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Summary

Topological insulators are one of the most thoroughly investigated systems in condensed
matter physics over the last years. In these systems, a prominent role is inevitably taken
by time-reversal symmetry, which leads to Kramers theorem and symmetry protected edge
states. However, Kramers theorem does not imply that the spin-z component is a good
quantum number. This thesis sheds light on several phenomena that appear in topologi-
cal insulators without this spin conservation, for example in the context of generic helical
liquids. A topological insulator strip is examined which allows for forward- and backscat-
tering between the edge states. This results in a measurable effect on the conductance.
Furthermore, interfaces between edge-state regions with induced superconductivity, strong
interactions and broken spin conservation are analyzed. Calculations using Luttinger lig-
uid theory reveal parafermions at these interfaces. Finally, disorder in the Kane-Mele
model in combination with Rashba spin-orbit coupling is studied. It is found that disor-
der can lead to a topological phase, the topological Anderson insulator, even though the
clean system is a trivial insulator.
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Chapter 1

Introduction

Since the appearance of the seminal works of [Kane05al [Kane05h, Bernevig06] ten years
ago, topological insulators have become one of the most fruitful topics in condensed matter
physics [Qil1], Hasan10]. Their most prominent feature is the presence of the conducting
edge states that are protected by time-reversal symmetry (TRS) from various kinds of
perturbations. The topological nature leads to interesting proposals, such as the exis-
tence of Majorana particles [Fu08] in these systems. However, topological insulators are
also recognized as potential materials for future technologies such as topological quantum
computers [Pachosi2] or spintronic devices [Pesinl2, [Zuti¢04].

One distinguishes between two main categories of topological insulators, viz. two-
dimensional (2D]) and three-dimensional (BD]) topological insulators. BDltopological insula-
tors, such as bismuth antimonide (BiShl), bismuth selenide and bismuth telluride [Hsieh08]
exhibit gapless surface states for which the spin and momentum degrees of freedom are
locked to each other. In contrast to the case, there are four Zs topological invariants
that subdivide topological insulators into 16 phases [Fu07]. These phases can be fur-
ther arranged into weak and strong topological insulators. For weak topological insulators,
the surface states comprise four Dirac points, of which an even number is enclosed by the
Fermi surface. In strong topological insulators the Fermi surface encloses an odd number
of Dirac points, which renders the surface states robust to disorder.

In this thesis we focus on topological insulators. Two different classes of ma-
terials are widely accepted to be topological insulators. One class are the mercury
telluride-cadmium telluride semiconductor quantum wells (HgTeQWE), which consist of
a layered structure of HgTe sandwiched between layers of HgCdTe [Konig07]. As a result
of the heavy Hg atom, bulk HgTe shows a strong spin-orbit coupling and the s-type I'g
band lies below the p-type I's band. This situation represents an inverted band gap. CdTe
features a trivial band gap, the lower lying band is of p-type and the upper lying band of
s-type. Both materials exhibit a direct band gap which is at the I' point. If both materi-
als are brought together, the s-type bands and the p-type bands merge. From symmetry
considerations, an effective 2D] Hamiltonian, the so called Bernevig Hughes Zhang (BHZ)
model, for the quantum well can be derived [Bernevig06]. It shows that in the case of a
HgTe layer that is of a critical width of about 6.3nm, gapless, counter-propagating spin-
up and spin-down states will form at the circumference of the HgTe layer [Roth09]. The
dispersion relation of these states has a linear, Dirac cone like shape. Direct backscatter-
ing between the counter propagating states is forbidden as it would require an additional
spin flip, a term that would contradict the This renders the edge states robust
with respect to non-magnetic impurities and even geometrical distortions cannot localize
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them. They are symmetry protected. A Zo topological invariant is usually assigned to dis-
tinguish non-interacting ordinary insulators from topological insulators [Moore07]. While
the edge states are conducting with a quantized conductance of the conductance quantum,
Go = 2¢%/h, for each mode, the bulk material is still insulating. Similar systems for which
a topological phase is found are indium arsenic/gallium antimony ([nAs) quantum wells
[Liu08| [KnezI11].

The second class of systems are graphene-like materials with a honeycomb lattice,
such as silicene, germanene and stanene. These systems can show an inverted, negative
bulk bandgap in the case of strong intrinsic spin-orbit coupling and corresponding helical
edge states at the circumference. Unfortunately, this is not the case for graphene itself, for
which the spin-orbit coupling is basically vanishing [Min06l Yao07]. The essential features,
such as the one-dimensional (IDI) edge states, are theoretically captured in the Kane-Mele
model, which is a further developed Haldane model [Haldane88] with spin.

Recently, research has focused on various enhancements, new materials and new fea-
tures of topological insulators. Some of the most recent examples include Majorana modes
in antiferromagnetic topological superconductors [Ezawal5|, in which a Majorana mode
can be generated and moved in a 2D| plane by controlling a local electric field. An-
other experiment using silicon impurity doping to suppress residual bulk conductivity in
inverted [mAd quantum wells and observing robust helical edge states and distinct con-
ductance plateaus has been reported [Dul5]. Topological insulators can also be designed
in photonic systems, built from an honeycomb array of microcavities |[Nalitovl5]. Other
possible realizations include transition-metal dichalcogenides under strain [Cazalillal4] or
organic lattices [Wangl3]. Strong correlations in the context of topological insulators are
investigated, for example in topological Kondo insulators [Lobos15].

The basic theories for both classes of 2Dl topological insulators assume a well-preserved
spin quantum number. This inevitably leads to right- and left-moving edge states which
are helical, meaning for example right-movers, which are purely spin-up and left-movers,
which are purely spin-down. Even though time-reversal symmetry is usually present in
experimental setups, this does not guarantee that the spin projection on a fixed axis
is a good quantum number [Schmidtl2]. This effect is present in most setups, caused
for example by Rashba spin-orbit coupling, and can evoke interesting effects [Michettilll
Kainarisl4, Rod15]. In an effective model of only the edge states, the concept of
a generic helical liquid correctly integrates these additional terms. In a generic helical
liquid, the spin eigenstates are associated to generic left- and right-moving states through
a momentum dependent rotation matrix By. Unitarity and [TRSlinflict physical constraints
on By, which can be approximated as a real rotation matrix about some angle 6.

We present in this thesis three systems that deal with different phenomena in topolog-
ical insulators that are partly caused by a broken spin axis symmetry. In Chapter [2| and
Chapter [3] the concept of generic helical liquids plays an important role. In Chapter
broken spin symmetry due to Rashba spin-orbit coupling is a key ingredient.

1.1 Summary Chapter

Chapter [2|is based on the published manuscript [Orth13]. We consider two generic helical
liquids on opposite edges of a narrow topological insulator. Due to an inhomogeneity,
for example in an external perpendicular electric field, the two corresponding Bj, matrices
are dissimilar. The narrow sample allows for several tunnel junctions between the two
edges. These tunnel junctions can lead to forward- and backscattering of the edge states,
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depending on the external field. In this chapter, we demonstrate the strong impact on
electron transport due to the inhomogeneity. Measurement of this effect will allow to draw
conclusions on the spin textures of the edge states.

1.2 Summary Chapter

Chapter is based on the publication [Orth15b]. We show, using an renormalization group
(RG) calculation in Luttinger liquid theory, that the combination of electron-electron
interactions with a generic helical liquid generates an umklapp scattering term. This
can gap out the edge states of a topological insulator and lead to a Mott insulating
phase. If additionally some parts of the edges are covered by superconducting gates, which
induce a superconducting order parameter and create a gap as well, exotic non-abelian
particles can emerge at the interfaces between these regions. Further investigations show
that these bound states pin charges in multiples of half the electron charge and account
for a Josephson current with 87 periodicity. The bound states are protected by and
are fourfold degenerate. Furthermore, we determine their braiding statistics and present
a possible implementation of a braiding scheme.

1.3 Summary Chapter

The results of Chapter [4] are currently being published, an e-print version is available
[Orthi5al. Bulk disorder plays a prominent role for DI topological insulators. It can lead
to a transition from a trivial phase to a topological phase, known as topological Anderson
insulator (TAI)). Chapter [4] shows that a[TATl exists not only in the BHZ model, but also
in the Kane-Mele model. The combination of intrinsic spin-orbit coupling Agp, staggered
sublattice potential A\, and Rashba spin-orbit coupling Ar determine whether the system
is a topological insulator, a trivial insulator or a[TAIl Interestingly, [TAls are found only
at the transition between topological insulators and ordinary insulators for A\, ~ Agp and
small Ar and not at the transition to a metallic phase for Agp ~ Agp and small \,. Using
an analytical approach we find that the disorder leads to a renormalization of A, and
the generation of a new, anisotropic Rashba spin-orbit term Agrs. This term by itself can
induce a topological transition in materials which otherwise would be trivial insulators.
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Chapter 2

Point Contacts and Localization in
Generic Helical Liquids

This chapter is based on the published manuscript:

C. P. Orth, G. Striibi and T.L. Schmidt,

Point contacts and localization in generic helical liquids,
Phys. Rev. B 88, 165315.

2.1 Introduction

A characteristic feature of a topological insulator is the occurrence of two conducting
electronic states at its circumference, separating the insulating bulk material from an ad-
jacent ordinary insulator or the vacuum. The states are helical, meaning their spin and
momentum degree of freedom are coupled. In an illustrative picture, one can speak of
a spin-up electron running clockwise and a spin-down electron counterclockwise around
the sample. In an ideal setup, which is subject to a bias voltage, these one-dimensional,
counter-propagating edge states lead to a quantized conductance of two times the conduc-
tance quantum (Gp) through the sample, as long as the Fermi energy is kept in the bulk
bandgap. In the presence of time-reversal symmetry (TRS), the two states show opposite
spin-projection quantum numbers (s.) and form a Kramers pair. Backscattering within
these states is suppressed due to the helical nature of the states. In other words: Simple
backscattering terms in the Hamiltonian must allow electrons to flip their spin, usually
a contradiction to the requirement of This principle prevents the states to localize
and two ballistic modes form along the whole borderline between the topological insulator
and its non-conducting surroundings.

There are several mechanisms that can lead to deviations from this ideal behavior.
In the simplest case, a magnetic impurity can absorb the surplus of spin in a backscat-
tering event [Maciejko09) [Tanakall], which is necessarily combined with a spin-flipping
of an electron. This leads to a finite localization length of the electronic states that
depends on the density of magnetic impurities in the sample. Another possibility are
inelastic two-particle backscattering processes induced by electron-electron interactions
[KaneO5a]. Contributions to the Hamiltonian of the form of the umklapp scattering
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term ngazngwU 10:1y are time-reversal invariant and exist for interacting systems.
It was shown that these terms are irrelevant under the renormalization group for weak
interactions and that the helical edge states are stable with respect to these effects
[Xu06, Wu06]. Weak interactions together with impurity scattering and finite tempera-
tures can lead to a decrease in conductance that scales with the temperature as 6G o T,
leading away from the universal value of 2Gy. Umklapp scattering in the same context can
lead to 6G o T°. Furthermore, a breaking of the axial spin symmetry, for example due to
spin-orbit coupling terms, combined with weak interactions and impurity scattering can
lead to corrections of the order of §G o< T* [Schmidt12].

The special case of a rather long and narrow two-dimensional topological insulator
(length L, width W < L) may feature new backscattering effects and a non-universal
conductance. Especially setups, in which electrons can occasionally tunnel from one edge
to the other, allow new ways of backscattering without breaking time-reversal invariance.
As long as W is larger than the decay length of the edge states into the bulk, these tunnel
processes are exponentially suppressed [Zhou(8]. Nevertheless, in the intermediate regime
of moderate W with respect to the decay length, stable edge states exist that, at certain
positions, are coupled stronger and a finite tunneling amplitude manifests. Such processes
may be realized intentionally, for example by suitable gating or by applying lithographic
techniques for the sample design [Liu0§|. Alternatively, also an accidental realization could
be possible by tunneling through charge puddles [Skinner12, [Vayrynen13]. Charge puddles
exist due to doping or disorder in the bulk topological insulator. Edge state electrons can
tunnel to these puddles and a consecutive array of puddles connecting the two edges can
allow for transfer processes between the edges. For a dilute dispersal of the puddles and as
long as such a process remains elastic, it can be described by a point contact at a certain
position. Point contact sample setups for topological insulators have been the subject
of several recent publications [Liulld, [Schmidt11l [Dolcinilll Leel2l [Edgel3, Huangl3|
Romeol4) Klinovajal5| [Teo09]. Furthermore, extended junctions have been investigated
lately [Dolcettol2) [Sternativold].

The scope of this chapter is to investigate narrow topological insulators whose
edge states feature both a broken axial symmetry and several, randomly distributed point
contacts. It is based on the published manuscript [Orth13]. One usually uses the term
of a broken axial symmetry (or just broken spin symmetry) for Hamiltonians with con-
served [TRS] but which contain spin-flip processes, so that spin is not a good quantum
number anymore. This can be the case for example in topological insulator materials with
broken bulk inversion asymmetry, structural inversion asymmetry[Qil1] and Rashba spin-
orbit coupling [Rothel0]. An effective framework to describe such systems is the concept
of a generic helical liquid [Schmidt12]. A generic helical liquid features two counter-
propagating edge states at each edge that still form Kramers doublets. However, a spin
quantum number can no longer be associated to the edge states. Instead, one labels them
for example by quantum numbers —, 4 for left- and right-moving particles. In these sys-
tems, the spin quantization axis rotates as a function of momentum. The projection of
+, — states onto states with a fixed spin axis is specified by a unitary, momentum (k)
dependent rotation matrix Bj.

We focus in this chapter on the combination of broken axial symmetry that additionally
shows a spatial inhomogeneity, meaning that the edge states of a 2Dl topological insulator
exhibit two different By matrices. This, in conjunction with several point contacts between

The notation will be clarified later on. We will come back to this kind of terms in the following chapter
about parafermions.
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the edges, can lead to spin non-conserving back- and forward scattering between the edge
states. Thus we find that the conductance shows a deviation from the universal value
of 2G( that is expected for ideal RD| topological insulators. For instance, a mercury
telluride-cadmium telluride semiconductor quantum well that is exposed to
a spatial inhomogeneous, external electric field that is perpendicular to the plane of
the topological insulator, can be an experimental realization of such a system. Another
mechanism that could lead to two different By matrices at the sample edges is a difference
in chemical potential between the latter.

The chapter will start by introducing the formalism on the example of two generic
helical liquids that are coupled by a single point contact and under the influence of a
finite voltage bias V. If only Rashba spin-orbit coupling is taken into account, transport
properties depend on a single angle 0(u) which describes the tilt between the spin axis
of the two generic helical liquids. Depending on (), the tunneling will lead to forward
scattering or backscattering.

If a second tunnel contact is added, interference phenomena will occur. The conduc-
tance will now depend also on the microscopic details of both tunnel junctions. Finally, in
the last part of this chapter we deal with a quasi infinite chain of random tunnel contacts in
a narrow sample. We shall show that the microscopic details of the single contacts average
out up to a statistical angle, which can be encoded using 6(u). A conductance deviation of
G x 2Goe L/t is found, even for systems with spin conservation. The localization length
¢ strongly depends on 6(u) and therefore the Rashba spin-orbit coupling strength. This
leads to the conclusion that the conductance through a narrow topological insulator
can be tuned by an inhomogeneous electric field.

2.2 Hamiltonian description of tunnel contacts between generic
helical liquids

The model employed in this chapter is an effective theory of two coupled generic helical
liquids [Schmidt12]. It can be deduced from, for example, the Bernevig-Hughes-Zhang
model [Bernevig06] for or the Kane-Mele model [Kane05al] for the honeycomb
lattice with strong spin-orbit coupling. The description is valid as long as only low energy
degrees of freedom are excited, while the Fermi energy p is kept in the bulk band gap A of
the topological insulator. For the HgTeQWE the temperature T used in recent experiments
is 2.7K = 0.23meV while the band gap varies strongly with the quantum well width and
is about 13meV. A difference of a single monolayer of the quantum well can alter the
bulk gap by several meV [Konigl3|. This renders the system susceptible to the random
occurrence of charge puddles or a local shift of the Fermi energy to the bulk bands.

