rotational invariance of the helical liquid is broken by Rashba spin-orbit
coupling in the bulk of the topological insulator, which allows for interedge backscattering events with-
out breaking TRS. We find that the drag in a HLL differs significantly from a LL both in its magnitude
and temperature dependence.

The main result of our analysis concerns the behavior of the dc-drag resistivity as a function of
the temperature depicted in Fig. 4.4. For temperatures below a characteristic scale 77, drag occurs
due to backscattering of electrons in the passive edge at the Fermi surface caused by particle-hole
fluctuations in the active edge. The drag resistivity in this regime generically behaves as a power law
with anomalous exponent determined by the Luttinger parameter of the relative density mode K_.
At higher temperatures, on the other hand, we find that the dominant contribution to the resistivity
derives from plasmon mediated drag. The discovery of this novel mechanism of plasmon mediated drag
in one dimensional systems constitutes the second main result of this chapter. The mechanism can be
thought of as unique to the HLL because it necessarily requires the existence of a Dirac point in the
spectrum.

Finally, we have argued that, unlike in the case of coupled LLs, the drag resistivity of coupled HLLs
does not increase exponentially at lowest temperatures but rather goes to zero as a power law. This
behavior was attributed to the topologically nontrivial origin of the HLL. It is in particular this feature
of the drag resistivity that might be used to experimentally distinguish the drag between helical liquids.
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Chapter 5

Emergent topological properties in
one-dimensional conductors with
spin-orbit coupling

Topological states of matter are typically characterized by a gapped bulk spectrum and gapless edge
states with unique properties. In the previous chapters, we have studied the transport properties of the
gapless one-dimensional edge modes that emerge at the boundary of 2D TIs with preserved TRS. The
transport properties of these modes are particularly interesting since they are topologically protected
against localization by disorder as long as the intra-edge interaction is not too strong. So far, we have
only considered TIs that are bulk insulators, however, the origin of the bulk gap can be diverse.

In particular, we have shown in Ch. 1 that strong interactions in one-dimensional electron systems
can lead to strong coupling phases where spectral gaps are generated dynamically without spontaneous
breaking of any continuous symmetry. A particularly fascinating example of such a dynamically gener-
ated state is the Luther-Emery liquid [121], in which the charge sector remains critical (gapless), while
the spin degrees of freedom acquire a gap. This can quite naturally occur for attractive interactions,
in which case pairs of spins form singlets and the system exhibits many properties akin to supercon-
ductivity [35, 44, 122]. If the interactions are repulsive, however, the spin gap may only form if SU(2)
spin-rotational symmetry is broken in the system [35, 44]. While both cases have the same thermody-
namic spectrum, the states are rather different, with the dominant correlations in the repulsive case
being of the SDW type.

A natural way to break the SU(2) symmetry in the spin sector while preserving TRS is by including
SOC terms into the model. In this chapter we will study the model of one-dimensional electrons in the
presence of Rashba SOC and show that the SDW phase indeed can be realized for a certain regime of
parameters. Subsequently, we investigate, if this gapped phase exhibits properties akin to topological
insulators. In particular, we are interested in the transport properties in the presence of non-magnetic
disorder and the excitation spectrum at the boundary of the 1D system to the vacuum.

The chapter is organized as follows. First, we discuss a minimal model for one-dimensional electrons
in the presence of SOC in Sec. 5.1. The SOC breaks the SU(2) spin-rotational symmetry but preserves
TRS. We then show in Sec. 5.2 that interactions can drive the system into the SDW phase for strong
SOC, where the spin sector becomes gapped. Subsequently, we investigate the transport properties of
the gapped phase in the presence of disorder in Sec. 5.3 and analyze the excitation spectrum at the
boundary of the SDW phase to the vacuum with respect to the presence or absence of localized zero
modes in Sec. 5.3.2. Lastly, we summarize our findings in Sec. 5.4.
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5 Emergent topological properties in one-dimensional conductors with spin-orbit coupling

This chapter is based in part on Ref. [123].

5.1 Model for interacting one-dimensional electrons in the presence of
SOC

In this section we introduce a minimal lattice model for interacting one-dimensional electrons in the
presence of Rashba-type spin-orbit coupling. We will consider the experimentally relevant situation,
that the 1D channel is produced by constraining the motion of particles in a two-dimensional electron
gas along one direction by external gates. To motivate the form of the lattice model it is therefore
useful to first review the origin of Rashba SOC in 2D electron gases.

Typically, the electrons in the 2D electron gas originate in atomic s and p orbitals. The electrons
are subject to atomic spin-orbit coupling, described by the single particle Hamiltonian Hgo = AgoL X
S, with spin § and angular momentum L. Furthermore the electrons experience an electric field
perpendicular to the 2D surface, which generates an asymmetric potential that confines them to the
plane [124]. The electric field has two main effects on the band structure. First, it breaks the inversion
symmetry and generates a gap 2A between the s and p bands. Second, it hybridizes the bands. In the
lattice model, this is described by a finite hopping with amplitude ¢; between the orbitals on adjacent
sites. The Rashba effect can be understood as a process in second order perturbation theory, where an
electron hops from the s orbital to the p orbital with amplitude ¢; and then uses the atomic SOC to
flip its spin and hop back to the s orbital with amplitude Agp. Note that overall the electron flipped
spin and hopped one site in the same band. The amplitude of this process is a ~ agt1Ago/A, with the
lattice constant ag.

Based on these considerations, let us now formulate the model. We consider electrons with orbital
quantum number n = a,b and spin ¢ =1, with next nearest neighbor hopping on a 1D lattice. The
hopping can be either intraorbital or interorbital. Each of the orbital states has an onsite energy, such
that the bands corresponding to these orbitals have a bandgap 2A. Including SOC and Hubbard on-site
interaction the Hamiltonian consists of four parts.

H=Hy+ H; + Hgo + Hixt - (51)
The kinetic part reads as
Ho=-A), [a},aaj,a - b},abj,a} —ty [a;,aajﬂ,a 0 b1 T H'C'} : (5.2)
7,0 7,0

Here, a;, destroys an electron in band a with spin ¢ =7,| at site j and analogously for b;,. The
hopping amplitude between next nearest neighbors is denoted by ¢ and the on-site energy by A. We
use dimensions where the lattice spacing ag = 1 and we assume periodic boundary conditions.

The hybridization between the bands is described by the Hamiltonian

_ t t
Hi=—t) [aj,abjﬂ,a + 000410+ H'Cl ’ (5.3)
3,0

and the spin-orbit coupling term reads as

Hgo = — i Z [a;ﬂaj_,a,ajﬂ,gz + b;a,gj',o'/bj—&-l,o-/ + H.c.} . (5.4)

Jj,o,0’
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5.1 Model for interacting one-dimensional electrons in the presence of SOC

Here 0!, with i € {x,y, 2z} denotes the set of Pauli matrices in spin space. Note, that the Rashba SOC
with coupling strength « breaks the SU(2) spin-rotational symmetry of the model down to U(1) but
preserves time-reversal symmetry. Here, the operation of time reversal © acts as @ajJ@_l = iag o Aot
Ob; 07! = iagﬁ,bjﬁl and ©i0~! = —i.

Finally, the Hubbard interaction is given by

Hint = Uan,Tnj,i. (55)
J

with the coupling constant U and the electron density operator n;, = a}yaajp + b},o'bj,o"
Throughout this work, we assume the hopping and spin-orbit amplitudes as positive, ¢,¢;, @ > 0 and

repulsive interactions, U > 0.

5.1.1 Diagonalization of the non-interacting Hamiltonian

In the presence of interorbital hopping, described by Hj, the Hamiltonian in Eq. (5.1) is no longer
diagonal. Before we diagonalize the noninteracting part of the Hamiltonian, it is instructive to first
discuss the model in the single-channel approximation. In this approximation, usually employed in
the study of electron transport in quantum wires, one neglects the coupling to energetically higher
bands (t; = 0) and considers only the lowest band in the orbital basis. We will show that in this
approximation the SOC term only leads to a trivial renormalization of the parameters of the model.

The noninteracting part of the Hamiltonian in Eq. (5.1) with ¢; = 0 can be written in diagonal form
by transforming to momentum space. Considering only the lower band, it reads as

Hy = Z aLJ [—2t cos(k) + 2assin(k)] ay,, , (5.6)
k,o

where s = 1 are the eigenvalues of o?. Using the harmonic addition theorem, this can be recast into
the form

HO = — 2t0 Z COS(k — SqO)CLLUCLkJ . (57)
k,o

Here, tg = vt? + a? is the renormalized hopping amplitude and gg = arctan(a/t).

Therefore, SOC renormalizes the hopping amplitude and shifts the spectrum by a constant mo-
mentum =qg, for spin up and down respectively. However, this shift can always be removed by a
spin dependent gauge transformation and therefore has no observable effect on the thermodynamic
properties of the system, which only depend on the spectrum.

This statement can be made explicit by considering the Hamiltonian in Eq. (5.6) in real space:

Ho=—2tg Y %} a,y, =2t dl d;.;,, (5.8)
7,0

J,o

where we defined the fermion operator d;, = €'%/%q; ,. The model in the presence of SOC is therefore
unitarily equivalent to a model without SOC but with renormalized hopping parameter [125]. Note
that this statement remains true in the presence of interactions since the transformation leaves the
density n;, = a; oUjo = d}’ ,dj.0 invariant and thus does not change the form of the interaction term
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Figure 5.1: Dispersion of the lower bands e, _ (k) of the lattice model in Eq. (5.9) for parameters o/t =
0.3 and t1/t = 0.5. Spin orbit coupling lifts the degeneracy of the bands labelled by the
z-component of the spin and leads to different Fermi velocities vk and v.

Hini. For repulsive electron-electron interaction the system is in the Luttinger liquid phase (see section
5.2.2), irrespective of the presence or absence of SOC.

The reason why spin-orbit may be gauged out in the single-channel approximation is quite simple.
Since the electrons only move along one direction, there is no “orbital” motion possible, so the spin-orbit
may only couple as a pure gauge. ' To obtain nontrivial effects of the spin-orbit coupling beyond the
single channel approximation we necessarily have to include a coupling between different orbitals.

Let us therefore consider the complete noninteracting part in Eq. (5.1). Introducing the vector of
operators ¢, = (ak,q, bk,U)T, it takes the form

Hy = Z CLO [’I’I,’T — 2ty cos(k — sqo)] Ch.o (5.9)
k,o

where n = (—2t; cos k, 0, A)T and T is the vector of Pauli matrices in orbital space. Next, we introduce
fermionic operators f in the band basis, which are related to the orbital basis by the unitary transfor-
mation fj , = Ucy s, with U = exp(iqx7y). Choosing tan 2y, = ni(k)/|n(k)|, the Hamiltonian takes
the diagonal form

HO = Z GJ,M(k) fz,a,m‘fk,a,m’ (510)
k,o,m

where m = £ denotes the band index and

€om(k) = —2tg cos(k — sqo) + my/ A% + 412 cos? k. (5.11)

We note that the spin in z-direction is still a good quantum number and the time reversal symmetry
of the model is still preserved and therefore the spectrum has the symmetry e, (k) = e_o(—k).

Let us now consider the lower two bands with m = —1. They are characterized by the z-component
of the spin and shifted by a constant momentum ¢g. The band structure is depicted in Fig. 5.1. Notice

'One should be careful, however, that this does not mean that there are no observable effects of spin-orbit, see Ref. [125].
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that the inversion symmetry is broken due to the SOC and thus e,(k) # e,(—k). While this is also
true when t; = 0, the hybridisation between the orbitals leads to different Fermi velocities at the
Fermi points of each band [cf. Fig. 2|, and hence the symmetry cannot be restored by a trivial gauge
transformation. This difference of Fermi velocities is the main effect of SOC on the spectrum.

Let us find an analytical estimate for the velocity difference of band ¢ = +1 in the limit when
to > t1 and the chemical potential is tuned to the bottom of the band. For simplicity, we also set
A = 0, which would only renormalize the bandwidth. In this case, we can expand the spectrum around

k = qo. We first find the Fermi points of the band, determined by the equation ET(k}M) = eT(k:%T) = u,
1,2

and the corresponding Fermi velocities vy = OE/Ok|,_,12. Due to the preserved time reversal
k) —NFr
symmetry the Fermi points and Fermi velocities are not independent but rather kll[’QT = —k};i = k};Q
and U};QT = —Ull;i = vllf. We find the dimensionless velocity difference
1 2
Vp — Vp 31 .
Av = 4——=5 =~ cot V2———sin(qo) . (5.12)

Vp + U5 V2 +a?

Notice that the velocity difference vanishes either in the absence of SOC, @ = 0, or interband hopping,
t; = 0. For weak SOC, it is of the order of Jv ~ aty/t2.

To summarize, by using an explicit hopping model for one-dimensional fermions in the presence of
SOC, we have identified two main effects of SOC on the spectrum of noninteracting electrons. First,
it breaks the SU(2) spin-rotational symmetry and therefore lifts the spin degeneracy of the spectrum.
Second, it breaks inversion symmetry leading to different Fermi velocities v}p #* v%. In the next section
we will investigate how this affects the phase diagram in the presence of interaction.

5.2 Interaction effects

To find the effective low-energy form of the Hamiltonian in Egs. (5.9) and (5.5) we linearize the spectrum
of the lower band near the Fermi points k:#z, see Fig. 5.2, and expand the fermionic operators in

continuum modes that vary slowly on the scale of the inverse Fermi momentum:

fit = (@) = Ry(w) e 4 Ly(w) e e,

fig- = (@) = Ry(a) ¥ + Ly(x) e " o1
This yields the density
njo — Rl Ry 4+ L Ly + Rl Lye 2Fr® - [T R, e2kre (5.14)
where we defined kp = (k. + k%)/2.
The low-energy form of the Hamiltonian density is given by H = Ho + Hint, with
Ho = —ivk (Rjo.Ry — L]0, L) — vk (Rl0.R, — L1, Ly) | (5.15)
Hine = U(RIR+ LILy) (RIR, + L{L)) + U(RILLIR, + He.). (5.16)

Here, U}; and U% are considered as phenomenological parameters of the low-energy theory which describe
the different Fermi velocities at the left and right Fermi point. On the basis of our analysis of the
hopping model in section 5.1 we expect the velocity difference to be small but in principle tunable
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elk)—p
A

Figure 5.2: Band structure (k) of the low-energy theory. Due to time reversal invariance the dispersions
of the two bands are connected as (k) = ¢, (—k). The low-energy excitations for up spins
are right moving particles with velocity vk at Fermi momentum ki and left moving particles
with velocity —v% at Fermi momentum —k% [analogously for down spins|.

through the Rashba parameter . We remind the reader that the Rashba SOC arises due to the
asymmetry associated with the potential that constricts electrons to the two-dimensional plane. The

asymmetry, and therefore the Rashba SOC, can be further controlled by applying an external gate
voltage [126-128].

5.2.1 Bosonization

To account for the effects of interaction it is useful to pass to a bosonic description of the model using
the bosonization rules outlined in App. A. After bosonization, the quadratic part of the Hamiltonian
density takes the form

VF 9 9 ov
Ho= ; [(ax%) - HU} + [axSOTHT — Oz I |, (5.17)

where we introduced the difference v = vl — v% and average vp = (vk + v%)/2 of Fermi velocities .
We now introduce the usual spin and charge operators

SO:erm o, = 1P
C \/§ I S \/i .

The system is symmetric under time reversal. Using the transformation properties of the lattice fermions
defined below Eq. (5.4) and the low-energy decomposition in Eq. (5.13) we find that under time reversal,
Ry - L, Ly -+ R, Ry =+ —Ly and L; — —R4. This implies the following transformation properties
in the spin-charge basis

(5.18)

ee(x) = we(x), @s(x) = —ps(x), Oc(z) = —Oc(2), 0Os(x) — Os5(x). (5.19)

The importance of the TRS for the model will become clear once we discuss the transport properties
in the presence of disorder.
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In the new basis, the (time-reversal invariant) Hamiltonian density including electron-electron inter-
action reads as

_Ve 2 -1 2
M=t [ 4 K (00’

_Us 2 -1 2 gL
Hs = ) [KSHS + K (axgoc) } + 3(ra)? cos (\/8771'(,03) , (5.20)

)
Hso :Ev |:8lSOC]-—-[S + 8969031_10] .