The bulk gap traversing edge states exhibit a Dirac cone like dispersion relation, which
allows to linearize the kinetic part of the Hamiltonian as

Hyin, = —ivp Za/

n:U,L a=+ -

o0

dz w;ga(x)é?w@/}na(x), (2.1)

where vp denotes the Fermi velocity and 7 labels the upper (n = U) and lower (n = L)
edges. The index a labels right-movers (¢« = +) and left-movers (o = —). We set
h = e = 1. The fields ¢ are free, second-quantized fields in position representation. Due
to the special properties of a generic helical liquid, the states cannot be labeled by the
spin quantum number anymore. Therefore, we resort to the direction of movement +, —

7
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E(k)!

u+Vv T.c0s%6

L

]

|

X1
Figure 2.1: (left) Setup of a single point contact between generic helical liquids. The
horizontal axis (z) is parallel to the extension of the narrow topological insulator
and the figure shows a point-like constriction at x = x;. (right) Spectrum and spin
quantization axis for the upper and lower edge states. For a generic helical liquid, the
spin quantization axis rotates as a function of momentum. An external field gradient along
the y-direction (perpendicular to x, but in the plane of the topological insulator) leads
to different quantization axes at the same energy for the upper and lower edge state.

as a well-defined method to label the degrees of freedom. Figure shows a layout of
the system under consideration. There are two right-moving modes incident from the
left, ¥y, ¥+, with chemical potential p and subject to the external voltage V. The
counter-propagating states ¥y _,1¥r_ are occupied up to the chemical potential p only.
The energies p and p + V are both well inside the bulk gap.

So far, there is no mechanism of backscattering. The transport is ballistic and the
Landauer-Biittiker formalism can be applied to calculate the conductance through the
sample. In brief, it states that the current through a ballistic conductor is given by
the difference in chemical potential times the conductance quantum times the number
of channels that contribute to the current. There are two channelsE| in the setup above,
leading to the expected result of I = 2GyV from left to rightﬂ

2.2.1 Generic helical liquids and time-reversal symmetry

The Hamiltonian (2.1]) is expressed in terms of fermionic fields ¢y (x), which we rewrite
as a linear combination of the fields in spin-basis 1, | as follows

@km _ Ykt
( Wm) B, ( W) | ©.2)

where By, is a momentum-dependent 2 x 2 rotation matrix. The index 7 denotes the
upper (n = U) and lower (n = L) edge of a sample that extends horizontally along the
x-axis. In the case of a spatial inhomogeneous field gradient along the y-direction, it

2A channel usually consists of a forward and a backward moving part. Here, these parts are labeled
separately but still counted as only one channel on the upper and one channel on the lower edge of the
sample.

3Using ST-units, Go = e¢?/h with the electron charge e and Planck constant h. Using e = /i = 1 yields
Go =1/27.



2.2. Hamiltonian description of tunnel contacts between generic helical liquids

is also different for the upper and lower edge. Note that Eq. is written using the
momentum representation of the fields and becomes non-local if it is written down in the
spatial representation. The two representations are connected by a Fourier transform, see
Eq. . The requirement of conserved time-reversal symmetry imposes constraints on
the matrix By. Additional constraints are given by the unitarity condition B};Bk = 1.
From this it follows that By, , = B_j ,, see [Schmidt12] for a derivation and an introduction
to generic helical liquids and examples of concrete expressions for By, for helical edge
states in HgTe/CdTe quantum wells in the presence of Rashba spin-orbit coupling.

The time-reversal operator © can be chosen such that @¢k,na®_l = at)_j pa, Where
@ = —a. Using this definition, the effect of © on the Hamiltonian is

@Hkm@_l = U Z Z a/

n=U,L a==% -

(e 9]

dz Y], (2)0 7' 0, Oyq (x)O ! (2.3)

= —jup Z Z d/z dx ¢J7@(x)8x¢n@($) (2.4)

n=U,L a==% -
= Hkin; (25)

i.e. time-reversal symmetry is indeed preserved for the model. The most general form of
the matrices By, is

By = <?OS(9‘“")6—Z$ _Smw’“”>—€f§2) ) (2.6)
sin(Ok,n)e "2 cos(Op,)e "
where the angle 0, and the phases d1, 2 are functions of momentum and edge index 7.
One physical realization to which the theory of a generic helical liquid can be ap-
plied are HgTe/CdTe quantum wells with finite Rashba spin-orbit coupling strength and
preserved time-reversal symmetry. For this special case, it can be shown that By, is
essentially given by the simpler form

By, — <COS(9]€777) —Sin(Hkm)) . (2.7)

sin(0r,)  cos(Oky)

Here, By, can be parametrized by the angle 6y, ;, only. The right part of Fig. @ shows one
possible realization of this spin quantization axis rotation. Based on the Landauer-Biittiker
formalism, it was argued at the beginning of Section that the conductance does not
depend on any of these parameters if no extra terms to the Hamiltonian are added. In the
next subsection, we shall show that a single point contact between the upper and lower
edges leads to a deviation of the conductance that depends on the difference between the
angles 0,y — 0y, only and that the phases 01,02 do not play any role.

In the following, it is assumed at several points that the momentum dependence of
By, ;) is rather weak and that By, varies only on a large momentum scale kg > kp. This
should be true as, for example, Rashba spin-orbit coupling is small in most materials.

2.2.2 Tunneling between the edge states

The generic helical liquids introduced so far have no means of backscattering and the
conductance expected from theory for this system is 2Gy. Experimentally measurable
deviations from this universal conductance value are possible for example if electrons are

9



Chapter 2. Point Contacts and Localization in Generic Helical Liquids

allowed to backscatter into states at the opposite edge of the setup. We illustrate such
a process in the left part of Fig. At the constriction, two scattering processes are
possible: an incoming particle can be back-scattered into the state at the opposite edge,
or forward scattered. Forward scattering is only possible if the two matrices By and
By, 1, are distinct for the momentum of the incoming particle. If that is not the case, the
two states are orthogonal.

A model to describe such a scattering event is that of a point contact between the two
generic helical liquids. In this work, we use the Hamiltonian

Hj(x) =v; cos(v) Z [1[12[]0(3:)1&0(1:) + H.c.}
o="1,}

+ 7y; sin(v;) Z [%Z(Tjg(ﬂf)ﬁzfz_g(x) + H.c.} , (2.8)
o=T,4

with the tunneling coefficient v; and the angle 1J; that describes the relation between
forward- and backscattering. In this form, it is expressed in terms of spin 1/2 electrons
@EU/LU with quantum numbers o =t,|. The parametrization v; cos(¥;),; sin(d;) will
become useful in Section[2.3.3] The index j gets a meaning once that several point contacts
at different positions x; are introduced. For a single point contact, the total Hamiltonian
reads H = Hy, + Hy(21). Hyip and Hy (1) are expressed in two different basis, 9y, o and
@kmg. This makes a diagonalization of the Hamiltonian non-trivial. A non-equilibrium
Keldysh Green’s function approach can be applied, which is not part of this thesis. This
method gets tedious when extended to several contacts at different positions and will be
more useful if electron-electron interactions are taken into account as wel’] Instead, this
chapter relies on a transmission matrix approach, which leads to results even in the limit of
arbitrarily many tunnel contacts. However, we use the Keldysh Green’s function approach
to check the results of the one-contact and two-contact conductances.

It is important to clarify in which limit the approximation of a point contact can be
justified. The microscopic extension of the point contact at x = 1 is given by dxzq. If the
length dz is small compared to the wavelength of an incident particle wave 1/kp > dx1,
the microscopic details of the contact cannot be resolved and a point-like model with
an effective forward- and backscattering amplitude can be justified. For the
Dirac cone that describes the low energy spectrum is located at the I'-point. Usually this
means that kp ~ 0. Using Er = vpkph, vp ~ 10°m/s and a bandgap of 13meV the
variation of kr inside the gap is about 13meV /vph =~ 2 x 108 m~!. This indicates that the
approximation of a point-like tunnel contact is valid for contacts which do not extend over
distances dz; > bnm. For temperatures well below the bandgap energy scale and chemical
potentials close to the Dirac point larger values of dx1 are also still possible.

2.3 Scattering matrix theory

2.3.1 Derivation of the full scattering matrix

This subsection is used to derive a general expression of the scattering matrix S for a setup
which hosts IV point contacts between two generic helical liquids. The scattering matrix
can be used for example to calculate observables such as the conductivity. The basic idea

4This was done in a so far unpublished work by the author.
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2.3. Scattering matrix theory

Figure 2.2: A narrow topological insulator in which the two edges are coupled by
randomly placed point contacts, realized by several charge puddles at positions x;.

behind the scattering matrix theory is to find a matrix that connects incoming states to
a scattering area to outgoing statesﬂ The Hamiltonian of interest is

N
Jj=1

where the point contacts are at random positions x; along the narrow sample. An illustra-
tion of this setup is shown in Fig. The incoming states in this setup are ¥y (x), ¥4 ()
for x < x; and ¢Yy_(z),¢r_(z) for x > xn. The outgoing states are Y4 (z), ¥r4(z) for
x > zy and Yy_(x), ¥ (x) for z < x1.

As a first step, we replace the fields ¢ by ¢ using the By, matrices. Using two

additional Fourier transforms from spatial to momentum representation for the tunneling
Hamiltonian part yields

B tins S 5 5 Vs S ol (5) B, 210

j=1 o,0'=t} n=U,L kK

where V; ;4 is kept as a shorthand notation. For the Hamiltonian written in Eq. ,
Vjeor = 7jcos(d;) for spin-conserved tunneling and Vj ,, = v;sin(?;) for spin-flip tun-
neling. A vector notation can be introduced to simplify this expression. The state vector
is defined as 1f(z) = (wgpr(x), wTLJr(x), w}}f(x), w},(m)) and a further Fourier transform
of the kinetic part leads to

H = vp g S R0NE) (03 @ 1) (k) + 75 S 0iBIO — K)Bvr  (211)
k

kK

5 An introduction to scattering matrix theory is given for example in [Bruus04].
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Chapter 2. Point Contacts and Localization in Generic Helical Liquids

with

N
Ok — k) => Ve mik=k) (2.12)

1,1 1,2

Bk,U ?1 Bk,U (1)2
0 Bk:L 0 Bk:L 513

B! 0 B2 0 . (2.13)
kU 2,1 kU 2,2

0 Bk:L 0 Bk:L

To understand the form of © and By, it is helpful at this point to look at the case of a
vanishing spin axis rotation. It requires that left-movers (and right-movers) in the upper
and lower edge have opposite spin, meaning @UT = YU+, Q;U 1 = Yu— but also zﬁm =Yr_,
@ZL 1 = Yr+. From this the following limiting case is found for the Bj, matrices at zero spin
rotation By iy = 1 and By, ;, = o1 and the O©(k—Fk') as written above. The tunneling matrix
Vj is restricted by time-reversal symmetry and a hermiticity condition on the Hamiltonian.
Time-reversal symmetry acts on the fields like @1;,7,0 (r)0~ 1 = 01[}7775 which, together with
the hermiticity condition VjJr = Vj leads to the form of V; as

0 cos(v;) 0 sin(v;)
| cos(¥y) 0 — sin(9;)
Vi=n 0 ’ — sin(d;) 0 ’ cos(¥;) (2.14)
sin(v;) 0 cos(?;) 0
The operators obey the Heisenberg equation of motion
On(t) =i [H, ¢y (t)]
1
:wFf Y [0l (1) (03 @ 1) e (1), (1)
2 3 [ehOBLOG — k) B (), v (1)
k;/ k//
= —ivrk(os @ D)unt) — i 3 Bk — KB (1) (2.15)

k/

where the last line is found writing out the sums of the matrix multiplications. To solve
the time dependency we apply the Ansatz ¢ (t) = %e‘“"%ﬁk (w) to find

wipk(w) = vpk(os ® 1)t (w ZB* O(k — k) Biripw (w). (2.16)

Inserting O(k — k') allows to separate a k independent part ffJ from the equation in the
following way

[ —Upk((73®]l ZBT —izsk Lzemj VBk’wk’( ) (2.17)

J/

=t
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2.3. Scattering matrix theory

The expression on the left side is the Schrédinger equation of the problem without tunnel-
ing, which can be written as G~!(k,w)yx(w) = 0 with the Green’s function Gy (k,w) =
[w — avpk +i8] 7! where a regularization had to be introduced. This equation can now be
solved

N
Ye(w) = Yro(w) + Y G(k,w)Ble ke] (2.18)
J

where 1y, o(w) is a general solution of the non-tunneling problem with the constraint
G~ (k,w)Yr0(w) = 0. The constraint leads to Yy 0na(w) = §(w — a@vpk)bg ne(w) which
will become important later on. To finally solve the model, an equation for the 5&, is
derived by inserting ¢ (w) into the definition

N

. 1 . ’ iz k'
&=7 > M ViB | o(w) + D GK w)BLe e, | . (2.19)
k! l

We can now define 4N x 4N and 4N x 4 matrices

le _ %Z ei(xj_xl)k,‘/}Bk/G(k'/,w)B};,
k:/
1 ik 1 i(o Tiw/v
G = 7 Zemﬂk ViBi g o(w) = EV}BW/UFe (F3@1)@j0/VE )0 (w)
k:/

and solve the equation for 55,
fo=(1-Q)7'¢C (2:20)
This finally leads to the total result

N
1 VT — i(o rw/v
(W) = bpo(w) + - > e Gk, w)BL (1 — Q)5 Vi e T3 F T g (w) - (2.21)
j?l
and its Fourier transform

N

1 . T .
w@:’w) _ Eezx(a;g@]l)w/vao(w) _ Wax(ag@ﬂ)w/vls Z |:(1 + (03 Q 11)81gn(x _ .’L‘]))
F gl

x e Hos@e/vr BT (1= Q)5 ViB,y /7 E TR P ()

where the k integration was done for small spin rotation lengths 1/ko, a limit described
in Subsection 22,11

For the scattering matrix, it is important to distinguish between incoming and outgoing
states. Incoming states are those that come from the far left or right side of the sample
and have not had the chance to scatter yet, to be more specific they are either right-movers

where © < x; or left movers with x > z; (for i = 1,..., N). The states are written as
Yot
o 2.22
Vo | 222
vr-
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Chapter 2. Point Contacts and Localization in Generic Helical Liquids

The outgoing states are either left-movers with x < x; (denoted by <) or right-movers
with z > z; (denoted by ~) and written as

w@ 1@

Vs — (G

y 5_ S ¢5_ (2.23)
I (U

where S is the scattering matrix and is defined as the relation between in- and outgoing
states. The factor (1 + (03 ® 1)sign(z — a:])) becomes 0 for incoming states and 2 for
outgoing states. This yields the following scattering matrix

. N
2 .
__7§:f(®11)»/ 1
S=1 VR il ¢« o UFBW/”UF
]7

(1= Q) Vil = 0mlor (2.0

Further evaluation Further simplifications are possible in the limit of a small spin
rotation length 1/kg = £. Q;; can be calculated for i = j using the symmetry condition of
By, = B_j,

v, (2.25)

Vi net _ Vi 1 N7 _"ZRT | =
L;Bk,G(k )B,—L;2[Bk/6‘(k )Bl, + BuG(—k)B,| = o

We calculate the off-diagonal elements in the same limit if the tunnel contacts z;,x; are
separated compared to £. This yields

V' —1 / XTi—T
fJZe Wlo=e) gL Gk Bl
k/

i 1 . iy T
— _Engw/w (2 — (o3 ® 1)sign(z; — l’j)> Bl/,UFe vp il (2.26)

In summary, we derived the scattering matrix for an arbitrary amount of tunneling contacts
between two generic helical liquids in Eq. . In the following sections, this result will
be used to deduce transport properties for a single contact, two contacts, and a chain of
N contacts.

2.3.2 Properties of the scattering matrix

This subsection collects general information on the scattering matrix. It derives some
very general properties of scattering matrices which can be used as a consistency check
of Eq. . Besides the fact that the scattering matrix has to be unitary, S~' = ST,
see for example [Bruus04], it has to suffice some conditions that arise from time reversal
invariance. As this symmetry is present in the model, application of the time reversal
operator © leads to

G)wk,na@_l = O‘w—k,no’c (227)
Gwl];,na@_l = awT—k,no’c (228)
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2.3. Scattering matrix theory

for each Kramers pair. Furthermore, time reversal exchanges in- and outgoing states and
acts as a complex conjugation on complex numbers. Taking the time reversed version of

Eq. (2.23)) yields

vy UG- hn Un

0 ULy o~ = I = 0560710 Uiy o~ =5 Vi : (2.29)
Che g4 (7 i
Ur U v Y7,

A further multiplication by matrices —ioe ® 1 to return to the former state vectors then
leads to

w@ 1/}@
. ¢L+ Qs wL—l—
(log@1) | 5T | =85"(io2®@1) | "2 (2.30)
(. (U
vr- L
which finally results in the condition
S = (icy @ 1) '8*(igy @ 1) = (G ® 1) () ' (o2 @ 1), (2.31)
We furthermore use the unitarity of .S to write it as a block-matrix
tor T / T T
S = r t'] t=t ’ r=-r, r=-r. (232)

This is useful as a sanity check of Eq. (2.24)).

2.3.3 A single point contact

In this subsection we apply the result of Eq. (2.24)) to the case of a single point contact
at £1 = 0 only. For this special case, @) is a 4 x 4 matrix and given by Eq. (2.25)),

Q11 = —i/(2vp)V;. The scattering matrix can be simplified as follows
) _
S=1- EBL/UF“ — Qu1) " WViBy o (2.33)
with

—%i'n\/ﬁ VTivp cos(dq) 0 VTivp sin(dy)

VT1vE cos(dq) —simVTi —VTivpsin(v1) 0

0 —v/Tivpsin(dq) —%i’yl\/ﬁ VTivp cos(Vq) |7
VTivpsin(dy) 0 VTvg cos(dq) —simvVT1

(2.34)

where /T = 4vy1vp/(4v% +~3) was used. To calculate the scattering matrix, the assump-
tion that By, is only given by two angles, one rotating the states in the upper edge and
one for the lower edge as in Eq. , is made again. As mentioned before, one has to
be careful with the lower edge as it has to flip the fields for zero rotation. Therefore a
constant angle of m/2 to its By matrix has to be added in the following sense

(1-Qu) 'V =

cos(0rr) ( 0 ) —sin(fy) ( 0 )

_ 0 cos(fr, + /2 0 —sin(8y, + 7/2
By, = sin(0y) 0 cos(0y) 0 ' (2.35)

0 sin(0r, + 7/2) 0 cos(0r + 7/2)
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Chapter 2. Point Contacts and Localization in Generic Helical Liquids

At this point, some comments about this special form of By, are expedient. The By,
matrices could also be written in exponential form as

By = e~ On(Rk)7/2 (2.36)

where 7 is the vector of Pauli matrices, 0, (k) is some angle and 7i(k) is a unit vector. This
exponential describes a rotation of the 2-component spin 1/2 wave-function by an angle
6,(k) about the axis 7i(k), see for example Ref. [Peskin95] on page 38. The assumption
is made that the unit vector 7i(k) is k independent and along the y-axis, this means both
perpendicular on the direction of motion (z-axis) and the growth axis of the sample (z-
axis). Then one finds the form of the By matrix as above (with a factor of two rescaling
of the angle). It was shown in Ref. [Schmidt12] that Rashba spin-orbit coupling in the
Bernevig-Hughes-Zhang Hamiltonian has this form.

The final result of the scattering matrix using the angle difference 0 = 0y — 61, reads

t

Vv1-=1Ty —1/T] sin(@ + 191) 0 W1 COS(Q + 191)
—/ 1Y sin(9 + 191) Vv1=1T; —iv/1h COS(9 + 191) 0

0 —iy/Ty cos(0 + V1) V1=-T, —iy/Tysin(0 + 1) |’
iv/T1 cos(f + V1) 0 —iy/T sin(6 + V1) V1-Ty
(2.37)

and meets the general condition of Eq. (2.32). As a first observable, we calculate the
conductance G = GoTr [t*t} = GoTr [t’ T/ } This yields

G =2Gy (1 — Ty cos2(6 + 191)) (2.38)

with Gy the conductance quantum Gy = 1/27. The angle § depends on the chemical
potential, so that the total current is given by

ut+V
[ /ﬂ G(w) dw (2.39)

where V' is a voltage difference applied between the left and right side of the contact. The
result shows that the conductance depends only on the total angle 8y — 6, + ¥1. This
angle determines the fraction of forward to backscattering at the contact. If it is 7/2, all
incident particles that cross the point contact are forward scattered and the conductance
is 2Gy. If the angle is 0, all particles are back-scattered, and the conductance is reduced
by 2GT;. As the angle can be tuned by changing for example the chemical potentials, the
cos?(#) behavior could in principle be seen experimentally. This result was to be expected,
however, things get more complicated if several contacts are involved.

2.3.4 From the scattering matrix to the transfer matrix

While the scattering matrix S connects incident and out-going states of a scattering region,
the transfer matrix connects states left of the region to those right of it. For the setup
of Fig. it means that it connects 4 (), ¥+ (x), Yy—(z) and ¢¥r_(x) for x < 21 to
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2.4. Interferences in the two point contact setup

Yus(x), i (x), Yy_(x) and 1 (x) for z > 1. The states 1< are useful again to define
the transfer matrix 7 by

w@ w@
¢L+ _ ¢L+
- T v | (2.40)
Vi Ui

It can be straightforwardly obtained by solving a system of linear equations (SLE]) from
the scattering matrix equation in the right way. It turns out to be very important for the
general properties of the transfer matrix that will be used later that a well chosen basis
ordering is used in this equation. The transfer matrix for the single contact, obtained from

Eq. (2.37)), reads (with j = 1):

1 A B
Tilw) = 1 — T} cos?(0 + V) (—B* A*) (241)
4= V1-1T, —i+/Tjsin(0 + ;)
— \ —i/Tjsin(f + 9;) 1-1T;

~Tysin(0+9;) iy/(1 —ij)

B = cos(0 + ;) (—Z\/W T sin(6 + v;)

for the transfer matrix through a single contact which we assume with tunnel amplitude
1, ¥1 and tunnel probability T;. The index j is used for an easier generalization to many
contacts.

As for the scattering matrix, we obtain the conductance from the diagonal submatrices
of the transfer matrix. If A; labels the upper left 2 x 2 submatrix of 7;, the conductance

is given by
G; () = GoTx { {(A;)T (A;)l} | (2.42)

We derived this relation from the scattering matrix and its connection to the conductance.
Evaluating this leads back to Eq. in a straight forward way. The advantage of
transfer matrices is that the transfer matrix of two scattering regions can be written
as a product of the transfer matrices of the individual regions times a transfer matrix
accounting for any phase gains that occur between the scattering regions. This will be
exploited in the next section to obtain results for the two point contact case.

2.4 Interferences in the two point contact setup

In the last section, we derived an expression for the transfer matrix for a single contact
setup. This result will be extended here to two contacts and richer phenomena due to
interference effects will be investigated [Dolcinilll [Chu09l [Virtanen1l) [Romeo12]. If more
than one contact is considered, the distance between the contacts is a crucial length scale.
Let the distance between the contacts at x1 and zo be Axo = x9 — z1, and analogous
definitions for the N — 2 remaining distances. It is assumed that Az; > 1/kp. This
condition, together with 1/kp >> dx;, means that the system is supposed to host well
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Figure 2.3: Conductance through two point contacts between generic helical liquids
as a function of the angle 6 between the different spin-quantization axis and the phase
¢2 = Azapu/vp. The plots are for spin-conserving tunneling only, meaning ¥ = 95 = 0.
The unit of conductance is Gy.

defined helical edge states for the most part along the edges. If this limit is not valid,
the whole assumption of having helical edge states does not hold anymore and a fully
treatment of the system would be necessary.

2.4.1 Transfer matrix for two point contacts

The total transfer matrix through two contacts can be constructed as

T = iR Ta, (2.43)

where Ps is a transfer matrix that accounts for the phase that any particle gathers while
moving along the edge states between scattering region 1 and 2. For simplicity we assume
that it is the same phase for all edge states, P, = diag(e'?2, e!??, e7#%2 ¢~%2)_ If the phase
¢; is only due to the distance between the contacts 1,2, it is given by ¢o = Azop/vp. This
equation can be evaluated and simplified and finally, the conductance can be extracted
from the upper left 2 x 2 submatrix as written in Eq. . It yields

{1 =T cos?[0(p) + V1] } {1 — To cos®[(p) + V2] }

G(p) = 2Go 2
’1 + V1T cos [0(p) + 1] cos [0(p) + Vo] e2iBz2m/vr

(2.44)

2.4.2 Interference phenomena for two point contacts

G(u) is plotted in units of Gy as a function of the different angles 0, ¢2 = Axap/vp in
Fig. Eq. (2.44)) can be read as the product of the conductance through contact 1 times

18



2.4. Interferences in the two point contact setup

the conductance through the second contact times an interference term. This expression
was also derived by the author using the Green’s function formalism based on a Dyson
equation, which is so far unpublished and not part of this thesis. Due to the dependence
of the angle (u) and the phase ¢o = Azypu/vr on the chemical potential p, it is possible
to tune the conductance and to scan the parameter space illustrated in Fig. to some
extent.

If the tunneling amplitudes 17,75 are similar, it is always possible to find some length
Az so that ¢g = 7/2 and G(u) =~ 2Gy for all angles 0, even if ¥ = J2 = 0 as in the
figure. This is especially the case for strong tunneling, 77 = 75 = 0.9, which seems to
be a contradiction, as backscattering is strong in this limit. This is because at the phase
¢2 = /2 the total phase for a particle going from the first contact to the second contact
and back is 2 X ¢o = w. Thus there is destructive interference for all back-scattered
particles. The denominator of Eq. reaches its minimum and the conductance is
maximized at 2Gg. This effect is independent of the angle #(x). This can be interpreted
as Fabry-Pérot resonances. However, in the case of a large difference in the tunneling
strengths T, T5, one contact is suppressed and the system gets similar to the single contact
case. Interference plays no important role anymore. This is only true if the difference is
significant, as for example 77 = 0.1,75 = 0.9. In any case, if the phase ¢ does not lead
to destructive interference, 6(u) can be used to tune the system from an insulating to a
conducting state.

The conductance depends on the chemical potential in two ways: via 6(u) and through
the phases ¢ = Azxou/vp. As mentioned before, we work in the limit kg > kp. This
leads to an expansion of the angle 6(u) ~ k/ko ~ p/vpko. On the other hand, the phase
enters with a coefficient Axzs/vp. Due to the condition Azg > 1/kp > 1/k, the phase
¢2 is supposed to vary much faster with p than the angle 6(x). The phase varies with the
period of vg/Axs. Translated back to Si-units, this is Avg/Azs = 2meV for vp = 10°m/s
and Azo = 200nm. The period is therefore within the energy scale of the allowed voltages
and chemical potentials and smaller than the bulk bandgap of 13meV. A sweep of the
chemical potential through the bandgap will traverse the plots in Fig. 2.3] several times
along the y-axis while slowly going to larger 6 as well. This results in a periodically varying
function for which the amplitude minimum rises slowly with every period for growing p
while the maximum will stay at 2Gy, see Fig. for an illustration. If this behavior can
be measured, information about # can be extracted from the amplitude of the minima.

Another way of tuning the system is to change the Rashba spin-orbit coupling strength.
This can be done, for example, by altering an electric field that is perpendicular to the
sample. This will result in a different spin rotation length kg. As kg is contained only
in O(u) ~ k/ko, with k = p/vp, this change appears exclusively in the cosine terms of
Eq. (2.44). The dependence of the conductance minima on 1/kq is shown for small values
below hkovp = 20meV in Fig. by a solid, red line. A fit to a quadratic function is
shown in black. As 1/ky ~ Ag with the Rashba spin-orbit coupling strength A, it is found
that the interference minima change with A% for small Ag. This behavior was investigated
also numerically on a tight-binding lattice in a yet unpublished work which is not part of
this thesis.
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Figure 2.4: Interference pattern in the conductance through two point contacts as a
function of the chemical potential u. The parameters are 91 = 0.4, 95 = 0.6, fivp/Axy =
2meV /27 and hvpko = 100meV /2.
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Figure 2.5: Position of the minima at p ~ 2meV in the interference pattern of Fig.
as a function of the inverse spin rotation length 1/ky (red solid line). The parameters
are ¥; = 0.4, ¥3 = 0.6 and hvp/Azs = 2meV /2. The black dashed line is a fit to 1/k3,
which is in good agreement with the model for hvpkg > 100meV.
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2.5. Generalization of the conductance to a chain of N contacts

2.5 Generalization of the conductance to a chain of N con-
tacts

The scope of this section is to generalize the results of the last section to a narrow 2D] topo-
logical insulator with N randomly placed tunnel contacts at z;, j = 1,..., N. Figure
shows the setup relevant for this section, while the Hamiltonian was already written down
in Eq. and solved by giving an expression for the exact scattering matrix in Eq. .
The key assumptions are still supposed to be valid, such as Az; > 1/kp > dx;, ko > kp
and that By, are 2 x 2 rotation matrices. As a first step, we present a recursive transfer
matrix scheme to reduce the solution to the single contact scattering matrix. In the second
part, averaged quantities are calculated and finally relevant conclusions are drawn.

2.5.1 Constructing the N contact transfer matrix

As it was done already for the two contact setup, the total transfer matrix for N contacts
is a product of single contact transfer matrices and transfer matrices that take account
of phases gathered in-between. The total transfer matrix for the first j contacts labeled
by 7}, while 7; is just the transfer matrix for the jth contact. Using these definitions, we
write down a recursive expression for 7? as

Ti=T, Tj=T-PT, (245)

where again P; = diag (ei¢j, e e~ e_i¢f) is the diagonal transfer matrix responsible

for the paths in-between. The transfer matrix for N contacts is thus given by
Tv = TiPyT3Ps ... PNTw. (2.46)

It is assumed again that for the phases ¢; = Az;u/vp holds. The full transfer matrix is a
complicated function of all individual contact parameters, v;,9;, Az;. It is not meaningful
to try to evaluate it exactly for large V. Instead, some information can be obtained using
an averaging method described in the next subsection. In order to do this, first some
general properties of the transfer matrix have to be derived. The transfer matrix for
a single contact was already written down in Eq. . A close look and a trial and
error procedure lead to the following, not straight forward parametrization of the transfer
matrix of a single contact,

T = (_A; ij) (2.47)
J J

oo [ @ agb b= G ic;/b;
4 iajbj CL]' ’ J —’iCj/bj —Cj ’

where the transfer matrix was expressed by only two complex parameters a;,c; and one
real parameter b;. That this reduction is possible is crucial for the calculation in the
following subsection. For this, we show that the multiplication of two transfer matrices
of the kind of Eq. leads to a transfer matrix which has again this form. In more

detail, we find
Al A2 p2 A3 p3
* * * * = >k * 2'48
<—Pl )\1> (‘PQ A5 —pP3 A3 ( )
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with
(1 — blbg) (a1a2b1b2 + 0103)
az =
)
be — b1 + by
5T T Zbyby
(bl + bg) (alblcQ + bgclaﬁ)
C3 = .
b1by

As by and by are real, also b3 has to be real. The matrices P; cannot be written in this
form though, as this would require that b; = ¢; = 0 which is ill-defined. However, the
product P;7, where 7T is of the form of Eq. , is again of the form of Eq. . With
these arguments, we have proven recursively that 7; for all j = 1,..., N has the form of
Eq. (2.47).

From any transfer matrix of the form of Eq. , the dimensionless conductance,
which is the conductance divided by Gy, through the first j contacts can be calculated
as G = Tr(t;r-tj) with t; = ()\;)_1. Due to the parametrization aj,b;,c; it is possible to
calculate the conductance for j contacts with the help of 7}_1, T; and P;. We simplify the
result and express it by Gj_l, G; and a phase dependent term. This equation reads

-2

Gi 4 /T cos(0 + )e 2% (2.49)

Gj=G,_
J i1 2G0 aj_lbj—l

where Gj = 2Go—2GoT; cos®(6+1;) and Go = 2. Tt will become clear in the next step why
C;’j is defined in a dimensionless form. The coefficients a;_1,b;_1,c;j—1 are not properties
of the j — 1th contact only, but complex functions of the parameters of all j — 1 contacts.
It will become important later on that the modulus v; = }cj / (ajbj)| is always smaller than
1. This we shall show in appendix

2.5.2 Disorder average

The expression of Eq. (2.49) still depends on the microscopic parameters T}, v}, ¢; of all
the contacts. The goal is to simplify this equation for the case of large N. Taking the
logarithm of this expression yields for the conductance of all N contacts

log (%) —2log|1 + L\/Tk cos(6 4 0y, )e~ 20w
0

ap—1br—1

log (GN) =log(2) + i\[:
k=1

(2.50)

The next step is to average over all the contacts N. There are two ways of doing the
disorder average, resulting in slightly different interpretations.

e The first possibility is that there are M samples, each of equal length and with N
tunnel contacts. Especially, without any restriction on the number N, in principle
it can also be small. The average is over the samples. The average logarithm of the

conductance reads
3 1 M _
<log (GN>> = Z log (G%) (2.51)
m=1

sample
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where C;% is the dimensionless conductance of the mth sample with N tunnel con-
tacts. With an index m for all the quantities it is found

<10g (GN)> — log(2)

sample

| MoN am
= N
+ ] E 1llog <2G0> 2log|l +

m

c i m
kibm VA cos(0 + 0y e —2igy
k-1

(2.52)
The sum over m can be substituted by an integral over ¢; and the constants r, =

‘ck,l/(ak,lbk,l)\/Tk cos(6 + ﬁk)‘ The absolute value part of the expression reads
with these definitions

1 2
> / dr / de [—2log)1+rke*2i¢k
L 70 0

where the phases ¢y were redefined. The functions fi(r), gx(¢) are not further spec-
ified distribution functions. Importantly, gi(¢) is assumed to be constant. Because
of this, it can be shown numerically that for » < 1 this part vanishes while doing the
¢, integral. This yields

<log (éN) >samp1e = log(2) + % f: ilog <2G£)> (2.54)
N

= log(2) + log (1 — T cos®(6 + 19)>> , (2.55)
T,

| £ m)90(9). (2.53)

where ()79 is an average over T and ¢ for all contacts and all samples.