Here, the Luttinger parameters and plasmon velocities are defined as

K,=1+ , v K, =vp. (5.21)

where u = ¢, s. In terms of the lattice parameters, we have

ge = —9gs = —g1 = —aogU, (522)

where we reinstated the lattice constant ag. In particular for repulsive interaction U > 0, we find
K.<1and Kg > 1.

We notice that the charge sector in Eq. (5.20) is a LL with coupling constants v, and K.. The
spin sector is also a LL but includes a backscattering term that can generate a spin gap if it becomes
relevant in the RG sense. We point out that the coupling constant in front of the cosine term is the
same that determines the Luttinger constant in the spin sector, i.e. gs = ¢, . This is no peculiarity of
the Hubbard model, but holds for any spin SU(2) invariant model. In the absence of SOC the RG flow
of the model is described by the well known BKT equations (5.31) and the relation between the bare
parameters contrains the flow exactly along the separatrix, see Fig. 5.3. In this case the cosine term is
irrelevant and the spinsector is a gapless Luttinger liquid.

The different Fermi velocities and thus the SOC manifest themselves only in the term Hgo that
breaks the spin-charge separation. Usually, the (marginal) term Hgo would be neglected as it only
produces small corrections under the RG. In the present case, however, we have to keep it, since the
conventional flow is exactly along the separatrix and thus even a marginal term may drive the system
into a new phase.

For the subsequent analysis it is convenient to switch to an imaginary time action formalism. The
partition function of the model is then

7 = /DSOCDSOS 6_55[4.05}_SC[SOC]_SSO[WC#)DS]’ (523)
dx dr "
S. = [T (@0 + )P @ue0?] (5.24)
UF
dz dr 9 9 (52})2 9 g1 /
_ _ 2
Se= [ Gt [One + {02 = B @] + 5y [dnar cos (Vimer) . (529
SSO = % dadr [8x90c87'905+8x¢36780c] . (526)
F

Here we introduced the renormalized coupling constants

D=

KC - KC 1—m 5 UC — UF/KC. (527)
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Figure 5.3: RG flow of Eq. (5.81) describing the phase diagram of interacting 1D fermions. In the
presence of spin-orbit coupling the starting point of the flow is changed away from the SU(2)
invariant line (black rectangle) to the region of strong-coupling flow (blue circle) for strong
spin-orbit coupling (Sv > 2U) or to the region of flow towards the Luttinger liquid phase
(green diamond) for weak spin orbit coupling (v < 2U ).

Next, we integrate out the (quadratic) charge sector which yields an effective action Seg s = So + Sint
in the spin sector:

1 dq dw 1 9 'Us(q7w) 9
S = — —_— — —
0 =5 [ 5,5, Ps(@w)es(=g,~w) [vs(q,w)Ks(q,w)w T Rgw’ |
(5.28)
Sint = m/dxdT cos (\/87Tg05> .
2(ma)?
The effective spin velocity and the Luttinger parameter obey the following equations
vs(q,w)Ks(q,w) = vr, (5.29)
2
vs(q,w) Us ov 4w2
N — 1 “VF| o5 17— 5.30
Ko K " (u) [ P+ (G0) (>:30)

Note that vy and K, are the coupling constants of the system without SOC. The effective propagator
in the spin sector is affected in two ways by SOC as can be seen in Eq. (5.30): (i) The parameters
in the spin sector are explicitely renormalized by a dv term and (ii) there is a contribution from the
charge degrees of freedom where v} is renormalized according to Eq. (5.27).

5.2.2 Renormalization-group analysis

To determine the phase diagram in the presence of interactions we derive the RG equations of the
effective action in Eq. (5.28) employing a perturbative Wilson RG procedure in momentum space. To
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this end we integrate out all high energy degrees of freedom between the momentum cutoff A and
a lower cutoff A’ to obtain the low-energy physics of the model. Details of the calculation can be
found in Appendix B of [123]. The result of this procedure is encoded in differential equations for
the dimensionless strength of backscattering A\; = g, /mvp and the dimensionless coupling constant
As = 2(1 — K¢ — 0v?/8v2). The equations are of the BKT type and read as

dA
== ALOM(),
(5.31)
LANIG
ae T

Here, ¢ = In(A/A’) and the initial values are given by A; (0) = U and \4(0) = U +dv f(U, év). They are
determined by the dimensionless strength of interaction U = agU/mvr and the dimensionless velocity
difference dv = (6v/2vr)?. The RG equations have been derived for both U < 1 and dv < 1.

The function f(U, dv), that appears in the bare value of )\, is nonuniversal; that is, it depends on the
cutoff procedure of the RG. However, independent of the way the cutoff is introduced, one can show
that it changes sign at some point,

signf = sign <2U - 1) . (5.32)
o

The flow of the coupling constants in Eq. (5.31) is plotted in Fig 5.3. The flow in the absence of
SOC and the characterization of the strong-coupling phases has been discussed in Sec. 1.3.1 and we
briefly summarize the main results at this point: Without SOC, the bare parameters are constrained to
the separatrix A} = A;. If interactions in the spin sector are repulsive the system flows to a Luttinger
liquid phase with renormalized Luttinger parameter and plasmon velocity. If, on the other hand, the
interactions in the spin sector are attractive the flow is to a strong-coupling phase (CDW), where
interactions dynamically open a gap in the spin sector.

In the presence of SOC the bare coupling constants move away from the separatrix. For attractive
interaction, the flow is still to the CDW phase and SOC just yields a small renormalization of parame-
ters. If, on the other hand, interactions are repulsive, one of two possible scenarios is realized. For weak
SOC, év < 2U, the system flow to the Luttinger liquid fixed point and for strong SOC v < 2U the
system flows to another strong-coupling fixed point (SDW), where the operator ~ cos(v/8mys) opens
a gap in the spin sector. It is crucial to note that the gapped phases for different signs of A1 are not
equivalent. It will turn out that the SDW phase for A} > 0 is topologically nontrivial, while the CDW
phase for A} < 0 is topologically trivial. We point out that while the spin-mode is gapped in this phase
the charge mode still remains gapless. This leads to peculiar physical properties of the strong-coupling
phase that we will discuss in the next sections.

Before we proceed to characterize the properties of the strong-coupling phases in more detail, we
want to get an estimate of the magnitude of the spin-gap m that emerges in the in the strong-coupling
SDW phase To this end, we integrate the RG flow (5.31) up to a scale I* = In(A/A;) where A  (I*) ~ 1.
This yields the estimate

A, = Ae™/7 (5.33)

The spin gap is therefore exponentially small.
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5.3 Disorder

We now consider the effect of disorder on the phase diagram of the interacting electron system in the
presence of spin orbit coupling. In particular we will be interested in the fate of the CDW and SDW
phases, where interactions open spectral gaps in the spin sector. First, we consider a single impurity and
then generalize the discussion to random disorder. We will find that the impact of disorder in general,
and a single impurity in particular, varies greatly depending on the type of the order in the spin sector.
We will find that the CDW phase generically becomes localized in the presence of impurities. For the
SDW phase, there are two distinct scenarios, depending on the value of the Luttinger constant in the
charge sector. The phase either remains a ballistic conductor at zero temperature in the presence of an
impurity or the impurity becomes relevant and effectively cuts the wire into two parts, each with a spin
gap. We show that in the latter scenario the conducting phase has emergent topological properties;
namely it hosts zero-energy bound states with fractional spin at the site of the impurity. Possible
experimental features of the topological phase are discussed at the end of this section.

5.3.1 Single impurity

Let us start our discussion by considering the action of nonmagnetic disorder given by
Sais = / dedr Uy (z) (Rj,RU + LLLU) + / dadr [ub(x)Rl.Lg +Hel . (5.34)

Here, Uy, denotes the potential for disorder forward scattering and backscattering respectively. While
Uy is real the potential U, is in general complex. Forward scattering plays no role for the transport
properties and we will neglect it from now since it is well known that it can be removed via a gauge
transformation of the fields [44]. Let us first consider a single impurity, with potential Uy, (z) = Upo(x).
We will assume that the potential is inversion symmetric and thus the parameter U, is real. Upon
bosonization, this term takes the form

Simp = — AimpUs /(ZT cos(V2m,(0, 7)) sin(v2mpe(0,7)) (5.35)

with the dimensionless coupling constant A\imp = 2U/(7vs). In higher order in a perturbative expansion
in Aimp, scattering off the impurity generates two particle coherent scattering processes, described by
the action

d
Scoh = Us /CZ- |:)\imp,s COS( \ 877@5((): T)) + >\imp,c COS( V 87'“;00(07 T)) . (5'36)

Here, the first term corresponds physically to the backscattering of two incoming electrons with oppo-
site spin, incident from the left and right of the impurity. The resulting scattering process effectively
backscatters a particle with spin 1 but zero charge. The second term in Eq. (5.36) describes a pro-
cess where two electrons with opposite spin are incident from the same side of the impurity and are
coherently backscattered. This process effectively backscatters a singlet with charge 2e. These coher-
ent scattering processes become important when either the charge or the spin sector are gapped and
electronic excitations are prohibited.
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The action of interacting electrons in the presence of SOC and disorder has five parts S = Spp, +
Ss + Ssa + Simp + Scon, where

junl

_ 1 1 2 2
SL 2%@/dr<V¢u) y
g 2 2
Ss = 2Kc/d2r [(87,1%) — (Orypc) } ,
2
Ssag = AL % cos(V8mps(T)), (5.37)

Simp = — Aimp /dar2 cos(V 27Tg03(0,rg))cos(\/%goc((),rg)),

d
Sn = [ 22 [Aimp,s cos(VBT4(0,72)) + Aimp,c cos(vBpc (0, 72))

Here, we defined the dimensionless coupling constants A| = gLL/(2712vS) and A\imp = 2Up/(7vs), as
well as the coordinates r = (r1,79) = (x,vs7)" and the dimensionless velocity difference § = 1 — v, /vs.
The expansion of Sy, to linear order in § leads to the appearance of the term Sy in the action. However,
we find that this term does not flow under the RG and also does not influence any of the other flow
equations.

At this point we have to make one important remark. Note that we did not include the SO term
in Eq. (5.26) into the action in Eq. (5.37). This is because this term is marginal and will not change
the overall flow significantly. Its presence, however, is included implicitly by treating the two bare
parameters of the flow K(0) and A (0) as independent. The phase diagram of the model in Eq. (5.37)
determined by the interplay of the impurity scattering, described by the terms Simp and Scon and the
interaction described by the SG term. To gain a better understanding of this interplay we can study
the perturbative RG equations of the action in Eq. (5.37). They are given by

dK 1
S — 7K2)\2
de 2
% — (2 2K\,
d)\im 1 1 1 1

i P _ |:1 _ i(Ks 4 Kc):| )\imp — 5)\imp)\imp,c - iAimpAimp,S — EALAimp ) (538)
d)\imp7s 1 2 1
7 = (1 — QKS))\imp,s - i)\imp - 5)\J_)\imp,sa
d/\imp,c 1 2
—ar (1 = 2K¢)Aimp,c — Z)‘imp

The only weak coupling fixed point of these equations is A\; = 0 for all . The corresponding phase is
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Figure 5.4: Phase diagram of the model in Eq. (5.37), describing interacting 1D electrons in the
presence of both spin-orbit coupling and a single impurity. The classification of the
phases is defined in Eqs. (5.89). The bare parameters of the flow are chosen as N0 =
0.2, )\?mp}s = 0.1 and )\?mp,c = 0.1. The phase boundary between the two SDW phases,
as well as between the impurity II and Luttinger liquid phase, is K. = 1/2. The
boundary between the SDW phases and the neighboring phases is A9 > 2(K? — 1)
and the boundary between the impurity I and the impurity II and the Luttinger liquid

phase is KO + K9 = 2.

the spinful Luttinger liquid phase. There is also a number of strong-coupling fixed points.

AL =0, Ximps — 0, Aimpe — 0, Aimp — £00 = Strong impurity I,
AL =0, ANmps = 0, Ximp,c = 00, Aimp — 0 = Strong impurity IT,
AL =0, Ximps = 0, Aimpe — 0, Aimp — 0 = Strong impurity IIT,
(5.39)
)\J_—>OO, )\imp,s—>0, Aimp7c_>07 )\imp—>0 = SDWI,
)\L—>OO, >\imp,s_>07 )\imp,c—>oo, )\imp_>0 = SDWH,
AL — =00, Aimps =+ 0, Aimpe — 0, Ajmp — 00 = CDW.

Note that the equations for A; and K, decouple from the rest. This result is very natural, since the local
disorder term cannot affect the physics in the bulk. This can be used to classify the strong-coupling
phases above into three strong impurity phases, where the spin gap does not develop and three phases
with a gap in the spin sector.

If A| flows to zero, the fixed points correspond to those encountered in the study of a single impurity
in the Luttinger liquid phase [63, 66]. There are then three possible strong-coupling phases. In phase
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I, the impurity term becomes relevant. Physically, the impurity potential perfectly reflects incoming
electrons at zero temperature in the thermodynamic limit and the system is effectively cut into two
parts, each being in the LL phase. The impurity phases II and III describe impurity potentials that
perfectly transmit spin but no charge, or vice versa. We will not discuss these phases in detail here
but refer to the original publications [63, 66]. There is, however, one difference between these works
and the current discussion. In the presence of the SG term, the bulk interaction K is also subject to
renormalization. This renormalization slightly shifts the phase boundaries between the impurity phases
in the K-K.-plane compared to the model with A; = 0. Since the SG term is irrelevant in this region
of the phase diagram, the shift of the phase boundaries is very minor.

Let us now discuss the opposite situation, when \| grows under the RG flow. As we have already
discussed, the criterion for the opening of a spin gap is the relation |\9| > 2(K? — 1) between the
bare parameters of the RG. The nature of the fixed point then additionally depends on the sign of
Ay. For A} < 0, the strong-coupling fixed point is of the CDW type. In this case the development of
CDW order in the bulk goes hand in hand with the flow of the impurity to strong coupling. In the
thermodynamic limit and at zero temperature, the impurity potential becomes perfectly reflecting and
cuts the wire into two parts, each exhibiting a CDW order.

In the SDW phase, on the other hand, the impurity potential always renormalizes to zero. Whether
the system remains conducting or becomes isulating in the thermodynamic limit then depends on the
coupling Aimp,c that is generated by the impurity in second order. We find that the corresponding
term becomes relevant for K. < 1/2 independently of the physics in the spin sector. Then there are
two disordered SDW phases. In the SDW I phase, the system remains a ballistic conductor at zero
temperature, while the system in the SDW II phase is cut into two parts by the impurity analogously
to the CDW phase.

The phase diagram for )\(j_ > 0 is depicted in Fig. 5.4. In the remainder of this section we will
substantiate this analysis by calculating the conductance in the opposite limits of a strong and weak
impurity. In the first case, we study the tunneling current between the ends of two spin-gapped wires
and in the second case we calculate the conductance of a single wire in the SDW phase in the presence
of a weak impurity.

Weak impurity limit Let us first investigate the influence of a weak impurity in the spin gap phase,
corresponding to the parameter regime |A;| > 1 > Aip,p. To this end we first perform a mean field
analysis of the action in Eq. (5.37). If the strength of the SG potential defines the highest energy scale
in the problem, the mean field is the one that minimizes the SG cosine term. At zero temperature the
mean field takes one? of the values ¢5PV = 7(n +1/2) for Ay > 0 or ¢SPW = 7n, for A\; < 0 with n
being integer. Here, we introduced the rescaled fields ¢, (z,7) = \/ﬂgou for notational convenience.