The second possibility is to take a single sample with a large number of point contacts
N. This gives the exact logarithm of the conductance
e_2i¢k] .

log (éN) = log(2 EN: log < > — 2log
= (2.56)

Due to the large number N, the sum of the second part can be written as an integral
over an arbitrary distribution f(r) and a constant distribution g(¢) as above. This

yields
1 27 ‘
/ dr/ d¢ [—2log’1 +re 2
0 0

which still vanishes. This leads to

L\/Tk cos(f + V)

akflbkfl

| r)9(0) (2.57)

log <GN> =log(2) + N <log (1 — T cos?(0 + 19)) >T719 : (2.58)

The difference between the two cases is that in the first case no statement can be made
about the total conductance through a single sample. It can strongly vary from sample to
sample and only the average over many samples is a meaningful quantity. In the second
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case, for large IV, the conductance of a single sample will approach a certain value given
by
Goelog(2)+N<log(1fT cos?(0+9))) 1,0 — 2G067L/€ (259>

with ¢ = —L/(N(log(1 — T cos?(0 + 9)))1.9). It only depends on the distribution of the
tunnel probabilities and angles 1. Because in most experiments there are always several
samples produced, a combination of both cases might be necessary.

2.5.3 Discussion and interpretation of the results

We identify the parameter ¢ with the localization length|Delplace12,[Anderson80), [Pendry94]
in the limit of large N,

-1

N—oo

L
¢ =— lim <log 1 — T cos?(6 + ) >
L s )8
-1

= —% <log (1 — T cos®(0 + 79)>> ; (2.60)

9

where n = N/L is the contact density. This result shows that the conductance is largest
in the case T = 0 for all j. If this is the case, the logarithm yields 0_ and ¢ = co. The
conductance is 2Gy. In this ideal case, all the transport happens through the two ballistic,
helical channels at the sample edges.
In the physical meaningful limit of small 7} ~ 0, suppressed spin-flip tunneling 9J; ~ 0
and statistically independent variables T and 1, the localization length is given by
1

= T cos? [6(u)] (2:61)

Tuning the angle 6(u) allows to vary the localization length in the interval 1/n(T) <
¢ < oo. The limit of § = 7/2 is that of two ballistic channels again, with conductance
2Gy. For these settings, tunneling does take place, but due to the angle between the
spin quantization axis in the upper and lower edge only forward scattering at each tunnel
contact is possible. In the limit of large N the microscopic quantities of a single tunnel
contact T and ¥; do not play a significant role for the total conductance anymore. Only
the averaged quantities are important and the conductance depends on their statistics.
On the other hand, the origin of 6 is global and present all over the sample. It therefore
alters the conductance in a relevant way.

2.6 Conclusions

In this chapter we have dealt with narrow 2D|topological insulators in which the edge states
were coupled through several tunnel contacts. Effects such as Rashba spin-orbit coupling
were taken into account by modeling the edge states as generic helical liquids. The model
was solved using the equation of motion for the operators and the scattering matrix was
derived. FExpressions for the conductance through a single contact, two contacts and N
contacts were calculated.

While the conductance in a clean sample, without tunnel contacts, is given by the
Landauer-Biittiker formalism as 2Gj, the tunneling allows for backscattering and leads
to a reduction of the conductance. In the two contact setup, interference phenomena
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become visible in the conductance by changing the chemical potential . We found that an
inhomogeneity along the plane of the topological insulator can lead to different Rashba
spin-orbit coupling strengths (two different momentum-dependent spin quantization axis)
at the edges and can have an experimentally tunable effect on the conductance. It was
possible to derive a compact expression for the conductance in the case of IV contacts. In
this case, only statistically relevant quantities determine the conductance. Especially, we
obtained that it is tunable by changing the angle between the two different edge state spin
quantization axis, 6(u).

The assumptions necessary for the calculation to be valid are that all relevant energies
are inside the bulk bandgap and that the helical edge states form a good set of basis states
for the calculation. An open question is whether a large enough electric field gradient
can be applied to have a measurable effect on the conductance without breaking these
assumptions. Furthermore, is it possible in a real setup of a narrow 2Dl topological insulator
to host tunnel contacts as described in this work, possibly due to charge puddles in the
bulk? And are there other, possibly competing effects due to a field gradient on the
conductance? In principle, the dependence 1/ cos?(6) of the conductance on @ could lead
to a good signature to identify this effect. However, current experiments seem to still lack
the precision to measure the conductance in a topological insulator with sufficient quality,
see for example [Wiedmannl5] where only conductances of half the expected value were
measured. This deviation from the theoretical value is usually explained by the large size
of the sample, which promotes inelastic backscattering. Similar disturbing influences have
to be expected for narrow topological insulator samples as well. However, most effects
that reduce the conductance should not depend on an external electric field gradient in a
significant way.
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Chapter 3

Non-Abelian Parafermions in
Time-Reversal Invariant
Interacting Helical Systems

This chapter is based on the published manuscript:

C. P. Orth, R.P. Tiwari, T. Meng and T.L. Schmidt,
Non-Abelian parafermions in time-reversal-invariant inter-
acting helical systems,

Phys. Rev. B 91, 081406.

3.1 Introduction

As the previous chapter of this thesis, this chapter deals with topological insulators
as [HgTeQWE, and their distinguishing features, first and foremost the helical edge
states at their circumference. The time-reversal invariance always plays a crucial role in
these systems, especially since it is the main mechanism that protects the edge states
from elastic backscattering. The helical nature in combination with the stability of the
edge states and the depletion of the bulk material at the Fermi energy leads to a line
of interesting phenomena. In general the combination of a helical liquid and a su-
perconductor was predicted to host exotic zero energy bound states such as Majorana
fermions [Braunecker12l [Schmidt13, [Fu08, [Fu09, [Oregl0], [Lutchyn10] and parafermions
[Clarkel3], Lindner12, Klinovajal5]. These states show characteristic features as for ex-
ample non-Abelian exchange statistics, which could play an important role for topological
quantum computation [Das Sarma06l NayakO8|. First signs of these excitations have al-
ready been found in[IDInanowires, coupled to superconductors [Mourik12, Deng12, [Das12].

While ideas for experimental setups that host Majorana fermions at the edges of
topological insulators can be found in the literature of the last years, concepts about
parafermions are still lacking. The two works about parafermions cited above are for frac-
tional quantum hall edge states in proximity to ferromagnets and superconductors. One
point for criticism on these setups is the requirement of magnetic fields and superconduc-
tivity, two effects that exclude each other to some extent. In these works, the edges of a
fractional quantum hall (FQH) insulator with filling factor v = 1/m, where m is an inte-
ger, are arranged in proximity to superconductors and consecutive ferromagnets. Each of
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these materials will induce a gap in the [FQH]edge states. The authors then show that the
interface between each two gapped regions on the fractional edge state hosts a bound
state which is a non-Abelian anyon, named parafermion. The reason is that the two in-
duced gaps are of different sign, which will become very clear in the language of Luttinger
liquids, as will be shown later on. Using an analogy to topological insulators, one can
say that the gap induced by the superconductor is topologically nontrivial, while the gap
induced by the ferromagnet is topologically trivial. We will discuss another possibility for
a system that hosts parafermions in this chapter. The setup consists of a topological
insulator such as or [nAd heterostructures in proximity to a superconductor.
This will induce a nontrivial gap in the edge states that depends on the induced pair
potential A.

Another part of the edge state shows a strong umklapp scattering, a term that will lead
to a trivial gap. This region is hereafter termed Mott insulating region [Uedal3l [Selall].
Umklapp scattering is a Coulomb interaction process that scatters two right-movers into
two left-movers and vice versa. Such a process is in general allowed if the chemical po-
tential is at the Dirac point of the topological insulator edge states. In contrast to
the [FQH] setups, time-reversal symmetry is fully preserved in this model but still we find
bound states that go beyond Majorana fermions. A similar setup was discussed recently
by [Zhangl4]. Other proposals about time-reversal invariant parafermions have been made
for fractional topological insulators, [Levin09, Klinovajal4], which lack experimental real-
ization so far.

This chapter is structured as follows. In the first section we will discuss the system
and related terms of the Hamiltonian in general. Special focus is put on the umklapp
scattering term and a [RGl procedure is derived in the framework of Luttinger liquids that
shows how this term can be created from single-particle backscattering and generic helical
liquids, which have been explained in section The RGHlow equations are derived
which show that the generated term is relevant in the RGlsense for strong electron-electron
interactions. If relevant, the created umklapp scattering term will open up a gap in the
topological insulator edge states that depends on the umklapp scattering strength gym,.

In section [3:3] it will be shown that two adjacent gapped regions of the topological
insulator edge states, one by A, one by gum, lead to a zero-energy bound state at their
interface. This state is interpreted as a parafermion. These findings will then be used as
arguments to introduce spin and charge operators S; and ); that act within the ground
state manifold, spanned by the parafermions. Finally, a protocol will be presented that
allows to braid two neighboring bound states.

3.2 Induced gaps in the edge state spectra of 2D topological
insulators

The goal of this section is to put the derivations and arguments of the following sections
about parafermions on a solid theoretical basis. The system is introduced and the Hamil-
tonian is discussed. The necessary framework to understand most of the calculations
presented here is that of Luttinger liquids and bosonization. The theory is understood
to be known by the reader and only those steps are performed explicitly that are novel
to the best knowledge of the author. Introductions to Luttinger liquids can be found in
[Giamarchi03, vonDelft98].
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3.2.1 Density-density interaction and helical edge states

The edge states of a topological insulator are usually described by a linearized
[Bernevig06), Kane05a] Hamiltonian

Hy = —ivp Z o/dxwg(x)axng(a:), (3.1)
—

with the Fermi velocity vrp and the right-moving spin-up particles ¢ and left-moving
spin-down particles 1|. In contrast to the previous chapter, here, we will discuss only a
single edge and it is assumed that the other edges of the sample are sufficiently far away
to prevent any interactions or tunneling between them.

However, in general density-density kind of interactions between the particles is always
present within a single edge. While it was shown that this does not influence the conduc-
tance [Maslov95, [Ponomarenko95l, [Safi95] it can have an influence on the single-particle
spectral function for example, which was found to show a power law behavior in carbon
nanotubes [Ishii03]. The Hamiltonian reads

Hini = / dz dyp(2)U (z — 1)p(y). (3.2)

with the interaction strength U(xz) and the density operator p = py +p; = > Vi,
Following standard bosonization, the Hamiltonian Hy + H;y,; can be diagonalized as

Hpp = % /dx [K (6:09)2 + % <8$¢)2 ) (3.3)

with the Luttinger liquid parameter K = (1 + 2Up/mvr)~! and the sound velocity v =
vp/K. Tt actually turns out that the derivation of Eq. is not straight forward.
Especially the bosonization of the kinetic energy part of the Hamiltonian can be tricky.
The methods to do this transformation correctly are also needed for later calculations
in this chapter, so we decided to do the derivation in detail in the appendix As
commonly done, even though not strictly required within the Luttinger liquid theory, the
interaction is of short range only, U(z) = Upd(z). The canonically conjugate bosonic fields
o(z),0(x) follow the commutation relation [¢(x),0(y)] = —imO(x — y) and are connected
to the fermionic fields through the bosonization identity 1y () = Uye " 0¢@)+0) /\/27q,
The parameter a is the short distance cutoff. The Klein factors are defined to be of
Majorana-kind, meaning that Uy = UTT and U] = UE. Klein factors account for the right
anti-commutation relations between fermions of different species and allow a transition
between different N-particle Hilbert spaces [vonDelft98]. The bosonic operators ¢, § alone
cannot take this into account.

The edge states in topologically insulators are protected from the effects of weak
electron interactions. In this limit, a fermionic theory might yield qualitative correct
results. For sufficiently strong electron interactions however, Luttinger liquid theory al-
lows to take the interaction into account exactly. The price one has to pay for this is
that the spectrum has to be linear, while non-linear deviations would lead to dispersion
[Imambekov12] and a finite lifetime of the bosonic excitations.

Time-reversal symmetry plays an important role in this thesis, so in this part we shall
define the time-reversal operator and show its effect on the Hamiltonian. For fermions,
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one possibility to define the time-reversal operator ©, which has to be an anti-unitary
operator, is

Oy (2)07 = g, (z)
OO ' =0 k. (3.4)

There are several ways how to deduce the time-reversal operator for the bosonic fields ¢, 8
from this. One possibility is to let © act on the Klein factors in the way OU,0~! = oU_,,.
This way, the Klein factors take account of the required negative sign of ©2 = —1. A second
option is to define OU,07 1 = U_,, O¢(2)0~! = ¢(z)+7/2 and ©0(2)0~ = —0(z)+7/2.
In this chapter, we choose the second option to keep the Klein factors as simple as possible
so that they can be omitted for certain steps.

The Hamiltonian of Eq. transforms under time-reversal as

@E&LG_lzz;T/}M[KTG%GOQ_U24—;TG%@¢®_U2]
— Hy,, (3.5)

and is therefore time-reversal symmetric.

3.2.2 Helical edge states in proximity to a superconductor

It was proposed that a topological insulator, which is in close proximity to an s-wave
superconductor, hosts edge states that may be described by an effective model with an
induced superconducting pairing potential A [Fu09]. The mechanism would be that the
edge states extend to some degree into the superconductor and inherit its pairing potential
Ag. The relation between A and Ag depends on the coupling between the two materials.
This will open up a gap in the edge states. The work by Fu and Kane furthermore assumes
that by breaking time-reversal symmetry, a mass term can be induced in the edge states
at the remaining part of the topological insulator circumference as well. This could be due
to a Zeeman field or proximity to a magnetic material. They show that this would lead to
two Majorana fermions as bound states at the interfaces between the two gapped regions.
The strength of A was also estimated numerically for a tight-binding model, which yields
that A ~ 0.5A [Black-Schaffer11l Khaymovich11].

Experimental evidence about an induced superconducting gap was found in [Hart14]
Pribiagl5]. In the first work, a was put between two superconducting electrodes
forming a Josephson junction. The carrier density of the quantum well can be tuned
with a top gate Vg from the TI (bulk insulating) regime to the normal conducting regime
(chemical potential inside the bulk band). A current I is driven from one gate to the
other. The measurements suggest that Cooper pairs are induced into the quantum well
edge states and are stable over distances of 800nm. This indicates that a proximity
induced superconducting gap is indeed possible. Further details about a proximity effect
of a superconductor into an ordinary Fermi gas can be found for example in [Volkov95].

In the Bardeen Cooper Schrieffer (BCS) theory of superconductivity [Bardeen57] the
pairing potential is given by operators of the kind ¢,1_, and wlwia. We therefore write
the induced pairing in the edge states as

fm:/mpﬂm%@+ﬂo (3.6)
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for the fermionic fields. It can be easily seen that this Hamiltonian together with the
kinetic part has off-diagonal terms in the Nambu spinor basis (4,9, wL —wi) and that
its spectrum will be gapped. This term can be transformed to the bosonic basis in a
straight-forward way, which yields

|A| /dx [ei‘SUTTUIew(I)*w(I)efi‘b(z)*ie(m) + H.c.
:AUiUT/d:L‘ sin [20(z) — 0] (3.7)

with A =|A| /ma, the superconducting phase & and a definition that the Klein factors are
of Majorana kind, Uy = UTT and U, = UI. It was used that emerging commutators will
cancel in this expression. The gap in the bosonic picture is hidden in the several minima
of the sine function. For large enough A, # gets locked to one of the minima for all z. It is
more or less just a constant. The Hamiltonian is again time-reversal symmetric for 6 = 0,
because sin[2(—60 4 7/2)] = sin(26).