To account for small fluctuations around the mean field solution, we expand the cosine term to
quadratic order in fluctuations

8¢s(x,7) = ¢s(w,7) — pSOW/SDW (5.40)

“Note, that a constant mean field spontaneously breaks the discrete symmetry @5 — @5 + 1/7/2n of the cosine term.
The solution only holds at 7' = 0, where the action in Eq. (5.37) describes a (1+1) dimensionell field theory and
the spontaneous breaking of a discrete symmetry is allowed. At finite temperatures soliton solutions that interpolate
between different minima restore the symmetry.
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Figure 5.5: The temperature dependence of the conductance in the disordered SDW phase. At high
temperatures there are power law corrections to the perfect conductance GO = 2¢?/h
with exponent a1 = K.+ Ks—2 due to electron backscattering. At temperatures below
the spin gap m there are two distinct possibilities. For K. > 1/2, the system is in the
SDW I phase, and for K. < 1/2, it is in the SDW II phase. In the SDW II phase
transport proceeds by weak tunneling and the conductance vanishes as a power law with
exponent as = K; '+ K;' —2 as T — 0. In the SDW I phase impurity scattering
remains o weak perturbation and leads to corrections to the quantized conductance
with power law ao = 4K, — 2.

This generates a mass term these fluctuations,

v m? 9
Ssg =\ . /da; dr cos(2¢5) e /dx dr dos ( )

In the last equality we defined the mass m? = 87v2Ks|g,|/a®. This term adds to the Luttinger liquid
term, so that the quadratic action reads as

1
drv. K,

1
S —
0 drvs K

/ Gel.w) PP + 020%) + / 065(0, ) 2@ + 027 +m?)  (5.42)
w,q w,q

Expanding the impurity contribution to the action in Eq. (5.37) around the SDW and CDW mean
fields, respectively, we find

Simp (—l)"“)\impE /dT cos ¢.(0,7), (CDW) (5.43)
a
Simp = (—1)”)\imp% /dT cos ¢¢(0, 7) sin 5 (0, 7) . (SDW) (5.44)

By power counting we see that the impurity operator in the CDW phase is a relevant perturbation —
it becomes relevant already for K. < 2. In the thermodynamic limit, the impurity becomes perfectly
reflecting and the system is effectively cut into two parts, each in the CDW phase.

In the SDW phase the effect of disorder is more subtle. Let us integrate out the massive fluctuations
in the spin sector to obtain an effective action for the charge sector,

s

e—Seff — /D[égbs] B_SO’Se_Simp — <€_Simp> ~ e*<Simp>+%<<Si2mp>*<5imp>2> (545)

98




5.3 Disorder

where the last step is an perturbative expansion in Ajmp to second order. In App. A, we derive the
correlation function for massive bosonic fields

(005(0,71)005(0,72)) = KKo(m|m —2|) (5.46)

where Ko(z) is the zeroth modified Bessel function. Using the asymptotics of this function, Ko(x) ~
e~ 17l /\/z for & — 0o and Ko(z) ~ —In(x/2) for z — 0 we obtain

(sindps(0,7)) =0, (5.47)
(sin 65 (0, 71) sin 8¢5 (0, 7)) = e~ KsKolma/vs) ginh (K Ko(m|r — 7). (5.48)

Substituting this into the expression for the effective action in Eq. (5.45) yields

a

2
)\im s . .

Set = (—1)" <pv> /dTldTg cos ¢¢(0, 1) cos ¢.(0, 72) (sin d¢5(0, 1) sin d¢5(0, 72))
(5.49)

~ /\impch /dT cos 2¢.(0,7),

a

where we performed a gradient expansion in m|m — 73| < 1 and defined the dimensionless constant

Aimpe = (=1)"A2_ (1/2) (vsma/2)Ks_1 X [dz sinh(KKo(z)). This means that the impurity itself is

m
effectively absent ?n the SDW phase for energy scales below the gap, see also the discussion of the
strong-coupling phases of the RG below Eq. (5.39). However, it generates an effective two-particle
scattering potential in second order perturbation theory in Eq. (5.49). This term is the Ajmp,c term
in Eq. (5.37). In the effective theory the massive spin sector is then integrated out and the resulting

action takes the form

_1 1 2, Ve 2| oy
5= / dz dr [UC (000 + 120,00 } + Ao / dr cos26,(0, 7). (5.50)

with the effective frequency UV cutoff m. This model can be mapped exactly to the Kane-Fisher
model [63] with K. — 2K,.. The scattering off the impurity thus only becomes relevant for K. < 1/2.
For K. > 1/2, the impurity yields small corrections to the charge conductance of a finite system given
by [63]

9 KA+Ks—2 4K.—2
spw1 , 2€ 0 r 1 2 r
Gc >~ TKC 1-— CKC,KS)‘imp K @(T — m) — CKC,KS)‘imp K N (551)

where A denotes the UV cutoff and c% i, are dimensionless positive numbers that depend on the

parameters K, and K and the cutoff procedure. We see that below the spin gap single particle
scattering off the impurity is absent. Physically, this is because the creation of a spin—% particle or hole
costs at least the energy of the gap. The next important scattering channel is for electron pairs with
opposite spins, with contributes to the conductance in order A?mp. Above the gap, this contribution is
subleading compared to the first correction in Eq. (5.51) originating from single particle backscattering
off the impurity. The qualitative behavior of the conductance is plotted in Fig. 5.5.

Note that the conductance goes to the quantized value GO = %Kc as T'— 0 as long as K, > 1/2.
Consequently, there exists a disordered SDW phase (SDW 1), realized for K. > 1/2, in which the

system remains a ballistic conductor at zero temperature.
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If, on the other hand, K. < 1/2, the effective disorder term in Eq. (5.50) becomes relevant and drives
the system to another phase (SDW II). In this phase, we expect that disorder cuts the wire into two
parts, each having a spin gap. To substantiate this claim we next analyze the limit of a strong impurity.

Before, however, let us briefly comment on the effect of magnetic impurities on the transport prop-
erties of the system. Consider an impurity potential whose scattering strength depends on the spin of
the incoming electrons. The backscattering part is then

Shis = /dT |:Z/{b7O—RI.(0,T)LO-(O,T) + H.c.
= — AimpVs /daT cos(V2mps(0, 7)) sin(v2mwp.(0, 7)) (5.52)
— Aimp,magn Us /daT cos(V2mpe(0, 7)) sin(v2mps(0, 7))

with Aimp = U + Up,)/Tvs and Nimp,magn = (Upr — Uy, )/mvs. The first term denotes nonmagnetic
impurities, while the second models magnetic ones. After expanding around the SDW mean field and
integrating out massive fluctuations, the magnetic impurity term generates an effective potential for
the charge degrees of freedom ~ Aimp magn cos(v/2mp.(0,7)). This term becomes relevant already for
K. < 2 and drives the system into the SDW II phase. Note, however, that the nonmagnetic impurity
potential is odd under TR and thus the SDW phase is protected against this perturbation as long as
TR is not broken. This also motivated the inclusion of spin-orbit coupling as the mechanism that drives
the Luttinger liquid to the SDW phase. The SDW phase can also be realized by applying a magnetic
field perpendicular to the system, which however breaks time reversal, in which case the system is no
longer protected against generic impurity scattering [129)].

Weak tunneling limit: We now study the phase with a bulk spin gap and a strong impurity, i.e. the
regime Aimp > |[A1| > 1. In this limit we expect that the impurity cuts the system into two parts.
In this case we may ask the question whether the phase is stable against the application of a weak
voltage that induces a tunneling current between the two parts. If the tunneling current diverges for
small voltages, we have perturbed around the wrong ground state and the correct one is in fact a single
(conducting) system.

Again, in the strong-coupling limit, we study the classical mean field of the action in (5.37). The
bosonic field in the spin sector develops a finite expectation value ¢$PW = 7(n + 1/2) for g; > 0 or
#SPW = 7n, for g1 < 0 that minimizes the potential energy of the SG term in the bulk. At the origin,
however, the bosonic fields will be pinned to the minima of the impurity term, since the impurity
potential is now the strongest energy scale in the problem. The local mean field at the origin is then

(6P, 6i™) = ((m + D), (m — D)) (5.53)

where we assumed that A\jmp > 0 and m and [ are both integers.

Let us now anticipate on physical grounds the behavior of the system under the application of a
small tunneling voltage across the two wires. Tunneling through the potential barrier induced by the
impurity can be understood as inserting an additional electron at the end of the wire.

Consider first the case of CDW order in the bulk. Adding an electron at the end of the wire creates
47 soliton-like kinks in both charge and spin fields. Therefore, since the mean-field value of the spin
field at the end of the wire and in the bulk differs by an integer multiple of 7, see Fig 5.6, electrons
may only be added in pairs. The tunneling action of such processes is given by the dual theory of the
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action in Eq. (5.51) and the tunneling term becomes relevant only for K. > 2 [63, 66]. Consequently,
the disordered CDW phase is robust against weak tunneling.

The situation changes significantly if we consider bulk SDW order. In this case, the mean-field value
of the spin field at = 0 and in the bulk differs by a minimal amount of +7 /2. Therefore, the potential
barrier already distorts the bulk SDW order and adding an electron at the edge merely changes the
“polarity” of the distortion. For now, we postpone a physical discussion of this situation to Sec. 5.3.2.
Here, let us derive a perturbative expression for the tunneling current if both wires are in the SDW
phase.

Our starting point is the action S = Sy + Simp with

1
S — ’ 2 2 2 2
0= oK w’qlwc(q w)|[*(w” +v2g”) +

Simp = — )\imp% /dT cos ¢s(0,7) cos ¢pe(0, 7).

1
20K

/ 160(0, ) P(&? + v2% +m?),
w4 (5.54)

Since the action is quadratic in fields except for the point x = 0, we can integrate out all degrees of
freedom except those at the origin, which yields the effective action

e_SeH B /D¢s /Dgpc 6{905(7—) - ¢§DW - ¢s(07 7—)]5[906(7_) - ¢c(0, T)]e_s : (5‘55)

Performing the integration we get
1 1 v
So = / |wl|pe(w) | + / Vw? + m2|ps (W) — Nimp— /dT cos ps(7) cos pe(T) . (5.56)
2rK,. J, 2nK; J, a

Note that the action is similar to that of a Brownian particle with coordinate (¢¢, ps) moving in a
periodic potential and coupled to a dissipative environment. In our model, the low-lying spin and
charge excitations in the bulk cause the dissipation. Hence our 1D problem is now reduced to the
problem of a quantum-mechanical problem, i.e. a 0D field theory. We point out that, since the spin
sector of the model is gapped, there exist no low lying exciations and hence no dissipation in the spin
sector for energies below the gap.

Our goal now is to calculate the tunneling current. Since the bosonic fields at the origin are pinned
to the minima of the impurity potentials, this current is carried by instantons that connect neighboring
minima. To find a perturbative expression for this tunneling current, we adapt a formalism developed
in Ref. [66]. The dissipation suffered by the particle at the coordinate (¢, ¢s) can be expressed with
a linear coupling to harmonic oscillators, i.e we should study the action

B
S = /0 dr L({x1;}, {zar}, ¢s, @c)

mai4 miq
L = Z |:23(a7—fl'1j)2 + Tjwfj:c%j + 9g1;T15Pc + W
i 7 (5.57)

2
mog 9 M2k 9 o 92 9
) | (Orman)? + o wiady + gorTokPs + 5

d [ 5 (Orar,) 5 WakTak + G2rTokPs + 5 ijgj%]

_ )\imp% /dT [cos ws(T) cos (1) — 1]
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with the spectral functions for the oscillators {x1;} and {xo}

Ow),

2m1jw1j

g2,
N@) = 3w — wyj) =
J (5.58)

2 2 2
TI7s w?—m
= E ——(w — = —m).
Ja(w) ST— (W — way) K. O(w —m)

Here, the expressions on the right hand side are obtained from the analytical continuation of the
propagator [56] in the action in Eq. (5.54)

Jip(w) = - limIm G_i(—iw+4). (5.59)

The tunneling probability to lowest order in the electron tunneling matrix element ¢, is obtained using
Fermis golden rule for tunneling between the neighboring minima (g, ¢s) = (0,0) and (7, 7):

P0.0)s(rm) = m?Z; fliy|Pe PEiS(By — B; — eV / Z

_ 2 —iHto iHto\ ieVt
—te/ dty (e "7ttt ettt
— 0o

(5.60)

where V' is the applied voltage and |i) (|f)) represent eigenstates of H; (Hy) with eigenvalues Ej;
(Ef). The thermal average is defined as (X);, = Tr(Xe #Hi)/Tr(e=PH). The initial and final state
Hamiltonians are obtained from £ in Eq. (5.57) by setting (¢c, ¢s) = (0,0) and (7, 7), respectively.
The average is calculated by quantizing the oscillator modes which yields the tunneling probability

P(0,0)— (x,7)

o0
= tz/ dtg exp
—00

The probability of the reverse process, (¢, ps) = (m,7) — (0,0) is obtained the same way as Eq. (5.60)
but with ¢ and f interchanged

(5.61)

ieVitg — 7T/_ (iw (Jl( )+ Jg((u)) [(1 = coswt) coth(Bw/2) + i sinwt]

7)(71_77‘_)4)(070) — tz/ dt() <€7iHitoeinto>f e*ievto _ e*,BeVP(O,U)*)(TrJr) . (562)

Here, the last equality represents the detailed balance. The net charge current is given by the difference
of the tunneling probabilities

= 26(7)(0,0)%(#,@ - P(TI’,TI’)‘)(U,O)) = 26t2(1 - efﬁeV)
(5.63)

—0o0

X / dto exp |ieVitg — /du;[!]l (w) + J2(w)] ((1 — coswtp) coth %u + isinwt()) ,
w

where the factor 2 comes from the spin degeneracy. From this result, we obtain the charge current at
zero temperature as a function of the voltage

o
c = ZetE/ dtg exp
—0oQ

ieVityg — /i{;}[Jl(w) + JQ(w)]e*w//\(l — eiwto)] ) (5.64)
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Figure 5.6: Spatial profile of the ¢s(x) field in the topological SDW phase (blue) or the topologically
trivial CDW phase (red) in the presence of an impurity with finite range Lipy,, located at
the origin. The kink (solid line) and anti-kink (dotted line) configurations correspond
to the two degenerate groundstates at the boundary, where the field has to minimize
the backscattering potential. Addition of a single electron changes the field by +m and
therefore costs no energy in the SDW phase since it switches the polarity of the kink,
which corresponds to the transition between degenerate states at the boundary. In the
CDW phase single-electron excitations are gapped but the addition of two electrons
with parallel spin, which coresponds to the transition of red kink and antikink, or the
addition of a singlet pair of electrons (straight solid line) is allowed.

Evaluating the integral, we find the expression for the charge current

V Kic_l V Kc+7_l
je = dr.o (eA) O(m — V) + di. k. <€A> eV —m) (5.65)
with dg, x, = dmet? /(AT (4 7)) For voltages above the gap, the tunneling current coincides with

that of a spinful Luttlnger hquld [56]. At voltages below the gap, the tunneling conductance behaves

as G, = dj./dV ~ ~ V%2 which vanishes for V — 0 if K. <1/2.

To sumimarize, we have shown that there exist two distinct SDW phases. In the SDW II phase,
realized for K. < 1/2, a weak impurity grows under the RG flow. In the strong-coupling regime
the impurity potential becomes perfectly reflecting effectively cutting the wire into two parts, each
exhibiting SDW order. This phase is stable against a weak tunneling current.

In the SDW I phase, realized for K. > 1/2, a weak impurity flows towards weak coupling. We have
shown that in this phase a strong impurity also becomes weaker at lower energy scales (an infinitesimal
weak tunneling voltage already creates a finite tunneling current driving the system into the conducting
regime).

5.3.2 Boundary zero modes

The robustness of the SDW I phase against impurity scattering observed above can physically be
explained by the presence of zero-energy modes localized at the impurity site. In order to show the
existance of zero modes, we introduce a strong impurity at site x = 0 with finite range Linp, that
effectively cuts the system into two parts. If we assume that the backscattering potential generated the
strongest energy scale in the problem, the action is minimized by pinning the spin and charge field at

the position of the impurities to one of the values (¢i"P, pI™P) = ((m + n)m, (m — n)r). In the bulk, on
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the other hand, the spin field is locked to ¢3PW = m(n +1/2). This implies that the field has to change
by a minimal amount £7 close to the boundary, see Fig. 5.6. These kink and antikink configurations
can be interpreted as the two degenerate ground states of a mode located at the boundary. This mode

carries half of the electron spin, which is determined by size of the (anti-)kink at the boundary

7Limp+6 1 7Limp+5
S, = lim dz ps(z) =

1
. d x¥s = +-. .
00 ) _Lm—s 27 ) 1 s T Oy s () 1 (5.66)

This agrees with recent findings in an analogous model in Ref. [130].

Tunneling of a spin—% particle into the edge requires flipping the (anti-)kink by a magnitude 4.
Since the two states are degenerate, this does not cost any energy — in the thermodynamic limit we
can neglect the charging energy, which scales as 1/L, that is required to add an additional particle. In
terms of the edge state, we can interpret this as follows. The electron is added at the edge but does
not have to pay the cost for the creation of a spin—% in the gapped spin sector, since the spin change

triggers a transition between the degenerate spin—i ground states of the edge mode.

To summarize, we expect the topological phase to host zero-energy edge modes with fractional spin
in the spin sector that are located at the boundary. The existence of such edge modes is topologically
protected since the values of the field ¢s deep in the bulk for x — oo and at the impurity site are fixed.
Alternatively, the presence of edge states can be shown by refermionizing the Luttinger model with SG
term at the special value Ky = 1/2 and solving the eigenvalue equation for zero energy eigenstates of
the Hamiltonian. This program is performed in App. D of [131] and yields eigenstates exponentially
localized at the boundary of the 1D system. While it is not mentioned in the original publication, the
edge state wave function is only normalizable for g;; > 0.

Physical argument for the current We can use the physical picture of edge states to motivate
the behavior of the tunneling conductance obtained in Sec. 5.3.1, following an argument by Ref. [56].
Due to the zero-energy state, the local density of states in the spin sector takes the form vs(z =
0,¢) = v26(e) + vs8(e), where v5°8(¢) is the contribution of massive modes above the SDW gap. On
the other hand, the charge sector is still massless and the end-chain density of states is given by

ve(r =0,¢) = ezres ! [56].

Since charge and spin sector factorize, the total density of states at the edge is a convolution of the
two individual densities of states,

Vedge(T = 0,w) ~ / deve(z =0,€)vs(x =0,w —€) ~ ve(x =0,w) ~ wiil : (5.67)
0
The tunneling current between the two parts of the system is obtained as
1% P
Je(V) ~ / dw Vedge (T = 0—, W) Vedge (r = 04,w) ~ VE " (5.68)
0

which agrees with the result of the perturbative calculation performed in Sec. 5.3.1.
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5.3.3 Disorder

Let us now discuss the influence of disorder on the transport properties in the presence of SOC. The
action describing nonmagnetic disorder is

Suie = Z / dedr Uy () (RLRU + LI,LU) + / da [ub(x)RLLU + e
(5.69)
\f /dZEdTZ/ff OrPc — /d:vZ/{b —V2mpe cos(V2mryps) + H.c..

The disorder fields have the usual correlation functions (Uy(x)Uy(x")) 4., = Us(2)Uy (27)) 41 = DO(z —
2'), and zero otherwise. As we already discussed, forward scattering can be removed from the parti-
tion function through a gauge transformation. After introducing replicas and performing the disorder
average, the action has four parts S = S, + Ss + Sso + Sp, with

Se =

3 [arte [(0rgn) + 00 @ugn],
Z/dl‘dT Brpsn)” + (v7)*(Dupsn) ] 2(79;)2 Z/d:z:dT cos <\/877T905n) ,

Sso = 17 Z/dedT 87'99(:n zPsn 5

2K*

S
s 2K*

(5.70)

% = W 2 / dzdrydry cos(v27[pen(1) = pem(2)]) c0s(V2men (1)) cos(V2mpum (2))

Here, n, m denote replica indices and the asterisk symbolizes that the parameters already contain
renormalization effects due to the velocity difference dv.

We consider the scenario that A\; > 1 and the spin gap has already established. In this case we
may neglect the marginal term Sgo and expand ¢4 around the mean field as in Eq. (5.40). Integrating
out the massive fluctuations dps, the model maps to the Giamarchi-Schulz model [67] with K — 2K.
Disorder thus becomes relevant for K} < 3/4.

This result can also be deduced from the result for a single impurity by the following heuristic
reasoning [56]. For a single nonmagnetic impurity the conductance has been calculated in Eq. (5.51)
and reads as

2¢2 e\ o2
G = - C}(C,Ks)‘?mp <m) ’ (5.71)

where c}Q &, 18 a nonuniversal constant and € = max(T,eV’). To establish the boundary between

localized and delocalized regime for the case of weak disorder, it is sufficient to replace ¢ — 1/L and
multiply G by the number of impurities Niymp ~ 1/L. Now if G grows with increasing L, the system
is in the localized regime, else it is in the delocalized regime. This yields the threshold K. < 3/4
for localization in the presence of nonmagnetic impurities and K < 3 for magnetic impurities. This
situation is very similar to the effect of disorder in quantum-spin-Hall edge states [85]. The edge states
are also protected against nonmagnetic impurities for weak interactions K. > 3/8 but are expected to
localize if the interactions in the system become too strong.
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5.3.4 Experimental signatures

There are several signatures of the SDW I phase studied above that can be tested in experiment. First,
our theory predicts that the conductance as a function of temperature behaves as Eq. (5.51). Unlike
in the Luttinger liquid phase in the presence of an impurity or in the disordered CDW phase, the
conductance does not go to zero in the limit of low temperatures, but reaches its quantized value. This
can be used as a clear experimental signature of the SDW I phase.

Another experiment is the measurement of the tunneling density of states (TDOS) using scanning
tunneling microscopy. In the topologically nontrivial SDW I phase, we expect to see signatures of edge
modes at the end of a finite wire. At low bias, the TDOS at the impurity site is expected to show a
power-law zero bias anomaly, see Eq. (5.68). In the bulk of the wire, on the other hand, there is a hard
gap of the size of the spin gap m for single-electron tunneling. We expect an overall behavior,

©/ (e/m)/2Ke=1  close to the edges (5.72)
v(e) /vy ~ .
T oe—m), in the bulk

where 1 is the bare value of the tunneling density of states and e is the excitation energy measured
from the Fermi surface.

5.4 Summary of chapter 5

In this chapter, we investigated the influence of Rashba SOC on the phase diagram and transport
properties of one-dimensional electrons. The main role of the spin-orbital interactions is to break the
spin-rotational symmetry in the spin sector, which enables the realization of previously symmetry-
protected phases. The most interesting situation occurs when the dimensionless strength of SOC
is stronger than the strength of interactions. In this case, electron-electron interactions drive the
spin sector of the system to a strong-coupling phase with quasi-long-range spin-density-wave order
where a spectral gap is dynamically generated. This prediction was established by treating interactions
using bosonization and a weak-coupling renormalization-group analysis which is controlled by the small
parameters of dimensionless interaction U and spin-orbit-coupling strength év.

We show that this gapped SDW phase exhibits properties akin to those of TIs. It differs, however,
from conventional band insulators due to the fact that only the spin sector is gapped, while the charge
sector of the liquid is still massless. Since physical electrons carry both spin and charge, the whole
electron liquid forms an unusual topological state. The topological nature manifests itself mainly in
two properties: First, the bulk of the system is protected against nonmagnetic impurity scattering for
interaction strengths K. > 3/4, for high impurity concentration and for K. > 1/2 in the case of a
single impurity. Second, we find zero-energy edge modes at the boundary of a finite system that carry
fractional electron spin. These topological properties are protected by the bulk spin-gap.

There are several signatures of this novel topological state that may be used to verify it experimentally.
The conductance of the system in the topological phase is expected to show a non-monotonous behavior
as a function of temperature according to Eq. (5.51) which is depicted in Fig. 5.5. Furthermore, the
tunneling density of states, as described by Eq. (5.72) shows distinct behavior in the bulk and at the
edge of the wire. Due to the spin gap, there is a hard gap for single-particle tunneling in the bulk,
while the tunneling density of states at the boundary shows power law behavior as a function of the
bias.
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In this thesis we have analyzed the effect of topology, interactions and disorder, as well as their mutual
interplay on the transport properties of one-dimensional quantum systems. This chapter presents a
brief summary of the main results and outlines related further research projects.

Ch. 3 is concerned with the impact of electron-electron interactions and disorder on the transport
properties of the HLL, that emerges at the boundary of 2D QSH insulators in the topological regime.
The discerning property of this quantum liquid is its topological protection against disorder scattering.
In the presence of nonmagnetic disorder, elastic backscattering between Kramers partners is exactly
forbidden by time-reversal symmetry. As a result, the T = 0 conductance is given by Gy = 2¢?/h
independently of the strength of disorder (as long as the two-dimensional bulk is insulating). However,
at nonzero 1", we find that inelastic backscattering is generically triggered beyond S,-conserving models
and gives rise to dissipation, even in the absence of disorder, modifying significantly the transport
properties of both a clean and disordered helical liquid. We have identified two main sources of inelastic
scattering in the microscopic low-energy theory. First, the existence of a Dirac point in the spectrum
of helical electrons allows for the presence of a unique Umklapp process, termed g5 process. This
perturbation breaks specific conservation laws, present in the usual LL, and hence generates dissipation,
even in the absence of disorder. If the edge is disordered, the physics becomes even richer. In this case
composite scattering processes, containing both forward scattering from impurities and interaction
induced backscattering, are present in the theory and determine the behavior of transport observables
at low temperatures. In this context, it is of conceptual importance that forward scattering off disorder,
in contrast to disorder induced backscattering, plays the primary role in these combined effects.

Our main result concerns the temperature dependence of the dc resistivity, depicted in Fig. 3.5, and
the dependence of the conductivity on the frequency of the driving field at fixed temperature, depicted
in Fig. 3.6. Both generically show an anomalous power-law temperature or frequency dependence
similar to the conventional LL. By complementing the perturbative analysis with a weak-coupling
RG procedure, we have shown that the HLL is stable against perturbations that may open a gap for
intraedge interactions smaller than the critical value K = 1/2. In fact, the protection against the
opening of a gap at the edge for K > 1/2 is facilitated by the disorder backscattering term. The
disorder scattering does not affect transport, but destroys the phase coherence of electrons leading to
less repulsive interaction under the RG flow. For more repulsive interactions we have identified the
existence of various strong-coupling fixed points of the RG, but their characterization remains an open
problem for future work. However, we have presented qualitative arguments that even if the edge modes
were to develop a gap an edge reconstruction deeper inside the bulk would take place. The “new” edge
states are expected to exhibit the weak-coupling transport properties of the original edge modes.

The central topic of Ch. 4 has been the investigation of Coulomb drag between helical liquids. The
Coulomb drag provides a sensitive measure of the electron-electron correlations in a material and is
therefore of particular interest in the HLL, since the intraedge dissipation is generated solely by inelastic
scattering events. The main result of our analysis concerns the behavior of the de-drag resistivity as a
function of the temperature depicted in Fig. 4.4. For temperatures below a characteristic scale 11, drag
occurs due to backscattering of electrons in the passive edge at the Fermi surface caused by particle-hole
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fluctuations in the active edge. The drag resistivity in this regime generically behaves as a power law
with anomalous exponent determined by the Luttinger parameter of the relative density mode K_.
At higher temperatures, on the other hand, we find that the dominant contribution to the resistivity
derives from plasmon mediated drag. The discovery of this novel mechanism of plasmon mediated drag
in 1D systems constitutes the second main result of this chapter. Finally, we have presented qualitative
arguments similar to Ch. 3 that, unlike in the case of coupled LLs, the drag resistivity of coupled HLLs
does not increase exponentially at lowest temperatures but rather goes to zero as a power law. This
behavior was attributed to the topologically nontrivial origin of the HLL. It is in particular this feature
of the drag resistivity that might be used to experimentally observe the drag between helical liquids.

The results in both Ch. 3 and 4 have been obtained using a combination of weak-coupling perturbation
theory and RG methods. First, by treating the electron-electron interaction perturbatively, we solve
the kinetic equation for the model and obtain the resistivity in the high-frequency and low-frequency
regimes. These regimes are distinguished by the relation between the frequency of the driving field and
the relevant inelastic relaxation rate. Next, we bosonized the model and studied the high frequency
resistivity in linear response. The combination of both method allows us to make predictions about the
resistivity in a large parameter regime. Finally, the behavior at lowest temperatures is investigated by
employing a weak-coupling RG analysis.

Finally, in Ch. 5 we investigated the influence of Rashba SOC on the phase diagram and transport
properties of interacting 1D electrons. The main role of the spin-orbital interactions is to break the
spin-rotational symmetry in the spin sector, which enables the realization of previously symmetry-
protected phases. The most interesting situation occurs when the dimensionless strength of SOC is
stronger than the dimensionless strength of interactions. In this case, electron-electron interactions
drive the spin sector of the system to a strong-coupling phase with quasi-long-range spin-density-wave
order where a spectral gap is dynamically generated. On the other hand, the charge sector remains
gapless. This prediction was established by treating interactions using bosonization and a weak-coupling
renormalization-group analysis which is controlled by the small parameters of dimensionless interaction
and spin-orbit-coupling strength.

We show that this gapped SDW phase exhibits properties akin to those of TlIs. It differs, however,
from conventional band insulators due to the fact that only the spin sector is gapped, while the charge
sector of the liquid is still massless. Since physical electrons carry both spin and charge, the whole
electron liquid forms an unusual topological state. The topological nature manifests itself mainly in
two properties: First, the bulk of the system is protected against nonmagnetic impurity scattering for
interaction strengths K. > 3/4, for high impurity concentration and for K. > 1/2 in the case of a
single impurity. Second, we find zero-energy edge modes at the boundary of a finite system that carry
fractional electron spin. These topological properties are protected by the bulk spin-gap.

There are several signatures of this novel topological state that may be used to verify it experimentally.
The conductance of the system in the topological phase is expected to show a non-monotonic behavior
as a function of temperature according to Eq. (5.51) which is depicted in Fig. 5.5. Furthermore, the
tunneling density of states, as described by Eq. (5.72) shows distinct behavior in the bulk and at the
edge of the wire. Due to the spin gap, there is a hard gap for single-particle tunneling in the bulk,
while the tunneling density of states at the boundary shows power-law behavior as a function of the
bias.

Naturally, many aspects presented in this thesis deserve further study. Firstly, we have discovered in
Ch. 3, that scattering off impurities does not generate any dissipation to lowest order in perturbation
theory, even if the impurities are dressed by arbitrarily strong Friedel oscillations. It was recently
confirmed in [89] that this is an exact property of the model, to any order in perturbation theory. It
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would therefore be interesting to analyze if the protection is caused by some hidden conservation law.

Another aspect that deserves further study concerns the nature of the strong coupling regimes in both
the single edge and double edge setups studied in this thesis. One of the main arguments presented in
the main text is that the edge cannot be studied disentangled from the bulk and therefore we expect
that the edge conduction persists as long as the bulk remains in the topological regime even in the
presence of strong interactions at the edge. Nonetheless, it is interesting to study how this protection
arises microscopically. Thereby, on first has to answer the question if the protection can be seen in
the edge theory itself or if one has to study the bulk simultaneously with the edge. Oftentimes we
noticed that transport properties are determined by higher order scattering events describing pairs of
fermions. Therefore a promising approach to further investigate the strong-coupling fixed points of the
HLL might be to express the low energy field theory in terms of composite fermions and study their
properties in turn.

Finally, open questions remain concerning the topological SDW phase discussed in Ch. 5. Our
analysis of the weak-tunneling regime was based on the mapping of the 1D quasiclassical theory to a
0D quantum theory. In the problem of the single impurity in a LL, there exists a further method to gain
complementary insight into the problem which consist of deriving the dual theory using a instanton
expansion [66]. It would be interesting to develop such a dual theory also in our case. In particular
we expect that the presence of zero-energy edge modes generates additional terms in the field theory
which might lead to distinct signatures in the spin conductance.

In conclusion, we have seen in this thesis that the three central aspects of quantum transport in one
dimension outlined in the introduction — topology, interaction and disorder — are inherently related.