A ferromagnet in proximity to topological insulator edge states has a similar effect
as a superconductor, in the sense that it will also create a gap in their spectrum. The
defining part of the Hamiltonian of such a magnetic insulator reads

Hy = /dx [M(x)@(xm(x) —i—H.c.] . (3.8)

The appendix shows a derivation for topological insulator edge states gapped by a
magnetic insulator and a superconductor. At the interface, the wave function in the two
regions is matched and an analytical expression for a bound state, which is a Majorana
mode, is found. This calculation is done in the fermionic basis as interaction effects do
not play a role. The goal of this chapter is to investigate a similar system, in which the
ferromagnet is replaced by a strongly correlated region, which also creates a gap in the
edge state spectrum.

3.2.3 Helical edge states with strong umklapp scattering

Another Hamiltonian that is time-reversal symmetric and sometimes present in interacting
systems is that of umklapp scattering. It is interesting for this thesis because, as it will
be shown later on, it can open up a gap in the edge states as well. It is given by

Hym / dxe*“’“ﬂzp}(aﬂp})(axm)m + He.. (3.9)

Umklapp scattering is the process of two left-moving states that are scattered into two
right-moving ones with opposite spins and vice versa. This interaction process is allowed
by time-reversal symmetry, as one can see as follows if the H.c. is written out

OHumO ! / dwe MRy (0,1 (Opthp)1hr + Hec. = Hyp. (3.10)
Unlike the terms Hy, H;,,; however, umklapp scattering breaks a symmetry called axial spin
symmetry. Axial spin symmetry is related to the operator N, = [ dzp,, which is basically

the total number of spin-o fermions. One finds that [H;,:, N,] and [Hp, N,] vanish, but
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[Hym, No] # 0. Umklapp scattering does not conserve the total number of spin-up and
spin-down. Consequently, an open question that we try to solve in this subsection is if
and how H,,, can be generated in realistic systems.

This question inevitably leads back to a true treatment of the system. A
for example can be described by the [BHZ model. The latter is block diagonal
in spin-space and therefore conserves also N,. It can host edge states only that show
axial spin symmetry. Off-diagonal blocks arise for example due to structural inversion
asymmetry, generated by an external electric field perpendicular to the sample. This
causes Rashba spin-orbit coupling that conserves time-reversal symmetry but breaks the
axial spin symmetry |[Rothel0]. Other systems of topological insulators can show the
same effect, such as [nAd heterostructures, [Liu08] and silicene, [Linllal, Liullh].

The broken axial spin symmetry in the model is linked directly to a broken axial
spin symmetry in the effective edge state models used in this work. It can be described
using the concept of generic helical liquids, as discussed in Chapter For the effective
model, the strength of the axial spin symmetry breaking term is given by kg. It can
be calculated numerically for [HgTeQWE, [nAs heterostructures or topological insulators
on the honeycomb lattice, [Schmidt12]. As was shown in Chapter [2| to lowest orders in
1/ko the matrix By that contains the symmetry breaking terms can be expressed as

1 —k?/K}

The matrix By can be used to diagonalize the effective Hamiltonian Eq. by using
the basis 1, with o = 4, — instead of ¢, with ¢ =1,]. It connects the states through
Yok = Yo Bi%%s . Physically, ¢ (¢_) are right-movers (left-movers).

If Eq. is expressed using the 11 basis, additionally to density-density interaction
terms also single-particle backscattering terms and umklapp scattering terms are created.
These terms are discussed in some detail in the following. The transformed interaction
Hamiltonian reads

Hint = 73 Z > USS (a.k Kl (R)Yba(k — @)l (K )be (K + q), (3.12)
kk'q aBa’ B’
with
1 of o/ §
USS (a.k K) = SU(@) {B;Bk_q} {B,LB,CIW] . (3.13)

Density-density interaction

Density-density interaction terms are of the form p,pg and appear in all kind of «, 3
combinations. In detail, they read

Hf, = 3ZZU‘“ ey KL (k) a (k — @)L, () bor (K + q)

kk'q aa’

o S S U 0,k Kyt (R — ) (K K+ ) (3.14)

kk'q «
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3.2. Induced gaps in the edge state spectra of 2D topological insulators

where @ = —a. Assuming that k/ky < 1, so that we can use the approximation of
Eq. (3.11) and that U(q) = Uy, i.e., the interaction is local, leads to

Hfm— 2N whtkvalk — vl () pa (K +q)
kk'q ao’
ZZ a(2kq — ?)a(~2Kq — @)L (ka(k — QULK ) balk +q). (3.15)
kk'q «

The last line is fourth order in momenta, so it can only give a minor momentum-dependent
correction to the first line. It corresponds to interaction terms which conserve the numbers
of right- and left-movers but which are less RG-relevant than density-density interactions.
Therefore, it can be ignored and one obtains approximately

g, =2 72D Pal(—0)pa (3.16)

q ao’

In real space, this means

H, = Uy / Az pa(x)par (), (3.17)

or in bosonized form, using the total density p = p+ + p— = —(1/7)0,¢
Uo
Hjy = — dz(0,0)°. (3.18)

Therefore, the sum of kinetic terms and density-density interaction terms can be written

asS
Hyin + HY, = o / dx [(ame)2 + ( + 2U0> (8x<;5)2]
o TUR

- ;T/da: [K(&EQ)Q + Il(.(@xqb)Q] , (3.19)

with the definitions of the renormalized sound velocity and the Luttinger parameter as

—-1/2
K = (1 " 2U0)

TUR
Oy

= —. 3.20

o=t (3.20)

For repulsive interactions (Up > 0), one has 0 < K < 1 and v > vp as expected. As usual,

the Luttinger Hamiltonian can be diagonalized by rescaling the fields to ¢ = ¢/ VK and

0 = VKO,
U ~ ~
Hiin + Hipy = 5 / dz [(8,0)* + (9:9)?] - (3.21)
This Hamiltonian is mentioned here, because all normal ordering operations below will
be with respect to the eigenmodes 6(x) and ¢(x) of the Luttinger Hamiltonian of the

interacting system. As it could be guessed already, the density-density correction due to
the By matrices is captured in the Luttinger liquid framework already.
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Chapter 3. Non-Abelian Parafermions in TR Invariant Interacting Helical Systems

Umbklapp terms

Next is to proceed with the umklapp terms. There are only two which are related by
hermitian conjugation, so

Hym = 3ZU++ g, k, KWL (B)o—(k — )¢l (K)o— (K + ) + He.
kk'q

gg [BLBi—q) "~ (Bl Buql 0L (k)0 (k — )0} () (K + ) + He.

kk'q

L3 32 (2k — q) (2K + )v ] (B (k — QL ()¢ (K + q) + Hee.. (3.22)
kk'q

As expected, the amplitude of this process vanishes for ¢ = 0, as well as for ¢ = 2k and
q = —2k', because these cases would involve scattering between Kramers partners, and
these have no overlap. Therefore, it can be seen already that these processes are quartic
in the momenta, and will always create four derivatives when Fourier transformed to real
space. In contrast, if there was a finite Fermi momentum kr # 0, a term in real space
could be generated which contains k‘% and two derivatives. However, for kr = 0, a Fourier
transformation inevitably leads to a term containing four spatial derivatives.

The conclusion is that the pure Hamiltonian H}/" for kr = 0 does not contain a term

o @bl(@mwi)(@xw,)w,. Nevertheless, such a term may still be generated from if one
starts with single-particle backscattering.

Single-particle backscattering

The last category of terms that appears are single-particle backscattering terms of the
form ¢L@Z)@pa. We show in this paragraph which of the terms are important and how to
bosonize the related Hamiltonian. The single-particle backscattering terms are

T = 2SS U@ BB " (B B o]l (Rl — )l (K)o ( + ),

kk'q aa’
(3.23)

where some symmetries of U35 360 " and relabeling were exploite For local interactions and
small 1/ky one finds

P SN pa(=0) Y a2k + @ul, (K yw (K + q). (3.24)
q «

2712
kOL o'k

The factor q(2k’ + ¢) shows that the term vanishes for ¢ = 0 and ¥’ = —¢/2. This means
that the processes (k4, k) — (k4, k") as well as (ki, k") = (k4 +2k', —k") are forbidden,
which is expected because both involve scattering between Kramers partners which is

During this procedure it becomes necessary to commute a single-particle backscattering term 15
past a density term 1/1;1/10/, which leads to a nontrivial commutator that gives an additional chemical
potential term (a term containing only two fermion operators). However, this term is spurious and is an
artifact of starting with a fermionic Hamiltonian which is not normal-ordered. Therefore, in the following
such terms will be discarded.
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3.2. Induced gaps in the edge state spectra of 2D topological insulators

forbidden by time-reversal symmetry. The last line suggests shifting one momentum sum
to k = k' + ¢/2. Then, using the Fourier transforms from Eq. (A.1]) one finds

2 - =
Hjﬁ) _ _kQZOQ /da:dmldxg Zalpa($)¢l/ (21)Yar (22) Z quelq(xf:m/Qfxz/Q)ezk(mf:vz).
0

[e%e% qk

(3.25)

This suggests using center-of-mass and relative coordinates, y; = (z1 + x2)/2 and yo =
T — T2,

s 4U, 7. iq(x— ik
il = ~japs / dadyidys Y o pa(@)0l, (11 + y2/2)a (41 —y2/2) Y ghe' 1M
oo qk
4U0 +
=2 dzdy1dys Z & pa (@)Y (Y1 + y2/2)%ar (Y1 — y2/2)0:0y,6(x — y1)d(y2)
4, ;
=z dodndie 3~ o Oapal@ [ + /2w (11 - 12/2)] 6(z = 1) (1)

_ 20, / dea [ (@) (z) — wg,(@ng,(w)] (3.26)

This leads to

py 20Uy /
it =25 | deloep(@) (vl —vlot —vlye+olut), @20
where p = p + p—. “Naive” bosonization, i.e., without taking care of proper normal-

ordering, would lead to
fff x /dm‘ [026( z&rgmr + i0pp_) €29 — (i0pp_ + i0pp4) e_Qi‘z’}
x /dx[azgﬁ(:c)][@ﬁ(x)] sin[2¢(x)], (3.28)

with ¢s(z) = o¢(x) — 0(x). This term has the same symmetries as the linear Rashba
Hamiltonian (oc 9,0 cos(2¢)), but it contains in addition the operator 92¢(z) which reduces
its scaling dimension.

To correctly bosonize this term, it is convenient to use a point-split expression, as was
done already in the Appendix for the kinetic part of the Hamiltonian. The point-
splitting process essentially removes any divergences from the operators and gathers them
in a prefactor. In this way, it is possible to derive the correct cutoff dependency of the
prefactor, which will become important in the [RGlprocedure to follow. We drop the Klein
factors because they are not supposed to make any physical difference in the following.
The point-splitted Hamiltonian is written as

s 20U
o= [ e, Jm a3 [l valan) + vl (e

X0uy B {1/15 23)¥5(24) — 1/15(964)1#3(9?3)] : (3.29)
5
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The calculation is quite lengthy and technical, so it will be done in Appendix The
bosonized version of the single-particle backscattering Hamiltonian reads

2ma

K
2 = -xora (272) [ do @)@, snfze(o)]: (3.30)

it reveals a cutoff dependency of a®~!, which cannot be obtained from the “naive”
bosonization approach. As required, this term still respects time-reversal symmetry, as
one can show using ©92¢0~! = §2¢, ©9,007! = —0,0 and sin[20¢0 ] = sin[2¢ + 7] =
—sin[2¢]. We introduced the parameter \ during the bosonization process. It is dimen-
sionless and given by A\ = 12Uy /(7?vpk3a?). In the following part, it will be used as the
small parameter for the RGlprocedure. In the non-interacting limit, K — 1 and fff is
independent of a (A oc a=2), which is a good indication that the bosonization was done
correctly. For small spin-axis rotation, 1/kg — 0 and the single-particle backscattering
disappears, as it should do. The same holds for Uy — 0. These remarks close the discus-
sion about emergent terms due to generic helical liquids and interactions. What follows is
an [RGlanalysis of the single-particle backscattering, which finally leads to the generation
of a relevant umklapp scattering term.

How umklapp scattering is generated

In subsection some umklapp terms were generated already. However, it was argued
that these terms always contain four derivatives. They have a reduced scaling dimension
compared to the term of Eq. and will always remain renormalization group irrelevant.
The first order [RGl equation of these terms would simply be dgy,/df « —4K.

We will argue in this subsection how a relevant umklapp scattering term of the form
of Eq. is generated, which contains only two derivatives. A first look at the umklapp
scattering Hamiltonian Eq. and at the single-particle backscattering Eq. reveals
already a major analogy. The umklapp term is essentially two times the @ZJ};@Z)B part of the
single-particle backscattering. Here, we shall show that the first one is generated in second
order [RG] from the the last one. The derivation is quite technical again, and a major part
is banished to the appendix. Basic ideas about the [RGl theory can be found for example
in [Cardy96]. As a start, the following operator equation is written down

£ (07,0)(0x,0) sin[2¢(x1, t1)] § & (97,0)(0r,0) sin[2¢(xa, t2)] &
a o T 208K
= % 4ot —on) ™ (ot —a0) ™ ()

aaﬁ:i

[—16K2 (0519++>2 (Oar9-+)" +4aBK <5§IQ++>3 + 40K (95,9-+)° <5§19++)

+ 8afK (0z,9-+) <8§19++> (a‘%lg*+> - (5319++) (3§19++) - (3§19+)Q]
X T i) B2 1) ¢ s g(q). (3.31)

with the definitions

Jap = —% log [1 — e_(““(”?—”t?—wlﬂtl))%"} — glog [1 — e_(“_i(mﬁ”t?—ffl—”tl))%]
aF =2 + ot (3.32)
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3.2. Induced gaps in the edge state spectra of 2D topological insulators

The equation contains already an essential part of the results: two single-particle backscat-
tering terms normal ordered yield the expression * e?®2¢(#1,t1)+i626(z2,t2) * which is some-
thing like an umklapp scattering term, times a complicated, cutoff dependent prefactor.
The equation is derived in Appendix

To summarize, the system under consideration consists of the Luttinger liquid Hamilto-
nian of Eq. for fermions of a generic, interacting helical liquid. The combined effect of
a generic helical liquid together with the interaction furthermore leads to a single-particle
backscattering term, which is not part of the Hamiltonian of Eq. so far. In the
following, this term will be treated as a perturbation and the second order [RGlequations
will be derived. For the [RGl treatment, we use the expectation value

Z = (Te e daVit)y (3.33)

Z denotes the usual real-time partition function and (A)( is the expectation value (A)y =
(Ae~Ho) of the operator A in the unperturbed system (index 0) and the vacuum. V(t)
is the perturbation, in this case the bosonized single-particle backscattering Hamiltonian,
while Hy is the Luttinger liquid Hamiltonian. The partition function is expanded for small

perturbations
Z%Zo—i/ 0—/ dt/ a4t (V (O V ()

o+ idvra 2”“) / dt [ dot: (020)(0,6) sinf20(0)] o

_ —)\21)Fa <22“> dt1 dty dzy das
x (302 (3x191)sm[2¢1] © 1 (07,62)(02,02) sin[2¢2] 1 o, (3.34)
with the shorthand notation ¢; = ¢(x;,t;), 0; = 0(x;,t;), so the operators are now time and
space dependent and the interaction picture is used. The small, dimensionless parameter
that was expanded for is A. The second order term contains just the operator expression
that was treated in Eq. (3.31]).

The basic idea of the[RGl calculation is that any expectation value must be independent
of the exact value of the cutoff, in this case the short distance cutoff a. One therefore
rescales the cutoff, as for example in an exponential form a(f) = ae’, and demands that
Z stays independent of that change. Usually, this will only be the case if one additionally
rescales the coupling parameters as well, here A\. For the expanded Z in perturbation
theory, this even implies that every order in A of Z has to stay constant with respect to a

shift of a. The procedure is best illustrated using only the first order of Eq. (3.34]). With
the rescaling a — a(1 + d¢) and A — X + d\ one obtains the equation

2ra

iNvpa <L>K /_ Z dt / da(* (926)(:0) sin[26(2)] * Yo

K (0o
—i(A + d\ora(l + df) (W) /_ dt / da(* (926)(0,0) sin[26(x)] * Yo (3.35)

It is now straight forward to extract the condition

A = (N +dN)a® T 1+ d) BT = MaB T+ dha® T+ ABTH (K 4 1)de,  (3.36)
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Chapter 3. Non-Abelian Parafermions in TR Invariant Interacting Helical Systems

where the equation was linearized for infinitesimal d\, d¢ in the last step. From this, the
first order [RGl flow equation for the coupling A follows

dA
0 —(K + 1)\ (3.37)
At this point, several comments should be made. The first is the interpretation of the
result Eq. . As 0 < K <1, the term K + 1 is always positive and the right hand
side prefactor of the flow equation is always negative. Integrating the flow equation, this
means that for growing ¢, A has to shrink. In other words, if the short distance cutoff
a gets increased, so only lower energies are taken into account, the coupling strength A
gets reduced. This is the characteristic of an irrelevant couplinﬁ However, it will be
shown that the single-particle backscattering is a dangerously irrelevant coupling as it
will generate other terms that turn out to be relevant. Second is that for a correct [RGI
treatment, the coupling constant A has to be dimensionless. This ensures that physical
units stay independent during the procedure. Without this requirement, there would be
more flexibility to choose A, especially there would not be the need to put an additional
a~? dependence into its definition and this factor would appear in the [RGl flow equation
and the prefactor would read —(K — 1) and could thus become positive.

For the second order in X [RGl equations, one starts with the Eq. , which appears
below a x1,x2,t1,ts integral. It comes together with a prefactor A2a?a?’X. Both parts
depend on the cutoff a. To formalize this, the function g(a) is defined by the right hand
side of Eq. (3.31]). So far, the exact dependency on a of g(a) does not matter, g(a) however
is independent of X\. The step can be done already in this simple form and will read

N2a*KH2g(a) = (A 4 dN)2a?KH2 (1 4 d0)*+2g (a(1 + 1)), (3.38)

where only the a dependence from the integrand was taken into account. Any dependence
of the integral boundaries will be covered later. The linearization of this equation leads to

Mg(a) = N2g(a) + N2 (2K + 2)dlg(a) + \2g'(a)adl 4 2Xd\g(a), (3.39)

which is equivalent to

0= M2K +2)g(a) + \¢'(a)a + 2%g(a). (3.40)

This expression contains the first order RG] equation again, which makes two terms vanish.
What remains is

0=g'(a). (3.41)

This is a condition that cannot be made true using only A or @ That this term was
generated means that the [RG] was not complete and an essential part is still missing. This
term can only be canceled if a new term is generated in the Hamiltonian, which is zero in
the beginning of the [RGl flow, but grows with growing ¢. First, we examine the generated
term a bit closer. The integration of Eq. over xo,ts can be approximated. As the
operator product is normal ordered, it will not diverge anymore for xo — x1 and to — ;.
On the other hand, it is expected to drop exponentially for large zo — x1 respectively

2The negative factor —(K + 1) is what defines that a coupling is irrelevant in the [RG] sense.
30nly for A = 0, when this term would not exist. But this is the trivial limit.
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3.2. Induced gaps in the edge state spectra of 2D topological insulators

to —t1. This suggests that it is a reasonable approximation to evaluate the second integral
for 9 = x; and to = t; with the width ia? Jvr. The factor ¢ can be obtained from similar
calculations where this integral can be done exactly. That it has to appear can be guessed
because x; and a always appear in the combination a + i(x2 — vt2) in Eq. . The rest
is determined by demanding the correct dimensions. With x9 = x1,t2 = t1, which implies
that o = 3 to keep the operator expression, one obtains

8n (2am 2K 2ar/L ( 2am/L =6 * Jiadd(w,t1) *
s~ 35 () (o) e

[0}

x | =t g AR — 3) 4 K - e/ E (1~ 6K + 2K7)]

1675 /2am %% -6, ¥
:7 <L> e2a7r/L (eQaﬂ'/L - 1) * cos (4(;5(([}1,751)) :

X [—66“”/ Ly etam/L(4g —3) + K — 2™/ L(1 — 6K + 2K2)] . (3.42)

Linearization for a — a(1 + df) and keeping only the lowest order terms in a/L yields

1 2ar\ 2
gla) = — o <L> [1+ 2d¢(K — 3)] (5 11K + 2K2) * cos (4p(z1,11)) T, (3.43)

The K-dependent factor can still be written in a nicer way, (5—11K+2K?) = (2K — 1)(K — 5).
With this, the extra term that is generated in second order reads

i)\QUF 2

4K o)
zo= " F <2“> /dg;l /_ dt1d0(K — 3)(2K — 1)(K — 5)(% cos (4¢(z1,t1)) T o
(3.44)

This equation contains an operator which can be used for an educated guess on the term
that is generated. In first order expansion, it should contain the operator } cos (4¢(m1, tl)) i
Furthermore, there is a factor of a**~2. To cancel this term, an umklapp term (sine-

Gordon term) is added to the Hamiltonian of the form

VE 174 2ma\ M2
Huy = 7 ora? (L) /d:ci cos[do(z) — dkpx] (3.45)
——
Gum

where gum is dimensionless and krp = 0. This term in first order RG should cancel the
generated term. To see this we treat this term in first order RGl Expanding the partition
function

Zum == ZO,um - Z/ dt<Hum(t)>0

—00

v 2ma\ 2 >
~ Zoun 50 () [ae [t costio@l e 340

and changing the cutoff and coupling constant gum — Gum + dgum, @ — a(1l + d¢). This
must not only fulfill this first order equation, but also cancel the additional term Z.
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that was generated above. For clarity, the whole thing written down explicitly reads

VE 2ma\ M2 o
i (L> / dz / (2 coslao(a) ~ dkea Do

2ra

4K -2 00
= o) (2) (1 (K - 2a) [ [ cosfaso)] 2o

. 4K 00
iXup (Tl) / dy / dtrdb(K —3)(K — 5)(2K — 1)( cos (421, t1)) Do-

4a? o
(3.47)
From this the following equation can be extracted
1 oma\ K2
ﬁ (dgum + gum(4K - Q)de) <L>
A2 2\ *F
= [ — K —3)(K —5)(2K — 1)d¢. A4
oz () (-9 5K - Dar (3.49
Which is rewritten as
d um
fw = —20um(2K — 1) + A27%(K —3) (2K — 1) (K — 5) . (3.49)

Please note that this expression does not depend on a (this is not trivial). This indicates
that the right dimensionless coupling constants have been chosen before. If a dependency
on a remained in the[RGlflow equation, it would mean that the differential equation for gum
depends on the initial condition a, the cutoff which the flow starts from. At the first
glance, it may be a bit strange that Eq. does not vanish in the non-interacting limit
for K = 1. However, a closer look reveals that in that limit A = 0 and, by construction,
Gum(£ = 0) = 0. So gum(¢) = 0 in the K = 1 case. The two special points K = 3,5 for
which the inhomogeneous part of the equation vanishes are not of interest here, as they
require attractive interactions, K > 1. The point K = 1/2 though, is worth discussing.
At this point, gum(¢) = 0 and umklapp scattering is a marginal perturbation. For larger
1/2 < K < 1, the left-hand side of Eq. is always negative and umklapp scattering
stays irrelevant. For strong repulsive interactions K < 1/2, umklapp scattering turns out
to be a relevant perturbation. This is the interesting limit that this chapter will build on
in the following.

As furthermore A(¢) will flow with ¢, the flow of gum is not trivial. It is plotted for
some values of K in Fig. In the regime 1/2 < K < 1 it first increases, due to the finite
initial condition of A, and then drops to 0 as it gets suppressed by the —2¢,m (2K — 1)
term. For K < 1/2, the A contribution dies out fast, but then an exponential increase is
activated, caused by the gum proportional term. For that regime, umklapp scattering was
created as a relevant perturbation, caused by the dangerously irrelevant single-particle
backscattering terms. The coupling gy, will flow towards the strong coupling fixed point.
The field ¢ will be pinned to one of the minima of the cos(4¢) term in Eq. .

In the following, we will argue that the generated umklapp scattering furthermore
leads to a gap in the edge state spectrum. Using the initial conditions A\(¢ = 0) = ¢ and
gum (¢ = 0) = 0 the RG] flow equations can be solved. The solution reads

)\(f) — )\Oe—(K-l-l)f
2K — 1)y A (o _ (1 —-2K)y\3 (o
Gum(f) = _( — 4;{ 0 ,(2-4K)¢ <e2(K 2)¢ 1) ~ — 4[)( 0 ,(2—4K)t (3.50)
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3.2. Induced gaps in the edge state spectra of 2D topological insulators

Gum

Figure 3.1: Solution of the flow equation for gyn,. The initial condition for A was
chosen as A(¢ = 0) = 1. The solution is shown for K = 1 (red), K = 0.53 (blue) and
K = 0.47 (green). While the solutions for K > 1/2 approach 0 for large ¢, the one for
K < 1/2 escapes to —oo and the perturbation is therefore relevant.

with the shorthand notation « := 27%(5— K)(3— K) and in the last line the approximation
£ > 1 was taken to show the asymptotic behavior for K < 2. The bare coupling constant
was defined by

12U,

No= 0
m2vpkia?’

(3.51)

where the cutoff a should be given by the inverse of the bulk band gap. For a system with
large size L and at zero temperature, the [RGl flow can be continued until ‘ gum(ﬁ*)’ ~ 1 as
there is no other scale that would stop the flow. This leads to

s—ax \/C
* —
p— —_— . . 2
¢ ((1 - 2ng> (3.52)

The next step is to estimate the energy gap created in the spectrum by the umklapp term.
The Hamiltonian with umklapp term is approximated as follows,

H= /dx {2‘;{[&50(3})]2 + %[895(;5(37)]2 + Ug;m Cos[4¢(x)]}

a

~ / do {1;;[8309(95)]2 + o0 ()] 8“@%‘““&(;1:)} . (3.53)

In order to estimate the gap, one can proceed as in Ref. [GiamarchiO3], see the Eq. (2.153).
The idea is to write down the action in Fourier space and identify the energy cost on an
excitation with momentum zero. The gap is found to be of the order

4v
M = Z\/ﬂ'K|gum|. (3.54)

Therefore, at the end of the RG] flow when |gum (£*)| = 1 one has M (¢*) ~ 4v/7Kv/a. The
true gap of the system is then of the order

MUl=0) et =" ( (3.55)

8 —4K

1/(2—4K
(1-2K)vA3 e
a a '
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To obtain numerical values for this, one first has to estimate the bare \g. Using Eq. (3.20)
to express Up/vp in terms of K (although strictly speaking Eq. (3.20]) is only correct for
weak interactions),

oW, 1
—_— =1 3.56
mop K2 ( )
which leads to
6 1
MN=——|—=-1]. 3.57
0 Wkg(ZQ <K2 > ( )

The single-particle backscattering strength is thus determined by the dimensionless pa-
rameters K and koa. It seems reasonable to use 1/a ~ 0.01/A [Qill] and K = 0.4. The
parameter kga is harder to estimate. Assuming that the spin axis rotation is very weak,
e.g., kga = 10. This leads to

6 1
M= [ 1) ~1x 1070 .
TR (0.42 > <10 (3:58)

This result yields for v ~ 5.5 x 10°m/s and a ~ 100A,

o - B o\ 1/(2-4K)
2r7(5 — K)8 — K)(1 2K)A0> ~ 3.9 Kelvin = 0.24 meV.

M(EZO)%Z< §— 4K
(3.59)

The equation however suggests that this value scales strongly with A\g and K, which are
both quantities for which no good numerical values are accessible. Yet the necessary
parameters seem to be close to those that are achievable in modern experiments.

3.3 Interface bound states

In the last section, we established the basics to investigate a more complicated setup.
Figure [3.2 shows the edge of a topological insulator with alternating superconducting
(blue) and Mott insulating (green) regions. These regions can be formed for example by
gates or adjacent superconducting materials. The superconductors induce a superconduct-
ing pairing which gaps the corresponding topological insulator edge states. In the same
way, the strong interaction that is present in the green regions leads to a gap, which forms
the Mott insulating areas. At the interfaces bound states emerge. In this section, a single
interface between two such regions is examined analytically.

The full Hamiltonian in the bosonized form of a single interface is given by an interact-
ing Luttinger liquid Hamiltonian over the whole system length and a strongly interacting
part for z > 0 and a part with induced superconductivity for x < 0. The interaction
strength K and sound velocity v are spatially dependent, but assumed to be constant at
least within each region z 2 0. They are defined as K(z) = K O(z) + KsO(—z) and
v(x) = vy O(z) + vsO(—x) with the step-function ©(x). For simplicity, the regions are
assumed to extend to +oco. The Hamiltonian reads

=g [ wlowre oewr: + 1 e |

27 J_ o

0 o]
+A/_ dmsin[?ﬁ(w)]—i—gum/o dx cos[4¢(x)], (3.60)
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X1 S1 X2 @1 X3 S2 X4 Q2|
l 911? ¢ PW 0> PW ¢ TF93
x=0 x=1L

Figure 3.2: Alternating Mott insulating and superconducting regions (green and blue
sections) with periodic boundary conditions. The fields ¢ and # are pinned in the super-
conducting (6;) and Mott insulating (¢;) sections. There are four emergent bound states,
labeled by x;. The two helical edge states are indicated by the thin red and blue line.

where the induced superconducting pairing (A = A/(ra)) and umklapp scattering (Jum =
VFgum/a?) were discussed in the last section. All possible constant phases inside the cosine
and sine functions were dropped as they can be compensated by a redefinition of the fields.
It was shown already that the cos(4¢) term is relevant for Kj; < 1/2. In an alike way,
it can be shown that the sin(26) term is relevant as well within its region for K¢ > 1/2
only [Gangadharaiahll]. For large enough A and §um, both terms pin the fields 6 and ¢
within each region to the minima of the sin and cos potentials.

Despite this evident contradiction, Kg > 1/2, Ky < 1/2 inside the same topological
insulator, an experimental realization can be possible. Assuming a topological insulator
with a natural K < 1/2. Then, the proximity to a superconductor can lead to a strong
screening of interactions, effectively increasing K inside the region with induced supercon-
ductivity to a value Kg > 1/2. For example an interacting helical liquid that interacts with
a nearby superconductor with interaction strength Us.(x) = Us.d(z) will increase K from
Ky to Kg = Ky[1 — K3, U2 /(mvar)?) 72 > K (supplemental material of [Orthi5h]).

The pinning of the fields to the minima of the cosine and sine functions allows to use
a mean-field approximation. In this, the term cos(4¢(x)) is expanded around one of the
minima ¢, = (¢(x)) = (2m + 1)w/4 for z > 0. In the same sense, 6 is expanded as
0, = (n + 1/2)7 around the minima of the sine term for z < 0. In principle, tunneling
between the different minima is possible, but it is suppressed by the order of the system
length L and temperature 1. This effect is therefore neglected henceforth. The fields are
redefined to minimize the potentials by

O(x) = 0(x) + 0,

o(x) = ¢(z) + P, (3.61)
which leaves the kinetic part of the Hamiltonian invariant and the commutator [¢(x), 0,0(y)] =
imd(x — y) still holds. Expansion around 6 ~ 0 and ¢ ~ 0 leads to the quadratic Hamilto-
nian

i =y [ @ {o@R @00 + 1 0o

s

+2A / JRECOE / dzlo (@), (3.62)

>0
where constant terms have been dropped.

3.3.1 A differential equation for Green’s functions

The following steps transform this Hamiltonian to a form that allows extraction of a
differential equation for the Green’s functions. Using the canonical momentum II(z) =

43



Chapter 3. Non-Abelian Parafermions in TR Invariant Interacting Helical Systems

0.0(x) /7 the real-time action can be derived as

[0, 6] = / dtda [(9r0)T1 — 1] . (3.63)

The corresponding action in imaginary time is given by using the analytic continuation.
Defining S = —iS|i——ir, we find

S[6, p) = (—i)* / drdzx [i(0-¢)11 — H|
= / drda [—i(0:¢)IL + H] (3.64)

where H is the Hamiltonian density. Note that this is the Hamiltonian action, so it
depends on both ¢ and 0 [Altland10]. Usually, it is possible to perform the path integral
over f(x), and thus obtain the Lagrangian action, which depends only on ¢(x). However,
here the action depends explicitly on #(x), so this is not so easy. It is therefore expedient
to stick to the Hamiltonian representation.

Introducing z-dependent pairing amplitudes A(x) (interaction strength Gum()) which
vanish in the interaction region (superconducting region), we write the action as

sto.o1 = [ de:):{ - HOONO) | WD) 2:;?()95) 0 0()]?