Topological materials generically host gapless edge modes with unique properties symmetry-protected
against impurity scattering. Ch. 3 showed that this protection is typically broken in the presence of
interactions at the edge. While the edge states are still protected against Anderson localization by
TRS, corrections to the exact quantization of the edge conductance do arise, due to elastic scattering
off disorder dressed by Friedel oscillations. Even in the absence of disorder, we have seen that the
interplay of topology and interaction leads to novel transport phenomena in 1D quantum systems. In
particular, in the context of Coulomb drag, we have seen that the drag at sufficiently high temperatures
is mediated by plasmons, since usual interaction channels are suppressed due to the topological origin
of the edge liquid. Finally, Ch. 5 provided the proof of principle that strong interactions in 1D systems
can generate gapped phases where topological properties emerge dynamically.

On a more general level, the work presented in this thesis accomplishes the following main achieve-
ments. Conceptually, this thesis has shown that the edge states of TIs remain conducting even in
the presence of disorder and weak interactions. By the bulk-boundary correspondence this suggests
that the classification of T1Is in the periodic table remaing stable in the presence of weak interactions.
Further, we have been able to formulate exact criteria for the critical strength of the interaction for
which the topological protection breaks down, by treating the edge modes in the framework of the
exactly solvable Luttinger model. Furthermore, we have shown that interactions in 1D systems can
lead to strong-coupling phases, where topological properties emerge dynamically. These phases have
no noninteracting analogue, but still poses properties akin to topological insulators. In particular
they exhibit a bulk-boundary correspondence. Taken together, this thesis shows that one-dimensional
quantum systems not only provide a useful theoretical framework to study the impact of strong inter-
actions on topological phases of matter but also provide promising candidate materials for the ongoing
experimental search for exotic new topological phases of matter.
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Notations and conventions

Here we present a list of notations and conventions used throughout this thesis

1.

We use units where i = kg = ¢ = 1, where h is the reduced Planck’s quantum, kp is Boltzmann’s
constant and c is the velocity of light.

. The symbol [, . denotes the normalized integration over momenta:

Am_/iu_

In order to distinguish between operators in Fock space and quantum fields the former are depicted
with hats whereas the latter are not (see e.g. ¢ Eq. (1.13) and ¢(z, 2) in Eq. (1.15) ).

The Pauli matrices are defined as

10 0 1
G0=T0= g 1) T=eTT=T |1 o)

0 —i 1 0
oy=my=\, o) o:=Tw=\g _1|

where we use the symbol o refers to the microscopic spin of the electron and 7 refers to pseudospin.
The commutator [-, -] and anticommutator {-,-} are defined as

[A,B]:= AB—BA, {A,B}=AB+ BA
for two operators A and B.

For binary quantum numbers a bar over the quantum number index denotes negation, i.e. if the
spin 0 =1 then ¢ =|.

The Fermi-Dirac distribution function is denoted by

1

np(e) = ——M
r(€) 1+exp;;—§ﬁ
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Notations and conventions

Next we present the basic notation used in this thesis:

e

Re and Im
P
()
I'(z)
B(z,y)
H.c.
c.c.

elementary charge

Fermi velocity

Fermi momentum

Fermi energy

chemical potential

single particle density of states at energy e

fermionic Grassmann field for chirality n and (pseudo-) spin o
bosonic displacement field

bosonic phase field

chiral bosonic fields

Heaviside step function

signum function

Luttinger parameter in the charge (u = ¢) or spin (u = s) sector
plasmon velocity in the charge (u = ¢) or spin (u = s) sector
short disctance cutoff of the bosonic theory

lattice constant

dimensionless coupling constant

approximately

proportional

asymptotic

real and imaginary part

principal value

delta function

Kronecker delta

Euler Gamma function

Euler beta function

modified Bessel function of the second kind

Hermitian conjugate

complex conjugate
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Appendix A

Bosonization dictionary

In this Appendix we state the bosonization conventions used in this thesis and present some useful
relations.

Bosonization conventions. We use the bosonization conventions

KR40 7 T T I{770‘ —1 TO_— x
i o(x) = L VAT @)y (3) = ST VAT o (@), (A1)

V2ma V2ma

where a is the bosonic UV cutoff. The Klein factors are introduced to ensure that the fermionic
operators obey the correct anticommutation relations. They obey the Clifford algebra

{’%77707 "in’,o’} = 2577,77’50,0’ (AQ)

Since they are not dynamic variables we are free to choose a specific representation. In particular in
Ch. 5 we choose

Ko =1, Ktk = —Kny Ryt = 1. (A.3)
We also introduce the dual fields

Yo = P40+ O 0, O = P10 — P— 0 (A.4)
such that II = —0,0 is the conjugate momentum to ¢. Vertex operators are multiplied according to
the rule

el iy’ _ ilaptBe’) o—aflpe’) ’ (A.5)

The spin and charge degrees of freedom are given by

$r TPy Y1 — Pl
Ve = , o ) A6

In terms of these fields the nonoscillatory part of the charge density and the z-component of the spin-
density read as

(@) = S, 0) = (o)

(A7)
pi(a) = 3 U @)Siti () = 5 UL @02 (@) = —=0ris(a).
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A Bosonization dictionary

Bosonic correlation functions The action of a real bosonic field is given by

_ . ull 2 u 2
S = / dadr [Z@;BHOTQO—F 5(0:0)° + 5= (D) }

. uK U
:/ {zqan(q,wn)go_q,_wn + 7(129(q,wn)9(—q7 —wn) + ﬂ{q2@q7wn9@—q,—wn}
q,Wn (A8)
1 Kug® iqun )\ [ 0(—q, —wn)
=— 0(q, wn , Wn, ) . u ’ .
MRS (lqwn e ) (o )
=G-1
Inverting the propagator matrix yields
. 1 vK %
= : q
G(Q7wn) vng n W% <_qu vK > . (Ag)
First we note that e.g.
iwn (p(q)p(—q)) = vaK (0(q)p(—q)) (A.10)

That means inside correlation functions we may use the relation iw,p(q) = vgK0(q). Analogously one
finds iw, K0(q) = vqe(q). This yields the duality relations

i0rp(z,7) = vK00(x,7),  i0.0(x,T) = %axga(a:, 7) (A.11)

Next, we calculate the ¢ correlation function at 7" = 0. In this case we can replace the sum over
Matsubara frequencies by an integral

Ty = / (A.12)

w

The propagator then reads as

Gola7) = ot 7100,0) = [ 50 K (A13)
%2 9 I 9 (27T)2 q2 + m2 9 .
Here, we defined the vectors ¢ = (vq,w)” and & = (z/v,7)T and introduced a small mass term m
to regularize the integral in the IR. The integral is most conveniently performed in polar coordinates,
which yields

K [ 2 T - K [* r
_ ¢ _
G¢($,T) =1 /(; dr /(; do T2+m261|w|rcos — 271_/0 dr T2+m2J0(|.’13’7")

K
= Ko(mla).
s

(A.14)
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Here, Jo(x) denotes the zeroth Bessel function and Ko(z) the zeroth modified Bessel function of the
second kind; we used the identities

2w

dep 5@ = 2xJo(|z]), (A.15)
0
© xzolaw)
/0 dz o Ko(ak). (A.16)

The modified Bessel function behaves asymptotically as Ko(z) ~ \/7/2z exp (—|z|) for z — oo and as
Ko(x) ~ —1In(x/2) for x — 0. This yields the correlation function

K
(e, 7)(0,0)) = — - In {mQ(a}Z + 1127'2)} , for mlz| >0, (A.17)
K T

(o, 7)¢(0,0)) =5—

= —mlel g 1. A.18
5 2m|m|e , for m|z| > ( )

At finite temperature, we obtain the correlation function in the limit of vanishing mass by the substi-
tution may — —Znsinh(zy ) with x4 = z £ dv7 [35].

Correlation functions containing exponentials of bosonic fields. In this thesis we often en-
counter correlation functions such as

(0'(1)8 (2)e’ole@)—e@]y (A.19)

where we denoted 0,0(x,7) = ¢'(x,7) and (i) = (2;,7;). We can calculate them using the following
trick:
<9/(1)9'(2)€ia[s0(3)—s0(4)}>

- %8}1 or, <ea[50(3)—e0(4)+119’(1)—129/(2)}

o (A.20)

2

= {MI@) — >0 (1) [¢(3) - o(@)]) ¥ 2) [(3) — p(4)]) } e F (D=0,
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Appendix B

Electron transport in a helical Luttinger
liquid

In this Appendix we present some details of the calculation of the high-frequency conductivity of the
disordered HLL performed in Sec. 3.3.1 in the main part of the thesis. Throughout this appendix we
will use the notation (i) = (x;, ;) for space-time coordinates.

B.1 Expressions for the current and diamagnetic susceptibility

To couple the theory of the disordered HLL to an external electric field we perform the minimal
substitution 0y, 6(1) — 0,,0(1) + eA(1)/\/m [44] in the model in (3.57). In doing so, we neglect the
terms S3 and Sy in the action, since we know from the results of the kinetic equation section that they
do not contribute to transport properties. Therefore, we are left with the action S = Siy, + Sgis + S5
with Sgis = Sip + Sop + Sp. The current j and diamagnetic susceptibility x4 are then obtained by
varying with respect to the vector potential. The current density is given by

, 08 ‘
V)= 5| WO+ 0). (B.1)
" la=o0
Here, we defined the current of the Luttinger model j,go)(l) = ef/%’ﬁxl@n(l) and the anomalous contri-
butions to the current j,(l ) and ](dls) (1P) + j( ) with

FO1) = — A1y, cos(VaATpn(1) — 2kpm1) — As2 o sin(VAmpn(1) — 2kpay)

T \f
jglp)(l) = 2)\1P16U ¢ Z/dTQ 83“ (.%’1,7‘2) CcOoS {\/E [cpn(xl,ﬁ) — gom(xl,T)]}>

+ 2\pa e Z /dm 03,05(1,72) sin {\/@ [m(z1,72) — son(xbﬁ)}} (B.2)

+ 2A1P,2ﬁ2/d72 Oz, Om (21, 72) 01, Sin{m [on(z1,71) — <Pm(961772)]} :

]r(zb)(l) = —27)551;&2/(17'2 83319{,(.%1,7'2) COS{\/‘E[gOn(.%'l,Tl) —(pm<l‘1,7'2)]} .
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B Electron transport in a helical Luttinger liquid

The diamagnetic susceptibility is given by

dia () _ R L S R () WA (dis) (1 _ 9 B.
Xnm(-rl €r2,T1 7-2) 5An(1)5Am(2) o Xnm(l 2) =+ Xnm (1 ) ) ( 3)

where we defined

O (1 -9 ZGQZK (1 — 22)8(T1 — T2)dnum (B.4)

and X\ = Xt + X with
X%I,E)(l —2) = 2)\1[)72627:}2(5(331 — 22)0pm Ox, Sin {\/éﬁ [gon(xl,ﬁ) — (1, Tg)]} , (B.5)
X (1 —2) =2Db€:f cos {Var [palwr,m1) = pu(a1,72)] } 6(@1 = 22)0m - (B.6)

These expressions are needed to obtain the ac conductivity in Appendix B.2.
Correlation functions. Let us define the correlation functions

Gy (1 —2) = (9%, 0(1)¢(2))
G (1 —2) = (0 0(1)d"_0(2)) .

z1

—
&=
~

~—

In particular we will need the correlation function with respect to the Luttinger liquid fixed point action

Ta

2
K (=T 1 1
8:2 ’ aa: an = T - ’
(Datp (@, 7)02p(0, 0) g 4dm ( v ) (Simh2 Ty + sinh? :E)

4
K (T 1+ 2cosh? z 1+ 2cosh?z_
<8390($77—)a§()0<070)>0 =5 () < * + ) 5

2
([o(z,7) - cp(O,O)]2>O = Eln { (UT> sinhx_ sinhm+} = %F($,T> ,

2r \ v sinh? 2, sinh* z_
(B.9)
1 (=T
(p(x,7)0,0(0,0)), = — pym (v) (cothzy — cothz_),
K T
(p(x,7)0:¢(0,0))) = — — <W> (cothz4 + cothz_),
4 \ v
K T ? 1 1
L 7)920(0,0))g = — — [ = - .
(il 7):6(0,0)) 4 ( v ) (simh2 x, sinh? x)

Here, we defined x4+ = %(m + dvT). At short space-time distances the arguments are cut off as
r — x+asign(z) if 7 = 0 and 7 — 7+ Isign(7) if = 0. The correlation functions above can be

obtained from the @ correlator by differentiation and use of the duality relations.

136




B.2 Calculation of the conductivity

B.2 Calculation of the conductivity

We now outline how to obtain the high-frequency conductivity in (3.58). To this end we expand the
current-current correlation function to leading order in coupling constants, which yields

Gn(1)im(2)) = G150 2)) — G2 (1)5(2)Sais)o + 2 (G (1)5559)(2)),
1

+ 5 G IR @58, — 2 GO WD (@) + (P 1) @), -

(B.10)

Contributions due to inelastic impurity scattering. Let us start with the contribution due to Syis.
Due to the neutrality condition, only the replica diagonal term of Sgis yields a nonvanishing correlation
function at this order in perturbation theory. We write the replica sum explicitly as Sgis = > ; Sdis,i-
The average over replicas thus takes the form

NZ 0179 (2) Sisa)

m,n,l
(0) S 1sm + S is >
NZ Z di l; ! (B.11)
1 Z (G0 (39 () Sais b + (N = 1) GO (13D (20 (Saismo )

M0 <°>( 1)5©(2)Sais)o — (7(1)7©(2))g (Sais)o = (7 (1) (2) Sais).. -

where we defined the connected average in the last equality and used that only the m = n term in the
replica summation remains after taking the limit N — 0. Hence, we can drop the replica indices in the
final expression.

Next, we define the contributions to the current-current correlator, linear in disorder strength, as

2= 2) = = (0 (1)7V(2)Suis). + 2 (G0 (1) (). (B-12)

The contribution to the conductivity due to disorder scattering is then obtained as

(is)(, ) _ _ Ly (dis) (dis)
o) () = = = lim [29 (g, 0) + X Pgwn)] | (B.13)
We obtain $(4) = 322P L 531P 1 33 with
2,2 2 1T '
S (g = 0,w,) =325 Agp / dr e 4KF () [1 - ewnf} : (B.14)
wn 0
2,2 K2 1/T ‘
SP(g = 0,w,) =85 = Alpl/o dr G2 (0, 7)e KF() [1 = eW"T} , (B.15)
202 K2 1/T o s . )
£(g = 0,wn) =8— Db/o dr e KT 1 — emien] {Gég)(()ﬂ') —4w[G§g(o,T)]2}
n (B.16)
€2KU YT 1 — T —iWwnT
+16 o Db/o dTGéSO)(O,T)e KF(){l—e ”] ,

137




B Electron transport in a helical Luttinger liquid

and
. 62 .
X (g = 0,w,) = — 2Dy— /dT e KF()giwnt (B.17)
T
The conductivity due to 1P and 2P processes is then
8K
2?2 K? mal
ng(w) =32 w3 )\QP T ng(w,T), (B.IS)
2,2k T 2K +4
L€V ™
op(w) =8i—r—=Aip;1 <> (8T 14w, T) = 2Jox 12(w, T)) (B.19)
matw v
where we defined
1/T 1— eiwn‘r
Jox (W, T) = / dT —7——
2K( ) 0 SiIlQK(TI'TT) Wy —w+id (B 20)
92K 1 sin(mK) D(K —i5%) '
= —1I(1-2K) — ] .
T (1 - K) m T(A-K—isgrg)

Here, I'(z) is the gamma function. These results appear in Eq. (3.71) and Eq. (3.72) of the main text.
In the case of backscattering off the impurity we obtain

. 7\ 2
(g =0,w) = — 4e2KDy— (7“'”)
a v
2 o (B.21)
T
X (w) [(2K+1) J2K+2(W,T)_2KJQK(OJ,T)j| —l—;ﬁK(w,T) ,
e?v? [ maT o 1 w
(i) (g = =2Dy— | —— | —=sin(Km)B(K —iz——,1—2K). B.22
(g =0,0) = 2D,%" ( : ) o sin(Km)B(K —ip 21— 2K) (B.22)
Here, B(x,y) denotes the Euler beta function and we defined
Lx(w,T) / dr LT T = (i) sin(nE) E
T) = T ————cos(nTT) = (— TK)—
K sin26+ (nT'7) A (B.23)

x { B(K,~2K) — B(K —i——,—2K) + B(K +1,-2K) — B(K + 1 —i——, —2K)\.
27T 27T

We find that the current-current correlation function is exactly canceled by the diamagnetic suscepti-
bility, i.e. X°(0,w) 4+ x4 (¢ = 0,w) = 0, after some simplification using Mathematica. This result is
discussed in Sec. 3.3.1.