+2A(2)6%(z) + 8§um(m)¢2(x)}. (3.65)

Furthermore, integration by parts yields,

516,60 =5 / drdx{%qbafaxe — 0()0,[0(2) K (2)0,)0(x) — é(x) [a;(?)a] o)
+ 4w A(2)60? () + 167r§um(a:)q§2(a;)}. (3.66)

Under the integral, the first term can be written as 2¢0,0,0 = ¢93;0.0 + 09,0.¢. With

the vector notation
_ [ o(=)
b = (9(3;)) (3.67)

the action finally becomes

S[®] = % / drdz®’ DO (3.68)
where
b (—a”%aﬁ 167 Gum© (2) 0,0, ) | (3.60)
1070y —0,v(2)K ()0, + 4mAO(—2x)
Therefore, the differential equation for the imaginary-time Green’s function
Gz, ,7,7") = —(T,®(x,7)®(2, 7)) (3.70)
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which should be interpreted as a 2 x 2 matrix in (¢, #) space, is given by
DG(z,2',7,7") = §(x — 2")o(T — T'). (3.71)

The procedure in the following will be as this: first, we shall derive a solution to this dif-
ferential equation separately for the Mott insulating and the superconducting region. The
solutions are finally matched to find the Green’s function for the interface. A subsequent
refermionization allows to gain information on the bound states at the interface.

3.3.2 Green’s functions in the strongly interacting region

In this subsection, we will derive the solution to the differential equation

— L+ 167 Gum  10-0;
1070y —up K02

) Gz, 2,7, 7") = §(x — 2")o(r — 1'). (3.72)

The starting point is an Ansatz for the homogeneous part, meaning a solution for z # z’.
For simplicity, set 2 = 7 = 0. To find an ansatz, the following Fourier transform is useful

1 . .
GE/E(z,7) = I3 DO e TR GER (1w, ), (3.73)
k  wn

where L (R) means z < 0 (x > 0). This yields

%kg + 167T§um iwnk
iwnk’ ’UMKM]{Z2

) G B (k,iw,,) = 0. (3.74)

These four equations can be solved in a non-trivial way only for some values of k. One
possibility is k = 0, which leads to

167 Gum Gy (0, i) = 0
167 Gum Gy (0, itwr) = 0

but does not give any restriction on the components GHL(ZZR(O, iwn), Gge/ R(0, iwp). Another

solution is for k # 0, which yields the conditions

1
ki = 4+—/—167GumKpvpy — w2
UM

L/R oy . Wy L/R ‘
G@d) (ki, an) = —ZmG¢¢ (k:t, an)
GH R (ks iwn) = —i—— GE B (ks i), (3.75)

oy Karkse 97

45



Chapter 3. Non-Abelian Parafermions in TR Invariant Interacting Helical Systems

These are the only values of k£ with a non-trivial solution. Inserting these three solutions
into Eq. (3.73) we find the Ansatz (staying in the w, picture)

1 1
Gyl (i) =7 €M GEL (ke iwn) + TG (k)

G i) = = i G () = i G )
+ %G%R(o, iwn)

Gop " (x, iwn) :%eimagﬁ(m, iwn) + %ei’HG;gR(k_, iwn)

G(%R(l‘, iwy) = — ilm]\;dTaneik”G%R(kJﬁ iwn) — imeik‘xG%R(lﬂ_, iwn,)
+ %GGLQ/R(Q iwn)- (3.76)

It turns out to be essential at this point to take also the & = 0 solutions into account. This
can be verified as well by comparing the solution to a method that uses a direct inversion
of the matrix D to obtain the Green’s function. The first condition one has to demand
is that the solution does not diverge for x — too. For small iw,, meaning inside the
bandgap, k_ is negative imaginary. This means that e*~(°) diverges. To circumvent this,
one has to set Gq%¢(k+,iwn) =0, Gf;(z)(k_,in) =0, Gée(kur,iwn) =0, Gge(k:_,iwn) =0.
This results in six unknown coefficients.

We derive four more equations from the full inhomogeneous differential equation by
integrating it in a small interval around 2z’ = 0. This yields

‘ — L Y2 + 167G wn O
K Yz um nVUx . .
/ R ( e e a§> Gz, iwy) = 1. (3.77)

If G is bounded in this interval, the equation can be integrated to obtain the following
relations

_%ax (GBy (i) = Ghy(w,iwn)| _ +wn [Gly(e = 0,iwn) = Gy = 0,in)| =1
Wy, [Ggqs(l‘ =0,iw,) — Gé}p(l’ =0, zwn)] — oy K0y [G&(w, iwn) — G9L¢(x, zwn)} T 0
_%&g [Ggo(x, iwn) — Gy, iwn)L:O + wp [Gé%(a: =0,iwy) — Ghy(x =0, iwn)} =0
Wn [Gge(l" = 0,iwn) — Gz =0, Wn)] — o K0y [Gfg(x,iwn) - Gge(x,iwn)h:o =
(3.78)

These are essentially two decoupled systems of equations, for the ¢¢, ¢ components and
for the ¢0,00 components. For simplicity one can focus on the first one only. Inserting the
ansatz and demanding continuity of the Green’s functions lead to the remaining unknowns.
The continuity can be motivated because a jump in 6 or ¢ would result in an unphysical
accumulation of charge or current at x = 0. Putting everything together leads finally to
the Green’s functions, which read

oy M ikl
Ggo(x,iw,) = 2UM]€+6 (3.79)
L/R, . . Wno ikedel . L AL/R,
Goy' (@, iwy) = 7251gn(:v)me el 4 EG% (0, iwp,). (3.80)
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3.3. Interface bound states

Here, G%R(O, iwy,) are two z-independent integration constants which are coupled by the
equation

L wpL

G0, iwn) — Gy (0, iwy) = Iewre
Ul

(3.81)

As ky is positive imaginary for energies iw, < /167gum Kasvyr the solution decays expo-
nentially for z # 2/ = 0. In the limit of large energies, it is a plane wave. Also the 6¢
components are non-zero.

3.3.3 Green’s functions in the region with induced superconductivity

The methodology to calculate the Green’s functions for a region with induced supercon-
ductivity is the same as was used in the last subsection for the Mott insulating regions.
The differential equation reads

— 5.2 10,0
Kg“x TH B S / N — o o
< 0.9, —vsKsd? + 47TA> G (z,2',7,7") = 6(x — 2")o(T — 7'), (3.82)

where the index S indicates the restriction to the superconducting region. Possible wave

vectors are kg = 0 and kg4 = :t%, / —A}’(—SS — w?. The ansatz for the Green’s function
reads

. 1 : 1 :
Gg(b(x, iwn) = —e’kS*”"Gg(b(kS_,zwn) + ZG£¢(O,zwn)

L
ks 1 .
Gy (i) = i%%ze”fw(;g(b(ks_,iwn), (3.83)

where it was used already that the system of equations is decoupled, as in the last sub-
section. The calculation will stop at this point, as this is all that will be needed for the
following and a purely superconducting system is of no interest here. What remains to do
is use the proper boundary conditions and demand continuity of the Green’s function and
matching of the left/right solutions.

3.3.4 Green’s functions of a Mott insulating/superconducting interface

The results of the two last subsections will be combined here to calculate the Green’s
function at the interface between a Mott insulating region and one with induced super-
conductivity. The interface is located at * = 0 and the ansatz for the left and right
regions will be matched at the interface. Proper boundary conditions then lead to the cor-
rect Green’s function. Again, for simplicity 2’ = 0. GM denotes the Green’s function in
the Mott insulating area and G in the region with induced superconductivity. Eq.
is then integrated for small € around z = 0 as follows

—ZM w _Us g w
Ky % n M . o KqY= n S . -1
< w —’UMKM@) G™ (z,iwp,)|z=0 ( o _USK58x> G” (z,iwn)|z=0

(3.84)

We insert the two different ansatz from the last subsection in this equation. Further-
more, divergencies at +oo have to be avoided. This will lead to a linear system of four
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equations for the eight unknown components G%(kMJr, iwn), G%(kM+, iwn), G%(O, iwn),

G%(O,iwn), ng)(kzs,,z’wn), Gg(b((),iwn), Gga(kg,,iwn) and Gga(O,iwn). The remaining

four equations are obtained from demanding continuity of the Green’s functions. The

system of equations can be solved using a computer algebra system. The result reads

(this is for x = 0 where the Mott Green’s function is by construction the same as the
superconducting Green’s function)

;
G =0,iwy,) = 3.85
¢¢(:U 7ZU)7’L) \/—lﬁﬂijKMgum—w% _ w% ( )
Kum \/—47TUSKSA—K§¢U%

Ggo(x = 0,iwy,) = Gog(x = 0, iwy)

Kywn
- M (3.86)

Kwd — /= 16murr K argum — w3y —4mosKsA — K

) (3
G9€ (37 = 07 lw'n) = Kpyw2 — > o . (387)
B \/—167rvMK]\Zgum_w% + \/_47TUSKSA — Kgwy

In principle, a solution is also possible for finite x, 2/, it will just be far more complex
and exponentially suppressed for energies below the gap. The functions are continuous
around w, = 0. A physical interpretation of the Green’s functions in the bosonic picture
is not intuitive and does not reveal much about the bound states. Only that there is a
non-vanishing solution at w, = 0 for the diagonal parts ¢¢ and 66.

3.3.5 Fermionic Green’s function at the interface

The Green’s function of Fermionic particles is in general distinct from the bosonic Green’s
function and ideally offers greater physical insight into the nature of the bound state at
the interface. The same holds for the fermionic and bosonic density of states, which can be
obtained from the Green’s function. Both functions are connected through the bosoniza-
tion identity. The bosonic Green’s functions were calculated for the non-interacting fields
¢ and 6, so refermionization is straight forward. The imaginary time fermionic GF for
right-movers is defined as

Grr(z, o' ,7,7) = —(Trpp(z, T)h (', 7). (3.88)

The first step is to use the bosonization identity and the important relation (e?) =

exp [%<A2)] which is valid because the system is still bilinear in the bosonized fields.

This yields for 7 > 7/ at at the interface with z = 2/ =0

1 ; ; ! !
GRR(-%.') x/7 7-7 T/) - — %<URU}E€72¢R(T,$)€1¢R(T L )>
= L (cierrartior(r o)y clon(na) or(r )] /2
2ma
__ 1 Uertrartent a))?) Jer(ra)er( ah)/2
2ma
_ ﬁe—%<<pR<T,z>2>—%<goR<T',x/>2>+<¢R(T,m>wR<T',m/»_ (3.89)
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3.3. Interface bound states

This holds because we can write pr(7,x) = ¢r(x + ivT), ©1(T,2) = @1 (x — iv7), which
allows to calculate the commutator. For 7 < 7/ we find

Cra(@, o7, 7) = —— bR = or( )+ (or( Yo r(re)) (3.90)

2ma '

These two results can be combined into one for any 7,7/

Gra(@ o7 7") = ———sign(r — 7)o~ b PRI~ (or(r o)) tsiEn(r—7") (Tron(ra)er(r' ).
ma
(3.91)

To translate this into the bosonic Green’s function one has to transform to the fields 4, ¢.
This is done by

<TT(10R(T’ IL‘)(pR(T/, :L‘/)> = <TT [¢($, 7—) - 0(1’, 7_)] [¢(l’,, 7—,) - e(l/? Tl)])
= —Gyp(z, 27,7 = Goo(x, 2,7, 7') + Go(z, 2,7+ Gog(x, 7T (3.92)

From now on, we will use the simplified notation 7/ = 0. Care has to be taken with respect
to the Fourier transforms as the Green’s functions are not ordinary diagonal Green’s
functions. Assuming the 7 integration was restricted to the range [ _ﬁ 5 dt one has the
following Fourier transform

f<f>—}j S el ()

—
flion) = [ arfiryenl?
wy =nm/p (3.93)

for the bosonic Green’s function. This definitions are more general than the restriction to
fermionic or bosonic Matsubara frequencies ((2n + 1)7/8 or 2n7/3) only and should give
the correct result in both ways. With these transforms of the bosonic Green’s function
and the ordinary fermion Matsubara transformation for Grr we obtain

B 4
GRR(iwn) = / dTezw"TGRR(T)
0

8
_ LT e o~ Her() D~ Her(0)2) HTr or()oR(0))
2ma 0
B
_ L —tero® / o™ o= Gaoo (1) =Goa(1)+G sa (7)+Gos(7)
2ma 0
_ _ie_«oR(O)Z) //B d,]-eiwn‘f'e% Zf::—oo e—immT/B [—G¢¢(iwm)—G@g(iwm)+G¢g(iwm)+G9¢(iwm)] .
2ma 0

(3.94)

During the calculation it was used that (pr(7)?) is a 7 independent constant because the
system is time translation invariant.

Now, all of the ingredients are there needed to calculate the fermionic Green’s function
in principle. However, analytic evaluation of the integrals is hard to impossible. Before
some numerical approximations are done that allow to evaluate the integrations to some
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extent, a brief look on the other Green’s function, G, is useful. It will become clear
immediately that all that has to be done to obtain Gy, is to change the sign of ¢ during
the calculation. This leads instantly to

GLL(iWn)

_ _Le—(%(o)% /6 dTeiw"Te% S e imT/B [—Gw(iwm)—Gee(in)—Gw(iUJm)—Gw(inn)]'
0

2ra
(3.95)

The sum of bosonic Green’s functions can be calculated using Eq. (3.85)). One finds
G¢¢(iwm) + Ggg(iwm) — G¢9(iwm) — G9¢(iwm)
2K ppwm, + \/167T§umUMKM + w%n + KMKS\/47TAU5/KS + w%

= - . (3.96)
Ky, — Kso/T6mgumonr Kar + @i/ 4nlos/Ks + w2,

This behaves to some part asymptotically as 1/m or as 1/|m| for large m. Separating
these two cases and using that the sum runs from —oo to co together with the fact that
fnof()) cos(x)/x dzx and f;j} sin(z)/x dx converge for my > 0 one can show that the sum
converges. For 7 = 0, we find ) 1/|m| — oo. This appears with a negative sign in
the integral expression, which yields e=°°/# — 0, the integrand vanishes. The function of
Eq. varies slowly with m for realistic parameters. For finite 7, it is instructive to
numerically evaluate the function ) >, cos(r7z)/x ~ const = 0 for 7 > 0.2. A similar
behaviour can also be found if the complete expression is evaluated numerically for realistic
parameters. This suggests to approximate the integrand as foﬁ dre™nT (1 — e /B ). This

finally leads to

GRrr(iwp) o /06 dre™nT (1 - e—T/5>

_ L (eiwnﬁ _ 1) _ 1 (eiwnﬁfl _ 1)
Twn, iw, —1/8
L () 2
iwn ° iw, —1/8 '
and with analytical continuation
2 1

G - - (et 1), 3.8
RR(W) o = o~ 0, — 177\ (3.98)

Where 0 is infinitesimal positive and 6,, 44 is 1 only if n is odd. The second contribution
diverges for w = 1/4. It can be understood in some way as a reminiscent of the states at
the edges of the band gap even though it is related here only to the inverse temperature
8. The first term appears only for n = odd, which is true only for fermionic Matsubara
frequencies. It has a pole at w = 0 which is well inside the band gap of the gapped edge
states. This single pole can be interpreted as the zero-energy bound state searched for in
this chapter.

3.4 Ground states and bound state operators

In the last sections we showed how an umklapp scattering term is generated, how this
umklapp scattering as well as induced superconductivity can lead to gaps in the edge
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state spectrum of topological insulators and finally, how zero-energy bound states are
formed at the interfaces of such regions. In this and the following sections, we shall built
on these results by introducing effective operators that act on the bound states and that
will be used to implement a protocol to braid the states. It is found that the bound states
fulfill parafermionic exchange statistics.

The system under consideration in this section consists of 2]\7E| alternating regions with
an induced superconducting gap and a Mott insulating gap, illustrated in Fig. 3.2l The
boundary conditions of this system are assumed to be periodic. An analog formalism was
used in [Lindner12], which serves as a guideline for some parts of this section, even though
it was derived for a rather different system based on fractional quantum hall edge states.

3.4.1 Ground state degeneracy

As a first step, the ground state and its degeneracy have to be discussed. This will be
the space the bound states live in. Taken from Fig. the system starts with a induced
superconducting region between r = 0 and x = x; where the first interface is located,
pinning the field 6(x) = 6; to the sine function of the Hamiltonian, which is of the form
of Eq. . This is followed by a Mott insulating region between x = z1 and x = x9
which pins ¢(x) = ¢; and so on. The system ends again at length = L with the
last superconducting region, which pins 6(x) = Oy1. In every Mott insulating region, the
fields ¢ can be pinned to one out of four different minima. All of these lead to a ground state
with the same energy. Straight forward counting would lead to 4V different degenerate
ground states. However, more care has to be taken. First, all transitions between the
different minima due to a finite temperature or a finite length of the several regions are
suppressed. These transitions would otherwise reduce the ground state degeneracy. The
question remaining is to what extend the ground states are still coupled, keeping in mind
that the fields do not commute, [¢(x),0(y)] = —imO(x — y).