Contributions due to electron-electron scattering. Now let us discuss the contribution due
to g5 Umklapp scattering. As in the disordered case we define X)(1 — 2) = %(j(o)(l)j(o)(Q)S@C -
2 (50(1)5®)(2)85) 4+ (1 (1)) (2)),. Adding all the terms we are left with only one term contributing
to the real part of the conductivity

02 20

™

»O(1-2) =

2, / 43 4 (D, 0(1)0,,0(2)02,0(3)02, 6(4)™ (B o) -2ikr ra=20)y (B.24)
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B.2 Calculation of the conductivity

Evaluating the correlation function we obtain

. 2 2
_ i 621)4}{2@ <g5> (kF) %IK(w,T). (B.25)

T W b w2\ v ko ) (ako)

Here, we defined

Ik (w,T) = /dxdT {Gé? (x,7) + 4W[Gé?(x,7)}2} e KF(.7)2ikpa [1 — eiw“}

TWn—w+10

2K+4 9
S <27rTa> (7:’T> sin(Kr) [[1( [M(w,~K,~K —2) + M(w,~K - 2,~K)} (B.26)

with
— q0 Y o0 _ M
M(w,v,p) = B(—iSZ — -, v +1)B(—=iS] — Z,n+ 1)
2 2
2 2 (B.27)
—B(—ZS, - §,V+ 1)B(—’LS+ - §,M+1) R

and Sy = pop & ;’fr—%, SQ = Si(w = 0). The behavior of the clean conductivity is discussed in Sec. 3.3.1

in the main part of the thesis.
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Appendix C

Renormalization group analysis of the
disordered HLL

In this Appendix we derive the renormalization group equations for the model of the disordered HLL
using the formalism of the operator product expansion [53]. We perform the calculation for finite
system size L and at zero temperature.

It is convenient to introduce complex coordinates (z) and (z) as

z =0T —ix, Z =0T —ix, (C.1)
where 7 = —it is the imaginary time variable. The corresponding derivatives transform as
0 = —i(0, — 03) , 0 = (0, + 0z) . (C.2)

Furthermore, we introduce the short hand notations 1 = (z1,21) and z12 = 21 — 22. By expanding
the partition function of the model defined in Eq. (3.57) in powers of the coupling constants and
reexponentiating, we find the effective action [53] up to second order in the coupling constants,

Sur = (1) + 3 (50)% — (53] (©3)

where () denotes the averaging with respect to the fixed point action Sy, and S; = S3 + S5 + Sop +
Sip + S5+ Sp. In the real space RG procedure performed here we increase the short distance cutoff a
in each step by an infinitesimal amount ¢ < 1 as a — @’ = ab ~ a(1 + ¢) and demand that the action
remains invariant under this rescaling of the cutoff. The cutoff appears in two ways in the action.
First, each term in the action contains powers of a needed to make the coupling constant of the term
dimensionless. Second, in all spatial integrations a defines the minimal relative distance between two
points. We stress, that a only limits spatial integrations and not those over the imaginary time.

To calculate the correlation functions that appear in the RG procedure we need the ¢, @, correlation
function of replicated displacement fields,

(on (2, 2)om(0,0)) = —gan,m In [(25)2 (27 + (12)} . (C.4)

The correlation function for 6, fields can be obtained by using the duality relations K9.6,, = 9., and
K050, = —0s3py,, which hold inside correlation functions. With the help of these duality relations and
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C Renormalization group analysis of the disordered HLL

the correlation function in Eq. (C.4) we can generate further expectation values

0 22 z2

Dy, 64 Doy O (2, = - 12 12 , C5
(0,00 (1, 71) 0y O (w2, 72)) i |21 ool T T e (C.5)

7 Z12 212
aa: 971 ) m 5 = 7 Onm C.6
(OriOn (21, 71) @ (22, 72)) Ar 77 [ a? + |z12)2 @+ |z12|2] (C.6)

1 Z12 Z12
az n 3 m 3 - 75nm - . C7
(Ozy0n (1, T1)Om (22, T2)) A ™ a2 + |z12]2 a2+|212|2] (C.7)

Derivation of composite operators: We first derive the form of the composite 1P and 2P operators,
which are generated in second order perturbation theory under the RG flow. The derivation is most
conveniently performed before taking the disorder average. In this case the action is

_ (27ma Ky
Sy = gs (L) aZXn:/dxdT cos(4v/mon — dkpr),
S5 =3 %“KZ dz dr 826,, cos(2y/Tpn — 2kpi)
5 = 35,1 I v 8 T dT 0,0n COS TEn FT
o KUZ/ddf)@s‘ (2v/7pn — 2kpz)
- T - zUn S TPn — z),
g2\ 71| 4 xdr @ F

D
Sf = - 27{Z/dl‘deTlax@n(xﬂ—)ax@m(x’T/)’

with the dimensionless coupling constants gs = g3(2vpk%)/(m2kga®v), gs1 = g5(2vpkr)/(Vm3kiav)
and g5 1 = g5(8vrk%)/(Vmikiv).

Let us illustrate how to obtain the effective operators. In second order, the effective action in Eq. (C.3)
contains mixed terms, such as

— (S5,157) + (S5,1) (S)

_ 951 (2ma K
-y \ L

x <8€E1 @n(1)6§29m(2)ei0\/Eme(2)> e—ia2kFx2

1
v Z /|z12|>abdx1dm2 dridm B Z Ug(xq)

n,m o=+

_ ora\ X 1 .
~ —gs51 (L) U;/ab>x12|>admldx2 dridmy 20:2Uf(131)w (Oz,0n(1)om(2))

> <6§2 Qm(2)6i0m¢”L(2)> e—ian:Fa:g

B 2K ¢ 2ra
= . g5.1 I

K
> az /dl’dT Uy () (020, sin(Varp, — 2kpx))
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In the second equation we split the spatial integration f|112‘>ab = f\x12|>a - fab>|xm‘>a and kept only
the second integration — the first integral leads to a less relevant term. Additionally we used that the
correlator (9;¢n(1)0,0,(2)) is odd in 72 and therefore vanishes upon integration over the relative
coordinate. In the last equation, we performed the integration over the relative coordinate, keeping
only the contribution of close times since the integral over times |712| > a/v generates a less relevant

term. Specifically,

/ / dz15d712 (D, on(1)om(2))
ab>|z12|>a J|T12|<a/v

K K
T2 = ——al.

(C.10)
= - — dx12d7'12
27 ab>|z12|>a /7—12<a/v ‘T%2 + U27—122 +a? v

In the last equality we evaluated the integral by setting x12 = a in an intervall of length 2af and 715 = 0
in an intervall of length 2a. To keep the action invariant under the rescaling of the short distance cutoff,
we have to add a counterterm of the form

2ma

K
Sip1 = gipa1(f) <L> aZ/dxdTuf(x)agen sin(Varg, — 2kpz), (C.11)

to the action. If we choose ¢g1p1(¢) = g1p,1(0)(1 — (K — 1)¢) + 2K g5 14/, the average of this action
exactly cancels the contribution (C.9) that appears in second order perturbation theory. Analogously
we can derive the terms

9 K
Sip2 = gip2 <7Ir/a> Z /dxdruf(a:)ﬁxﬁn cos(Vdmry, — 2kpx), (C.12)

2ra\** v .
Sop = gop (L) ] ; /d:L’dTZ/{f(l’) sin(V 16wy, — 4kpz), (C.13)
with coupling constants gip2(¢) = gip2(0)(1—K¥€)+2Kgs 20 /7 and gop () = gop(0)(1-4K ) +4K g3t/ 7.
By refermionizing these terms, we obtain the effective operators in Egs. (3.40) and (3.41) in the main
text. After performing the disorder average we obtain the composite terms in the bosonic action in

Eq. (3.57).

Renormalization of bare interaction by disorder: We now outline how to derive the RG equations
of the disordered HLL defined by the action in Eq. (3.57). In order to derive the RG equations we follow
the procedure introduced by Giamarchi and Schulz [67], and single out the ultraviolet contribution of
close times v|T2| < a, by splitting the disorder terms into two parts. For disorder forward scattering
this yields

a

2
Sf = —va/ d.’I}'dTldTQ Zax@n(l’,Tl)ax(Pm(vaQ)
v|T12|>a n,m

(C.14)
— 2Df’l) /d;CdT Z&D@n(xﬁ)@mtpm(wﬁ)

n,m

The second term in Eq. (C.14) is local in imaginary time and can therefore be absorbed into the fixed
point action. The replica diagonal part renormalizes the bare value of v/K in the diagonal part of the

143




C Renormalization group analysis of the disordered HLL

action as
v v
—= = — — 4DpvK? C.15
7K v (C.15)
On the other hand the replica off diagonal term introduces a new contribution to the bosonic correlation

function Gpm(q, w) = (©n(¢, w)em(—¢, —w)) which now reads as

B 1
Grom(g,w) = —[(v9)? + w? +m?)]dnm — 4Dsvg’ (C.16)

where we introduced an infinitesimal mass m to regularize the propagator in the IR. For the matrix of
the form M,,,,, = M10pm + My we use M} = 8, /My — My/M? valid in the replica limit N — 0 [133].
This yields

vK 4K? q>

Gpm = 1) D .
T (vg)?2 w2+ m2 T TP [(vg)? + w? + m?]?

(C.17)

Performing the Fourier transform to real space, we obtain the propagator G, (z,7) = Go(x, 7)6nm +
Gyf(x,7), with

K
Go(z,7) = %Ko(m\/ 2?2 + 02712 + a?), (C.18)

2
Gylz,7) = DK [Ko(mlz]) — ml|z[K; (m|a])] . (C.19)

™

Here, K,,, denotes the m-th modified Bessel function of the second kind. Their asymptotic behavior
for small arguments is given by Ko(z) ~ —In(e??xz/2), with the Euler constant vg and Ky (z) ~ 1/z.
As we have mentioned the diagonal part of Gy can be absorbed into a redefinition of the parameters v
and K. The offdiagonal part, on the other hand can be neglected to leading order in Dy, which will be
considered here.

For backscattering we split the action according to

2K 9
Sy = — Dy (27‘(’@ 1)/ dxdrdm ZBzﬁn(x,n)azﬁm(a:,Tg)eim[%(x771)_90m(I772)] (C.20)
L a v|T12|>a n,m
ora\ 2K 2 /1
_ it h VAT [pon(z,71)—Pm(2,72)]
Db< 7 ) - /UT12<ad:cd71d7'2 ;ﬁxen(x,ﬁ)ﬁxOm(:z:,Tg)e . (C.21)

For close times we can perform the OPE, for x; = x2 and v|m2| < a,
(L/2ma)* (8,,0,(1)eVITen Vg, 0, (2) ITon2))
— (O, OOy OV A=)y L i\ JAr (D, 0pn) (D, O’y FTon—0m])
— VAT (D, Onom) (D O™ AT Lon—0m])

+ {47 (D21 0npm) (D Ompn) + (D, 0nDyy O } (€7 ATEn—0m]) (©22)

~ <(8x0n)2> {1 — 2’[}KT12

Z12 Z12
a?+ |z12|2  a? + |z212]?

2
+(UK)27_2 1 2%2 + 5%2 n Z12 " Z12 }
2 K \[a?+ 22122 " [a® + |z12]2]2 a2 + 2122 T a2 + |z12)? ’
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where we omitted the space-time arguments for simplicity. The space time argument (z1,71) always
appears together with the replica index n and the same for (z2,72) and m. In the second equality we
inserted the explicit expressions for the correlation functions, expanded the normal ordered terms in
small time differences and used the duality relation i0,¢, = vK3d,0,. To obtain the action at close
times in Eq. (C.21), we have to perform the integration over the relative time. Since 7 at small times
is always cut by the small distance cutoff as v7 — 0 + asignT , we perform the integration, by setting
fv|712|<ad7'12 f(m12) = 2a/v x f(0), which is correct up to a nonuniversal multiplicative constant. To
keep the action invariant, we have to add a term of the form

—2Dyw(1 — K)(1 — 2K) /dxdT D (0:6n) . (C.23)

n

This term renormalizes the bare value of the parameter vK in the quadratic part of the action as
9K = vK —4vDy(1 — K)(1 — 2K) . (C.24)

First order RG: In the first order of the weak coupling expansion, the effective action is given by
Set = (S1). Let us first consider the S5 term,

41K ~
(Ss) = A (T) ;/dxdTZ@os(\/m@n—a», (C.25)

n

with § = 4kpx. To derive the beta-function we increase the low distance cutoff by an infinitesimal
amount a — a’ = ab, but keep the large distance cutoff L invariant. The action is then only invariant
if we define the new coupling constant A3(b) = b2~*5 3. To derive the beta function, we make the RG
step infinitesimal b = 1 + ¢, and take the derivative, which yields

dAs3

= (24K, (C.26)

Next, we turn to the forward scattering term. After increasing the cutoff a — ab we split the integration
over relative times into two parts,

/ dmdm :/ drdm —/ drdm (C.27)
o|T12|>ab o|Ti2/>a ab>v|T12|>a

In the first integral the factors ab only appear in front of the integrand to make the expression dimension-
less. They can be treated similar to the case of the umklapp term and renormalize Dy — Dy(b) = Dyb.
On the other hand the second term yields a contribution to the effective action of the form

172

dridmy Z (Opon(x,T1)0pon(x,12)) = 2Ds04 /dwdr Z ([Opipn(z,T)]3)  (C.28)

f
Clb ~
ab>?v|T12|>a n n

In the last step we dropped the factor b in front of the integral to leading order in ¢, since the integral
itself already is linear in £. This term renormalizes the coupling constants in the quadratic part of the
action as 9(¢)/K(£) = 9/ K — 40Dy

We treat the disorder backscattering term and the 2P term in the same way which yields the renormal-
ized coupling constant Dy(b) = Dyb' 2K \gp(b) = Aopb®> 8K and the renormalization to the quadratic
part of the action #(£)K(¢) = 0K — 40Dy(1 — K)(1 — 2K)l — 167 \pp0 K 2L,
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C Renormalization group analysis of the disordered HLL

Second order RG: Let us first consider the contribution of the S35 term to the effective action in
Eq. (C.3) in second order:

1 2 5 1, 92 (2ma\®F
51 (53)" = (55) | = —3A3(0)—4 | — dz1dxodrdr E E
2 { 8 a* L |z12]>ab e —— (C.29)

{<€im/ 167rgan(1)eia’\/167rcpm(2)> N <ei0\/167r<pn(1)> <ei0\/167r<pm(2)>}€—i05x1 6—2’0’6902

To proceed, we split the space time integration over relative coordinates as

/ d$12d7’12
|I12‘>ab

:/ d$12d7’12 —/ d$12/ d’7‘12 —/ dxlz/ d7‘12
|z12]>a ab>|z12|>a |T12]>a ab>|z12|>a |T12]<a

The first two terms generate new, less relevant operators, and will be neglected. Since the integration
in the last term is proportional ~ ¢ we can again neglect the renormalization of the coupling constant
in front. Furthermore, we take into account only terms with o = —¢’ in the summation in Eq. (C.29),
since the other terms yield cosine operators with higher harmonics, that are less relevant. This yields

1 ~2
Sup = )\304/ de‘lg/ drio /dR12dT12
8 a ab>|$12|>(l ‘7'12‘<a

> Z <ei0\/ 167r(<pn(1)—gan(2))> €—i05a;12

n,o

(C.30)

(C.31)

where we defined the absolute coordinates Ris = x1 + 22/2 and T12 = 71 + 72/2. Performing a gradient
expansion in the term in brackets and using the duality relations, we find

Ser = = —8mg2. (b)vl / dzdr Y [cl(aa)(axgon)? - cz((sa)w(azen)ﬂ (C.32)
where we defined the dimensionless functions
c1(da) = 1/ d:c/ dy x* cos(daxr), (C.33)
A Josiz>1 Sy«
c2(da) = 1/ d:c/ dy y? cos(dazx) . (C.34)
A Josiz>1 Jpy<a

The explicit form of these functions depends on the choice of cutoff procedure. For our purposes it is
sufficient to know the limiting behavior. For da — 0 we have ¢1(0) = c2(0) = 1. On the other hand
for large values of da the integrand in Eq. (C.34) is strongly oscillating and the integration vanishes,
yielding ¢1(da > 1) = ca(da > 1) = 0.

The effective action in Eq. (C.32) has the same form as the quadratic part of the action. In order
to the partition function invariant under the cutoff rescaling one has to introduce counterterms that
cancel the terms above. This leads to the additional terms in the couplings of the quadratic part of the
action

K — 16c2(da)mvK2)\3¢ (C.35)

Nz‘ (=41 %1

_)
— % + 16¢1 (6a) TR 2N20. (C.36)
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The second term in the effective action we have to consider is the mixed term of forward and
backscattering off disorder

2K
ot [ 2mab
_ <Sb5f> + <Sb> <Sf> = _DbDfW T / dZEleEQ/ / dTl e d7—4
|z12|>a v|T12|>ab Jv|T34|>0b

(C.37)
X Z I: z1¥n Ilgoma@e 8:82056 \/E(SO’Y_@LS)> - <aac1 (Pnazl@m) <8x2978x2956im(507_"05)>:|
n m,%é
We split the spatial integral and keep only the part of close distances f|a:12\>abdw — — fab>|$12|>adaﬁ

and consider only the time integration, where 7 ~ 73 and 7 ~ 74. There is another contribution due
to times 7 ~ 74 and T ~ 73 that gives the same result and yields a factor of two. Thus we find

o [2ma\ 2
- Z)b’fo2 () / d:cldxg / / / dT1 ce dT4
a L ab>|z12|>a v|Ti2|>a Ju|Tiz|<a Ju|maa|<a

X 41 Z a:l ‘Pn%pv 8w1 Spm905> <8x2978x2956im(9077905)>

n,m,y,0

02 (2ma\** (©59)
= —AD)DlK*— () /dx/ dmdm
a L v|T12|>a
XN (00 (w,71) 0l (w, o)V AT En (@m0 (@ 72)))
In the last equality we performed the integration over relative space times
47T/ / / dz12d713d724 (021 P py) (021 Pmps)
ab>|x a J|mi3|<a J |7 a
) >|zi2|>a Jmiz|<a J|m2a|< (0.39)

= dzi2d7i3dToa s s = KL,
T Jab>|z12|>a J|m13]<a J|mal<a (71y + Ti3 +a )(xfy + 754 + a?) v

In the last step we set 12 ~ a on an infinitesimal intervall of length 2a¢ and evaluated the remaining
integral using polar coordinates for radius r < a. To keep the partition function invariant under the
cutoff rescaling we have to add a counterterm that cancels the contribution above and which adds to
the scaling of Dy as Dy — Dy + 4Dbfo(2£.

Beta functions: We now collect all renormalizations derived in the previous parts and reformulate
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C Renormalization group analysis of the disordered HLL

the flow equations of 9K and @ / K in terms of the flow equations for & and K. This yields

aic
dl

0 1-K)1-2K . - -
% = — 2Db17( )I(% ) _ 2D K + 87\30K[c1(da) — ca(da)] — 870K N\3p ,

d\s a
(9 4R,
i = JAs (C.40)

A "
dzp = (3—8K)Aop,

4Dy
dl

D,
al

= —2D(1 — K)(1 — 2K) + 2D; K? — 87 K2 \}[c1(6a) + c2(6a)] — 8T K*\3p

= Df?
= (1 —2K)Dy + 4DyD; K>

These equations are perturbative in the couplings Agp, Dy and D, up to first order and perturbative
in A3 up to second order but exact in K and 9.

As we have mentioned the coupling constants K and © already contain renormalizations due to
disorder. They are related to the bare parameters as

v v
2K = oK — 4vDy(1 — K)(1 — 2K). (C.42)

If we reformulate the flow equations in terms of the clean parameters and redefine A3 — A3/v/167 and
)\QP — )\2P/87T we find

K¢
de
dv

= —4Dy(1 - K)(1 — 2K)K — Agww

= e1(da) — 2(a)
i 5

B3 g 4K)N — 8D A3 K2 + 8Dy\3(1 — K)(1 — 2K),

" (C.43)

dXsp
=(2—4K)\
v ( ) 2P

dD;
de
D,
de¢

+ K2(8K - 2)/\2P 3

= —4Dyw(1 — K)(1 — 2K) + NvK +vK (8K — 2)\op,

:Df7
= (1 2K)D,.

These equations will be discussed in Sec. 3.5 in the main text.
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Appendix D

Coulomb drag between helical Luttinger
liquids
D.1 Polarization operator for edge states of quantum spin Hall

insulators

In this Appendix, we derive the polarization operator and the dynamically screened RPA interaction
for a clean 1D system of helical fermions. The bare polarization operator of fermions in edge o = 1,2
is given by the density-density correlation function

IIo(q,im) = = (po (4, im) po(—¢, —i82m)), (D.1)
where Q,, = 2rmT are bosonic Matsubara frequencies and the brakets denote the functional average
D[y, ¥] O(z, T)e~™
O =1 ) D2
JDY D[y, ] e~
with respect to the Gaussian action
SO :/k (*iwn + nka - M)&k,n,awk,n,a . (DS)
The density of helical fermions is given by
po(q) = Z /k &k-&-q,m,awk,ng,abm,nz(k‘ +q,k), (D.4)
71,72

with the matric elements b defined in Eq. (4.5). The polarization operator can be expressed as a sum
of the chiral components with small q,

I, (g, i) = — /TZ ook + s + i) Gl (ks icon) (D.5)
k n
and the components with ¢ near 2kp,
(g, i) = — / TS Gonk + 4, iton + i) Go (b, iwn)byn(h, ks + by (k+,K),  (D.6)
k n
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D Coulomb drag between helical Luttinger liquids

with the bare fermion propagator
Gon(k) =(—iwn +vpnk — )t (D.7)

Performing the integrations we readily find the expression for the chiral bubble

1 Eg
1 D.8

In the expression for the 2kp bubble we first perform summation over Matsubara frequencies. This
yields

2
I L
/?61 i 1Qm + 2vpnk + vEng [

(g, 10m) = — np(venk) — np(—venk — vrng)] . (D.9)

where np(e) = (14 exp [(e — p)/T])~" is the thermal distribution function. To obtain the retarded
polarization operator we perform the analytical continuation to real frequencies i€),,, — Q + 70 and use

Dirac’s identity x—&iO = P% —imd(z) to obtain the real and imaginary part:
1 ¢ viko (2¢ + ¢4)?
Re 1% (¢,Q) = ——— 79/ de ~———4/ Q- -9, D.10
Mgl ) = g [ e M et )+ ) (D.10)
: Q
1 (UFq)2Q2 sinh (ﬁ)

R —
Im 1T, (q,?) = (D.11)

4vp (vpko)* cosh ( ) + cosh (

)

We will neglect the real part of the umklapp polarization operator with respect to the real part of
the chiral operator since it can be shown to only diverge logarithmically and it is additionally small in

Here, we defined € = vpnk and €, = vrng + 2.

q/ko. The real and imaginary part of the total retarded polarization operator ITf* = me Hanm are
then given by
1 (vrg)?
1%(q,Q) =
Re (Q7 ) TUR (/UFq)Q _ QQ )
Q
Im 117 (¢, Q) :% [5(1;Fq — Q)+ d(vpq + Q)]
1 (vpq)*Q? sinh <2T (D.12)

4vp (vrko)" cosh (%) + cosh (% + %)

1 (vpg)*Q? inh <%
dop (UFkO) cosh ( ) + cosh (M o %) |

It is easy to check that the polarization operator fulfills the usual limits, lim, ,0II(g,©2) = 0 and
limg 0 limg_0 II(q, Q) = vy = where 1y denotes the density of states.

Trv7
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D.2 RPA-screened interaction

911(0.9) 91.(¢,92)

(a)
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(b)
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Figure D.1: (a) Aslamazov-Larkin diagrams describing the lowest order contribution to drag. The
solid (dotted) lines refer to quasiparticle Greens functions of right (left) movers and
the wiggly line denotes the dynamically screened RPA interaction. (b) Diagrammatic
representation of the Dyson equation for g1, type interaction. We note that the
coupling to plasmons (chiral polarization bubbles) is due to gs type interaction lines
unique to the HLL. In both (a) and (b) we have set gy = g3 and g11 = g3. .

D.2 RPA-screened interaction

For a double layer system the intraedge interaction V; ,(g, ?) and the interedge interaction V, _(g,2)
fullfill the Dyson equation

Vie. Via\ _ (Vo Uo ) _ (Vo Uo) (1L O Vit Vig (D.13)
Vig Vao Uo Wy Uo Wy 0 Hp) \Viz Va )’ '

where II, denotes the total polarization operator in edge o and Uy = Vi exp(—|g|d) is the bare strength
of the interwire interaction. Since tunneling is neglected the off-diagonal components of the polarization
matrix are zero. Inverting the matrix equation yields

_ Vo + I2[(Voy)? — (Uo)?]
Y T T+ o)V + THT[(Vo )2 — (00)) (D.14)
_ Vo + I [(Vo)? — (U0)?]
ey (I + o) Vg + LTI [(Voy)2 — (To)?] (D.15)
Viz o (D.16)

1+ (O + o) Vo + T o [(Voy)2 — (Uo)?]

To simplify the following calculations we are going to set Vo = Vo = Vo. It is straightforward to check
that this does not change the results qualitatively. Substituting Uy = V) exp(—|¢|d) the interedge RPA
screened interaction can be brought into the form

1
 eldld[V 4 T+ Tho] + 2sinh(|q|d)TT TV

U(g, ) (D.17)
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D Coulomb drag between helical Luttinger liquids

For identical edges with polarization operator IT = II' 4 ¢IT” this expression simplifies to
1
elald[V:~1 4 211 + 2 sinh(|q|d) [(m)? - (HH)Q] Vo + 241" (elq\d + 2sinh(yq|d)n/vo) '
(D.18)

U(g, Q) =

We substitute the polarization operator in Eq. (D.12) into Eq. (D.18) and use IT' > II” which yields

Voe 191 (vpg)® — 9]

Ul(g, Q) = : (D.19)
(Q2 — 02)(Q2 — Q) + 20"V [ (vpg)? — Q22 (1 + 2e*\q|dsinh(|q\d)H’V0)
The poles 24 are obtained as the solution of the equation
[(vrg)® = + 2a(vrq)*[(vrq)* — Q%) + 20771 sinh(|g|d) (vrg)* = 0, (D.20)
where a = V/(mvp). The solution to the quadratic equation are the plasmon poles
0 = [1+ ax(lgld)] (vre)® = vid?, (D.21)
where we defined the dimensionless interaction parameters
o (lgld) = o (1 £ e7laldy (D.22)
and the plasmon velocities v3 = [1 + a]vZ as given in the main text in Eq. (1.37).
We write the denominator of Eq. (D.19) as
(Q+i04)2 — Qﬂ [(Q Firo -0, (D.23)

The plasmon decay rates I'y are determined by demanding that expression (D.23) is identical to the
denominator in Eq. (D.19) at the poles Q.
For Q = Q. we demand that

(Q +1iT4)% — Qi] [(m )2 — 92_] = 2T, 0, (02 — Q2) + O(I?2) Doy
= 211" (q, 2 )Vol(vpq)? — 0312 (1 + 27 sinh(Jgld)IT (g, 24)Vp) - '

Using the polarization operator in Eq. (D.12) and the relations in Egs. (D.21) and (D.22) we find the
rate

o — o VF
T ~ 2 = == e [H// ,Q }
+(q) =i ar — o UFQU+ (¢, Q24 )vp

(D.25)

L2 (a4 [ sinh(%) N sinh(%£9) }

“+78 \ko) Leosh(FD) + cosh(ZZ + &) * cosh(FH) + cosh(FZ — 2))”
In the last line we expanded to leading order in weak interaction v < 1. Equivalently, we find for
Q=0_:

4 v P
h(45d) sinh(55)
o avra sin . (D26

(g) = o= 8 \ ko [cosh(qu) + cosh(F# + £) i cosh(F7) + cosh(F7 — %)} ( )
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D.3 Calculation of high-frequency drag rate

1

Figure D.2: Sketch of the parametric behavior of the particle-hole contribution to the high-
frequency drag rate of coupled helical liquids in the T — p-plane. The line 8 denotes
the crossover temperature T3 between different regimes discussed in the main text.

In summary, using the plasmon poles in Eq. (D.21) and the decay rates in Egs. (D.25) and (D.26)
the RPA screened inter-edge interaction for high temperatures, y < T, can be expressed as

SR ) Voe~lald [(UFQ)Q _ QQ]2 .
126 %) = (@+ir )2 -] [+ )2-02] (D20

In our derivation of the RPA screened interaction all g-ology interaction parameters have been set
equal to V. However we point out, that the coupling to the plasmon modes, determined by the chiral
polarization bubbles, occurs solely due to umklapp processes. This can be seen by considering the
diagrammatic expansion depicted in Fig. (D.1). Since these interaction processes only take place in
the presence of a Dirac point in the excitation spectrum, the presence of plasmon poles in the screened
interaction in Eq. (D.27) can be seen as a unique feature of the helical liquid.

D.3 Calculation of high-frequency drag rate

In this Appendix we present details of the calculation of the high-frequency drag rate discussed in
Sec. 4.2.2 in the main text.

D.3.1 High-frequency Coulomb drag: Particle-hole contribution

We first consider the particle-hole contribution to the drag rate, obtained by setting Via(g, Q) =
Voexp(—|¢ld) in Eq. (4.19). In this case, the integration over ) can be performed exactly. This
yields

4
12 T ol o
—V02< >/dqe 2\qld%th(g,%) (D.28)
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D Coulomb drag between helical Luttinger liquids

where we defined the function

60
+ csch(:z:)csch(y){ -2 [(SE —y)?+ 7T2:| [3(m —y)?+ 7772} [z — y] csch(z — y)

1
Fo(z,y) = { —4 [15(x + )t 4 3073 (z + y)? + 7%4} csch?(z 4 y)

— [z +y] {(CU +y)? + 7T2] {3(36 +y)? + 77r2} (D.29)

x [—2cosh(2(x + y)) + cosh(2z) + cosh(2y)] csch® (z + y)} :

The function Fe, (35, &) is strongly peaked around momenta g ~ —2kr with width of the order of the
temperature. The main contribution to the integral in Eq. (D.28) comes either from momenta of the
order of the negative Fermi momentum in a range of the temperature or from momenta of the order
of the inverse interedge distance. Which of the momentum ranges yields the dominant contribution
depends on the relation between the momentum scales in the integrand.

The integrand of Eq. (D.28) contains three energy scales. The first scale T; = vp/d characterizes
the momentum dependence of the interaction potential. The energy of thermally excited particle-hole
pairs, T, is the second scale and the chemical potential p the third one.

Let us first consider the regime T' <« min{vgr/d,u}. In this case the integrand in Eq. (D.28) is
strongly peaked around g ~ —2kp in a range of the order of the temperature. Therefore, we replace
e2l91d(q/ko)* in the integrand by e=**r4(2kp /ko)* and perform the remaining integral which yields

4
1 4 T
(1) : e (L Te~4hrd (D.30)
TB‘jeh 5 vrkg vrko
with a = Vy/mop.

In the opposite limit of high T, for max{vg/d, u} < T we get the temperature independent rate,

1 s n 2
1) : ~ —(37* = 35m2 +60)a’ [ —— ) ———vpko. D.31
) TDeh 5( " ™+ 60)a (UFk(J) (kod)7 (D-31)

At temperatures T' between the scales vr/d and p, the contribution stemming from momenta |g| ~ 1/d
begins to compete with the contribution from the vicinity of the Fermi edge |¢ + 2kp| ~ T'. The result
then depends on which of the scales is larger:

6 2
1 512 /22 T M
1) : ~ = (=s24+13 2 T D.32
() Theh 919 (157T " >7m (UF/%) <UF7€0> ( )
for p <« T < vp/d and
(IV) Ligra () (o2 L e (D.33)
N ~ T P— — 1€ .
T%:eh UF/{?() Td (k‘Fd)S ’

for vp/d < T < p. In both cases there is a strong compensation between the contributions from gy |

and g3 | processes. In both cases, the main contribution to Toi comes from |q| ~ 1/d; the difference is

D,eh

that the characteristic @ is given by T' in Eq. (D.32) and by kp in Eq. (D.33). The crossover between
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D.3 Calculation of high-frequency drag rate

TpO 1%

Figure D.3: Sketch of the parametric behavior of the plasmon contribution to the high-frequency
drag rate of coupled helical liquids in the T — u-plane. The line 2 denotes the crossover
temperature T between different regimes discussed in the main text.

the limits T’ < vp/d < p and vp/d < T < pu [Egs. (D.33) and Eq. (D.30), respectively| has the form
of a singularity at 7' = Ty, where Ty = vp/2d. Specifically,

4 6
1 w \® [Ty _m [Ty
V) : ~ 1927ra2< ) 2| Tye Ta , D.34
(V) TDeh vrko ( I ) d (Td -T ( )
for vp/kpd* < Ty — T < T; and
3 5
(VI) : L @Woﬂoﬂ . ) Ta Tye T Ta (D.35)
’ ngeh o 5} UFk() 1% d T — Td ’ .

for vp/kpd? < T —Ty < T,;. The behavior of the particle-hole contribution to the high-frequency drag
rate in different regimes in the T' — p-plane is plotted in Fig. D.2.

D.3.2 High-frequency Coulomb drag: Plasmon contribution

The plasmon drag rate is obtained by performing the integration over @ in Eq. (4.19) by closing the
contour in the upper complex plane and taking into account only contributions of the plasmon poles,
at Q = viq/2vp +il'y/2vr and Q = —viq/2vp + il /2vp. This yields the intermediary result

L _ LW / dgqte 219 Ey (g, kp) (D.36)
% 327 Tk P
where
Fo(q,kr) = AL(q,kr)B(q.kr) + A_(q,kr)B_(q, kF) (D.37)

155




D Coulomb drag between helical Luttinger liquids

and we defined

4
Aslg) = 2% () - <) (vrg)"?
vp \vr or) | cosh (gt + %) + cosh (%52

2 (D.38)
» 1 1
cosh(FH) + cosh(“F4 + &) cosh(5H) + cosh(FH — &) |
and
1 1 1 1 1
B =_——  —Re { , . .
+(q) 2Ty viq veq+ily (vy +v)g+i(Tp +T2) (vy —v_)g+i (T +T2) (D.39)

o 1 1 }
(vy —v)g+i(Ty —T-) (vp +v)g+i(Ty —T-) )

Using the explicit expressions in Eq. (4.22) and (4.24) we now simplify these functions to leading
order in the dimensionless interaction «. To simplify the functions B4 we compare the differences and
sums of the plasmon kinetic energy (v4 £ v_)|q| and plasmon decay rates 'y = '_ that appear in the
denominators. We notice that we can always neglect the decay rates with respect to the sum of plasmon
excitation energies, since the rates are suppressed by an additional small factor a(q/ko)*. On the other
hand, the difference of plasmon velocities becomes exponentially small for |¢|d > 1. In this case there
exists a critical momentum scale ¢, for which we can no longer neglect 'y + ' w.r.t. (vy —v_)|ql.
This scale is determined by the equation

Ty (gp) + T (gp) = [v4 —v_|gp = vrpgae|%I?. (D.40)

We note that the structure of this equation fixes the relation between the momentum scale g, and
the inverse interedge distance d~!. Since the left hand side of the equation is parametrically smaller
than the right hand side, the equality can only hold if the exponential factor is small i.e. for g,d > 1.
In particular, for vg, > maxT, u, the equation can be solved to logarithmic accuracy and we obtain
qp ~ dtIn(kjd*/a)

For momenta in the range ¢ < g, we neglect all plasmon rates in the denominator of Eq. (D.39) and
expand to leading order in a which yields

1 1 1
20y (vpq)8 (a4 — o)

Bi(q) (D.41)

5 -

Substituting this back into Eq. (D.37) and expanding to leading order in the dimensionless interaction
strength « yields the expression for the plasmon drag rate

1 3 2 sinh £ 1
:”aQUFT/ @ (1+e—2‘qld) [ (g —q)] . (D.42)
q

00 4 S M VRq VRq—
e 32 T'kj cosh® g cosh 7 cosh “-F

We note that the expression in Eq. (D.42) contains two energy scales, the chemical potential u, and the

temperature 7, = vpg,/2. While the interedge distance d also explicitly appears in the integrand it

only changes the numerical prefactor of the drag rate and does not affect the temperature dependence.
In the limit of low T, for T < u < vp/d, we obtain

(VII) : LI 3m2< a >4<“>2T6—¥. (D.43)

™
TD,PI 6 UFk()
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D.3 Calculation of high-frequency drag rate

In stark contrast to the particle-hole contribution to the drag rate, which vanishes as T — 0 as a power
law of T', the plasmon contribution is thermally activated. The main contribution to Eq. (D.43) comes
from momenta from all ¢ € (0, kp).

Next, for p < T' < vp/d we have

2
(VIIL) : ! :7223m2<ﬁ> < o )2T. (D.44)

T[O)?Pl vrko vrkg

with characteristic |¢| ~ T/vp. For v/d < max{T,u}, the exponential term e~2%? in (D.42) can be
neglected, so that 1/75%, is obtained by multiplying the results in (D.43) (for T < vp/d < p) and
(D.44) (for p < vp/d < T) by a factor 1/2.

Now, let us turn to the case max{T,u} > T,, where the plasmon damping starts to modify the
plasmon-mediated drag. In this limit the drag rate can be represented as

1 7 4 v%h sinh & s 1 1
~32 ThE cosh® —(g——q)| D.45
el 32 ka‘j cosh? 77 Jq a s(q) | cosh G4 cosh “EL- (g q) ( )
with
(¢)=1+16 2<2q)8 2lqld g2 VEY 1 A 2 -
s\q) = a“|— ] e sinh® — _ .
q k‘o 2T cosh % + cosh % q q

Here, the integral is determined by all ¢ in the interval 0 < |q| < gp, with ¢, < max{T/vp, kr}.
We obtain, for max{y,T,} < T

2 7
1 2 w \*( T T
IX) : ~ Zp2a? [ L) T D.47
(IX) TB‘?Pl 77Ta (vpk0> <vpk:g> <T> ’ ( )
where
VF (kod)4Td
T, =—In|—%—]| . D.48
P 2dn[ o VR ( )

Next, in the regime T' < T}, < p we get

4 6
1 16 7l T o
X) : ~ | P TeT D.49
(X) T 3m <ka0> <T> ¢ (D.49)
where
vp | p (kod)*
p = % T + 111 o . (D50)
Finally, for T, < T' < p:
4 7
xn: L2 (™) () gt (D.51)
' e\ vrko T ’ '
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D Coulomb drag between helical Luttinger liquids

where

kod)* Td
=L [(0) (D.52)

P74 T a R

The term p/T in Egs. (D.50) and (D.52) appears because the plasmon damping rate obeys the Arrhenius

4
law with activation gap p for temperatures T' < pu. Here, Tpo = 35 In (koofl)] and the border between

the regimes (X) and (XI) is given by the solution of T, = T with T}, from Eq. (D.50) which behaves as
Tpo + Tap /ATy for p < Tpoln (kod)! o1 VITap/2 for p > Tpoln (hod)? e behavior of the plasmon

« «
contribution to the high-frequency drag rate in different regimes in the T'— u-plane is plotted in Fig. D.3.
A discussion of the qualitative behavior of the sum of plasmon and partcle-hole drag rates is presented

in Sec. 4.4.

D.4 Second-order backscattering

In this Appendix, we perform a real-space RG procedure using the operator product expansion [53] to
derive the most relevant operator generated by the backscattering term in Eq. (4.52):

S = gu/dxdT cos (\/ 87rg0_> [(8x0+)2 — (Bmﬁ_)z} . (D.53)
T
The general form for an OPE for two operators O; and Oj is
L Oi(rr ) = O(rg) = Cigh o (TArt T2
: Oz(rx\,l) . OJ(TAQ) T ; |fr>\’1 — 1")\,2‘A"”'+A]'7A;C : Ok < 2 > . (D.54)

where : O : denotes normal ordering, A; is the scaling dimension of O;, and r) = (:U,’U)\T)T denotes
coordinates in space-time. The above equality does not hold on the level of operators, but it is valid
when used within the correlation functions, i.e., when the averaging is performed with another set of
operators, at a distance much larger than |r; — r3| from 71 or ra.

It is convenient to introduce the complex coordinates (z)) and (z)) as

Zy = UAT + iz, Zy = UNT — i, (D.55)

where 7 = —it is the imaginary time variable. We further introduce the short-hand notations 1) =
(2x1,22,1) and 2y 12 = 2) 1 — 2y 2. By expanding the partition function of the model defined in Eq. (4.52)
in powers of g; |, followed by the reexponentiation, we find the effective action [53] to the second order
in the coupling constant,

1
Sy = §[<Su>2 — (St | (D-56)
where (...) denotes the averaging with respect to the fixed-point action. Within the RG procedure, we

increase the short-distance cutoff a at each step by an infinitesimal amount, a — @’ = (1 4 £)a, which
reproduces the action, but with renormalized coupling constants, and may lead to the emergence of
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D.4 Second-order backscattering

new operators. To study the terms in the effective action, we need the time-ordered )@, correlation
function of the A = = fields,

_ Ky |Z)\‘2 + a?
{ealax, 20)9a(0,0)) = =1 [ 2 (D.57)
The correlation function for the @) fields can be obtained by using the duality relations
K)0:,0\ = 0:,00 ,  K)\05,00 = =0z, (D.58)

which, similarly to the OPE, hold when used for the averages that produce the correlation functions.

The most relevant perturbation in the effective action (D.56) is obtained by contracting all 9,6 terms
for small space time distances a < |z_ 12| < a’. Using the correlation function of the bosonic fields and
the duality relations (D.58), we find the OPEs

(0:00)" 57| [(0u0,)? V5]

1 2

_>

N 2K _
1 (2o +2219)% (|- 10f? + a? (D.59)
4K )? (0 + [24,127)* a’

« eIVBRlp-(1-)+p-(2-)]

and

[(axe_f eim“"‘] 1 [(axe_f eim‘p‘] 2

R 1 [ 2 (22 19+ 2% 19)? 4(2?—,12 +z_12)*
(4m)2 | K2 (a® + |z— 12/?)* (a2 + |z- 12[?)*

i i D.60
8 (2-12+ 2-12)> z%,lz + Zg,lQ ] ( )

K_ (a? + |z 12/*)? (a® + |z— 12]?)?

2K _
y (\z,nP +a2> VBTl (1) (2)]

a?

Here, we neglected less relevant terms in the OPE. We perform the integration over the relative co-
ordinates by introducing the polar coordinates z_ 12 = re”' and Zy12 = re " + rp cos ¢ with the
parameter ¥ = vy /u_ —1 = K_/K; — 1. The radial and angular integrations decouple and we perform
the radial integration over an infinitesimal shell r € (a,a’) by setting r = a. After integrating out the
relative coordinates, we obtain the following contribution to the effective action:

56, — g1 F(K_ K )0
2 (2m)2v_

/ d:g cos|V32rp_(z,7)] (D.61)

with the dimensionless function

F(K_Ky) =222 [fiI(K_,Ky)+ f2(K)] (D.62)
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where
2 1 2 o2 2]?
, [ do {(az +y®)cos®d —y } 528 + 45242 + Tayt + TS
fi(z,y) =4y o . = ONCITERWWITE (D.63)
0 [2y2 + (22 — y?) cos? (Zs} (2 +y?)
and
1 2T dd) )
fo(x) = [1—43:—}—6.% —8z(1 — ) cos2¢ + (1 — 4x + 2x°) cos 4¢
(41')2 0 2w
(D.64)
1 —dx+ 62>
N 1622

Importantly, the function F(K_, Ky) is nonzero for K1 > 0. We thus see that, upon renormalization,
the new coupling constant is always generated in the effective action, even if it is absent at the ultraviolet
scale. The effect of the term (D.61) on the phase diagram of capacitively coupled helical edge modes
is discussed in Sec. 4.3.2.

D.5 Renormalization of the drag resistivity

In this Appendix, we derive the asymptotics of the drag resistivity at T'— 0 for K_ > 1/3. We assume
for simplicity that the interedge interaction is weak. To the lowest order in the interwire interaction,
the dc drag resistivity can be expressed as [97, 102]:

¢ ImIT ImIT
oD _/ dq/ 3V12 Q) m l(CL )m Q(Qaw)7 (D65)
47‘(’ ninsT sinh? (2T)

where Imll;(q,w) is the imaginary part of the retarded density-density correlation function of wire
o = 1,2 and n, = K kp/m is the electron density of wire 0. The drag resistivity obtained by this
conventional formula is equivalent to that obtained from the high-frequency drag conductivity using
the kinetic equation approach [104].

We write the density operator of helical fermions by employing the expansion in Eq. (4.3). This
yields

po(a) =l 10, + 0L ¥, = RER, + L L,

2k A
kf { [(a R)L, — Rl 9, L,| e 2kr® +H.c.}.
0

(D.66)
_|_

The polarization operators entering Eq. (D.65) are calculated in the presence of the intrawire inter-
action which would lead to the Luttinger-liquid renormalization of the drag resistivity, but neglecting
correlations between the edges. This amounts to setting goy = 0 and g4; = 0. Then the quadratic
part of the total Hamiltonian separates into two independent sectors in the edge basis. As in the
main text, we will restrict the discussion to equal edges with Luttinger parameter K1 = Ky = K (or,
equivalently, K_ = K, = K) and plasmon velocity v; = vo = v. In the bosonic language, the 2kp-part
of the density-density correlation function, which determines the behavior of the drag resistivity at low
temperatures, can be cast in the form

4k,

2%p _
(@, 7) = na2ky

e 2kre (9,0(x, 7)0,6(0,0)eV @) =¢ 0.0y L H . (D.67)
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The analytic continuation to real time and the Fourier transform to the frequency-momentum space is
standard [35] and yields

I1%%F (¢, w) = %57 (q + 2kp,w) + 27 (¢ — 2kp, w) (D.68)
with II%57 (¢, w) given by
~ ok kp ? 1 mal 2 1 QU w
7 (g, w) = — <k0> (oa)? ( . ) —a KK (M’w) : (D.69)
Here
Kk (z,y) = <Il( + 1) Tk y22(7,y) — 2Tk o(z,y) + T +1(2, ) (D.70)

and we have defined the functions

-0
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2 2
(D.71)
and
Iy (@,y) = (W;)2227_4 sin(77y)
X{[B <i(w+y)+ - ,7+1> +B <i(x+y) +%+ ;,VHN (D.72)
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where B(x,y) is the Euler beta-function. When deriving this result, we used

oo
uX 1
/0 dX e " sinh”(yX) = WB (n/2v —v/2,v+1),

where the identity holds as long as Rey > 0, Rev > —1 and Rep > Re(yv). In our problem, there exist
integrals for which the condition Rev > —1, which ensures the infrared convergence, is not fulfilled. In
that case, the integrals over time ¢ are cut off at small ¢ by a/v and, consequently, the integrals over
X are cut off by 7Ta/v.

For T' — 0, the function Im K ([q — Qkp]/47rT,w/47TT) is strongly peaked around ¢ = 2kp with a
width of the peak of the order of T'/v. Therefore, we can neglect the term Im K ([q + 2kp]/47T, w/47T)
in the integral over positive momenta in Eq. (D.65). Then, we find

WVia@ke)]? (ke T (waT "
po ~ I | 3 i\ a ) (D.73)

u u

where

* [ImKg(0,Q/47) ]2
te = [ an Dm0/
0 sinh“(£2/2)
with © = w/T. As discussed in the main text, the natural ultraviolet cutoff here is provided by
the distance between the edges, a ~ d. The parametric dependence of the drag resistivity obtained by
means of bosonization reproduces in the limit K — 1 the result (4.41) of the kinetic-equation analysis.
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