To determine the ground state degeneracy from a more solid mathematical base, we
construct the following operators

7S = biy1 — b;, Qi = ¢iv1 — bi,
TSt = 0(L7) — 0(07), TQiot = H(L7) — p(0T), (3.99)
for i = 1,...,N — 1. The positions 0T and L~ are to be understood to be infinitesimal

larger than 0 and infinitesimal smaller than L. From bosonization theory, it is known
that the derivative of ¢(x) is related to the charge density operator. Therefore, @Q); can be
associated with the charge in the i-th Mott insulating region. In the same way, S; can be
associated with the spin in the ¢-th superconducting region. These values are fixed together
with the pinning of 6;, ¢; as the Hamiltonian wi(;v)wl(:n) of the induced superconductivity

preserves the spin quantum number and umklapp scattering w}(axwi)(axw )%, preserves
the charge quantum number. Siy; and Q¢ are the total spin and charge of the system
(spins are measured in units of the electron spin //2 and charges in units of the electron
charge e€). While in each superconducting region the spin is preserved, the charge is
conserved only by modulo 2. The same holds for the Mott insulating regions, in which
the spin is conserved modulo 4. Moreover, the charge in the Mott insulating regions is
quantized in half integers. This, at the first glance physically puzzling, statement can
be made plausible already by also taking into account a second Mott insulating region

480 there are 2N interfaces.
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which could host the second half of an electron. The only physical requirement is that
Qtor is quantized in integers. The half integer quantization originates in the fact that
the umklapp term can be refermionized, which means expressed by fermionic operators
again using the refermionization formula 1;1 o eF2i9=0/2  The refermionization leads to
cos(4¢) 1;11[1, + H.c.. Since [N, ¢l (2)] = 4L (z)/2, with the particle number operator
N, the new fermions carry the charge e/2 only.

With the help of the operators S;, @; the following sets of operators are constructed

{ez7r51/27 e elTI'SN_l/Q’ ez7r.5'to,5/27 e’Lﬂ'Qtot}7

{ele, o, eTmEN einm/2’ emQ“’t}. (3.100)

The Appendix shows that within one set all these operators commute with the Hamil-
tonian and with each other. Looking at the pinned fields ; and ¢;, one finds that all
operators e™%i/2 Q@i have the four eigenvalues 1,4, —1, —i. These correspond to the
spins s; € 0,1,2,3 and charges ¢; € 0, %, 1, % The same holds for Q¢ and Sy,:. Due to
the vanishing commutation relations of the fields within the sets, all eigenvalues within
one set are good quantum numbers. This essentially means that the ground state would be
AN=1 x4 x 4 = 4N+ times degenerate. This degeneracy can be understood as the internal
degeneracy of the bosonized Hamiltonian. However, as mentioned already there are some
physical constraints as well. Demanding a total integer charge, the degeneracy is reduced
by a factor of 2. The same will restrict also the allowed total spin quantum numbers by
an additional factor of 2. This way, the total ground state degeneracy would be 4. The
same value is obtained, independent which set of operators was used. The states can be
labeled for example by |q1,...,qN—1, Stot, Qtot) OT |S1,...,SN—1, Stot, Gtot) Where s; (g;) is
the eigenvalue of e?™5i/2 (e™@i). In the special case of a single junction, the degeneracy is
therefore fourfold.

3.4.2 Construction of bound state operators

In this subsection, we construct bound state operators that allow moving within the space
spanned by the degenerate ground states. It will be shown that these operators follow Z,
parafermionic exchange statistics.

A closer examination reveals that the operators @); transfer spins between the adjacent
sections, assuming one is working in the spin basis with quantum numbers s;. This can
be seen, because

emSj/Qemer _ e—z7r/2€z7er ewrSj/Z

e’iﬂ'Sj+1/2eiﬂ'Q]' — eiﬂ'/Qeiﬂ'Qj eiﬂ'Sj+1/2 (3101)

therefore

S /2 imQ; _ —im/2 imQj imS, /2
e AT YNV IRY
:e—zﬂ'/Zeszjewrs]-/2|Sj’ 3j+1>

:eiﬂ'(sj‘—l)/Qeiﬂ'Qj‘Sj,5j+1>_ (3102)

In words, this equation means that the eigenvalue of S; for the state e |5, 8j41) is given
by s; — 1. On the other hand, the eigenvalue of Sj;1 on the same state will be s;11 + 1.
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Using this, one can additionally construct raising and lowering operators in the same way
as

N-1 J
Si=[[e ™, Q=] (3.103)
k=j k=1

These operators consecutively move a spin (charge) from the right (left) end of the sample
to a certain segment j. A spin (charge) is therefore effectively created in that section. To
create excitations with electronic quantum numbers, one has to combine these operators
in the following way

X2j—1 = S’jQAj_lTQTS, X2 = eiw/4ngjTQT5, (3104)

where T(y and Ts increase the total charge and the total spin, respectively. They act on the
states as TQ|qeot) = |(Gtot +1) mod 2) and Ts|stor) = |(Stor + 1) mod 4). Qj is similar to
a Jordan-Wigner string. It ensures the right anticommutation relations. To determine the
properties of these operators, one needs the following commutation relation (for n € Zy)

S«;@eiwsj/2 — e—imr/2ei7rsj/251jn
15,5, =0 (3.105)

which follows from letting both sides act on the ground state basis. All other commutators
are trivial, [S}, e™™/2] = 0 for j # k, and [¢"™/2, Tg] = 0 as well as [S;, Tg] = 0. From
this, we determine the properties of the operators. For example, the n-th power yields
. N ~ n . ~ ~ . n
ng _ emrn/4 [SjTQQj:| _ ezwn/4T5Q;},_1 |:Sj€”rsj/2}

_ eiﬂ'n/4T3Q§L_le—iw/Zeinj/2Sv]2€inj/2 ( . ')7172

_ e””/‘lTSQ?fle*”/2e*2”/2 [emsj/z] 2 Sj:f,emsj/z (.. ')n73

_ ei7rn/4T5Q?_1e—i7r/2 Sho1k |:€i7rSj/2:| " Sf]n

— eiﬂ’n/4e—i7rn(n+1)/4T6Q;sz§L

= e~ AT QR ST (3.106)

J

A similar result holds also for the odd positions

The special case n = 4 therefore yields

This result reveals the special character of the constructed states and the operators that
create them. Unlike Majorana Fermions, which are their own anti-particles and the

squared of their creation operator gives unity, [KitaevOl], the x operators yield unity
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if taken to the power of 4. Furthermore, calculating the squared of these operators

J
2 _ inS, | &2
X2j = H € j
k=1
j—1
2 _ inS, &2
o= [ [Le™ ) 5
k=1
+ J J ; J
2 _ &7t —imSe | — _ 32 Sy | _ _ —4im/2 inS | &2
03] =15t T e = =87 [T em™ | = [Tem |55
k=1 k=1 k=1
2
= X2j
" Jj—1 Jj—1 Jj—1
2 _ 1Q21t —im Sk _ a2 i Sy _ i S 2
[ij,l} S I e =57 11e IIe 5i
k=1 k=1 k=1
2
=31, (3.109)

it is found that these are hermitian. To better understand these operators, it makes sense
to have a look at the commutation relations between different operators as well. Assuming
j < k without loss of generality one calculates

J k
ngxg”;c _ 67i7rn2/4T£2L H einerz/Q S}leime/leén H ez’mﬂ'Sz/2 S}Zn (3110)

=1 x=1

The important part of this expression (assuming j < k) is the following (all other operators
commute with the following line),

einﬂSj/Z Sv]neimﬂsj/Q eimﬂ’Sk/ZSrEn _ efiﬂ'nm/ZeimﬂSj/2€im7rSk/2SI7€neinﬂ'Sj/25v;z. (3111>
————
efiwnm/QeimWSj/QsA'}’b
This leads to
—i 2
XEixk = e~ TG (3.112)

—imnm/2

and similarly x5; (x5, =€ Xok_1X3j—1- For the mixed commutators, one obtains

the same result. Therefore, for j < k, one finds in general xjx}" = e~ imnm/ 2)(2”)(? for
J,k=1,...,2N—2. In particular, this means that these operators satisfy Z, parafermionic
exchange statistics,

XXk = e_i”/2xkxj (forj < k). (3.113)
The main conclusions of this section can be summarized as follows. We found that a setup
with periodic boundary conditions of 2N alternating regions with induced superconduc-
tivity or strong interactions has a ground state which is 4V fold degenerate. Creation
operators xj can be defined that create a particle with electronic quantum numbers at
the interface k while the total energy is not altered. Instead, the operators x; allow tran-
sitions within the ground state manifold. Application of an operator xi is cyclic, in the
sense that an application of 4 times the same operator leads back to the original ground
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state, X% = 1. Non-trivial processes appear when several positions j,k are considered.
In this case, the operators x;, xi follow parafermionic exchange statistics with a phase
+im/2. The created particles are always fixed to the interfaces, as an electronic particle
isolated in a superconducting or Mott insulating region would increase the total energy.
The following section will deepen the discussion on the bound states and show that they
follow non-Abelian braiding relations.

3.5 Braiding operators

With regards to new technological applications of quantum physics and especially topo-
logical insulators, such as quantum computation, braiding operations on the states of a
physical system become vital [Nayak08]. For example, particles that follow non-Abelian
braiding statistics, referred to as non-Abelian anyons hereafter, can lead to quantum com-
putation that can be protected from a certain kind of errors. Especially of interest are
systems that support universal topological quantum computation [Freedman02].

In contrast to [BD] in more complex symmetries of a many-body wavefunction
with respect to interchange of two indistinguishable particles than just 4+ for bosons and
fermions can exist. In both cases, an interchange can be understood as an adiabatic
transformation of the system such that two particles exchange and the system ends up in
exactly the same configuration as it was in before the exchange. During this exchange,
which takes a certain time, the wavefunction acquires a phase. In[BD] this phase can only
be /2 or 7, because two consecutive exchanges have to yield the same wavefunction again.
There is no meaning of moving one particle around another, or rather, any such procedure
can be mapped on the case where the particles do not move at all. This is different in
2Dl the process of two particles exchanging twice can have non-trivial consequences for
the wavefunction. This section should not introduce the notation, formalism and physical
relevance of braiding any further but instead apply the general theory to the system
discussed during this chapter and introduce a braiding scheme for the Hamiltonian of
interest.

The system discussed so far was an effective model. In[ID] braiding is not possible
as two particles cannot be moved around each other or exchanged at all without touching
each other. This issue can be solved by realizing that the edge states live on a
plane. One can introduce artificial couplings to the Hamiltonian that extend the 1D/ model
to a higher dimension. An example is a tunneling operator of the kind

Hl‘j = —tiniX} + H.c., (3.114)

which transfers a particle from the interface i to the interface j. Usually, these processes
are exponentially suppressed, due to the large distances between the interfaces. However,
one can imagine an advanced system geometry that employs gates to bring two interfaces
closer together. Figure illustrates such a setup. A topological insulator (green),
with movable edge states in the vertical direction, is put on top of several gates (blue). The
topological insulator can be extended or shrunken in the vertical direction. The eight gates
are used to locally switch the superconducting proximity effect on (dark blue) and off (light
blue). If switched off, the edge states are supposed to be in the Mott insulating phase.
Each interface between a region with induced superconductivity and a Mott insulating one
hosts a bound state (yellow stars). By switching the gates on and off, the bound states
can be moved along the edges of the topological insulator. For the initial setup, as in

95



Chapter 3. Non-Abelian Parafermions in TR Invariant Interacting Helical Systems

a)

b)

X1 X2

c)

u W
Figure 3.3: A topological insulator which width can be tuned vertically (green)
and eight gates for locally switching the proximity effect on (dark blue) and off (light
blue). This allows the implementation of the braiding protocol for the bound states x;.
In (a), the bound states x; and 2 are coupled by a local tunneling Hamiltonian. It is

furthermore possible to couple y2 and x3 or x2 and x4 by deforming the edge states, as
shown in (b) and (c), respectively.

part a) of Fig. the two states x1 and yo are close together and coupled by a tunneling
Hamiltonian

Hiy = _tIQXIXE + H.c.. (3115)
It is now possible to define a braiding scheme as follows

Hy=(1—-X\)Hi2+ M\ Has,
Hy = (1 — Xa)Ha3z + AoHay,
Hs = (1 — A3)Haq + AsHio. (3.116)

Here, the tunnel Hamiltonians are defined as in Eq. . This scheme is used to braid
the bound states x3 and x4. The variables A 5/3 are varied in an adiabatic way to encode
the transformation of the system Hamiltonian. Initially, Hy = H3 = 0 and A\; = 0. This
way, only coupling between y; and y2 is possible, as in Fig. ). With an adiabatic
increase of \; from 0 — 1 tunneling between xo and y3 is now possible, Fig. b). The
Hamiltonian is equivalent to Hos for Ay = 0. Setting H; = 0 and letting Ay — 1 finally
couples y2 and x4. And as a last step, x1 and yo are coupled again to return the system
to the original setup, as it is important that the Hamiltonian in the first and last steps
are identical.

To show that this protocol indeed is a prescription for non-Abelian braiding, one has
to show that operators that implement the braiding operation satisfy the Yang-Baxter
equations. This is a necessary and sufficient condition. This consideration was done in
details in for the edge states of a fractional quantum hall insulator and an
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analogous calculation can be done for the setup considered in this chapter. It is again
possible to define time evolution operators U, that connect the initial and final states of
all three steps, governed by Hy, Ho and Hs. One finds that the initial and final states are
connected through three phases 7y, (s3)

Un| 7 (53)) = €7 9)| T (s3)), (3.117)
for n = 1,2,3. Here, s3 is the eigenvalue of the operator ¢™3/2. Tt is a good quantum
number as this operator commutes with all tunneling Hamiltonians. A recursive equation
for the phases can be derived and finally, one obtains the following expression for the
evolution operator of a full braiding process

T

) = exp | (s - 7] 1), (3.118)

where s = s1 + so 4+ s3. This shows that the braiding scheme changes the state only by
a phase. A similar result is well known from exchanging Majorana bound states: for the
four states 712,34 grouped into two fermions as ¢; = 1 + 772 and ¢z = 73 + 774, braiding
~1 and o changes the wave function when expressed in the basis of eigenstates of c{cl and
C;CQ, only by a phase. In contrast, braiding v» and ~3 would generate a nontrivial rotation
in the four-dimensional ground state subspace.

This suggests that the operator Usy acts in a nontrivial way in a different basis, and
indeed one finds

eim/4 3 imp? | [ oax A \P
Usy = Y exp |- <Q1Q2> (3.119)

2
p=0

for the charge basis. The same method can be generalized to arbitrary interfaces, resulting
in Uy jy. With the help of commutation relations one arrives at

Usk—1,26U2k 26 +1U2k—1 2k = U 2k+1U2k—1,2kU2k 28415 (3.120)

whereas the operators commute if they do not involve nearest neighbors, [U; j11, Ug k+1] =
0 for |j — k| > 1. This completes the proof that the Yang-Baxter equations are satisfied.
The equations basically state that the consecutive braiding of three states in the order
1+ 2,2 3,1+« 2is the same as braiding in the order 2 <+ 3, 1 +> 2, 2 <> 3. That the
braid group is non-Abelian is obvious because of Usg_1 21U 2k+1 7 Usk 26+1U2k—1,25- Us-
ing combinations of nearest neighbor braiding operations, braiding for arbitrary interface
bound states becomes possible.

The section is closed with a remark on the universality of the considerations above.
The derivations require only that the adiabatic path that the Hamiltonian follows to
accomplish a braid operation follows certain symmetries. It does not depend on the exact
microscopic details of the Hamiltonian, and the results should therefore be applicable to a
wide range of experimental realizations. The only important aspects are which interfaces
couple at each stage of the process.

3.6 Josephson effect

The fact that charge is quantized in units of e/2 has an interesting effect on the Josephson
effect. Considering a setup of two regions with induced superconductivity and a Mott
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insulating region with length L in-between. The induced pairing amplitudes for the left
and right superconductors are Ay and Age’¥?sc. Here, 2/ represents the superconducting
gap induced in both superconducting regions at the chemical potential. Additionally, dg¢
labels the phase difference between the superconducting regions. Taking the limit L — oo
will prevent any tunneling and the fields are fixed to the four degenerate minima of the
cos(4¢) terms of the Mott insulator, see Eq. . The Josephson current vanishes. If
the length L is finite, tunneling of quasiparticles with charge e/2 is possible. Section m
contains an argument why the Mott regions show a half-integer quantization.

Tunneling of e/2 charges corresponds to tunneling between the four neighboring min-
imas of the cos(4¢) potential. Assuming that the tunneling amplitude between all of the
minimas is the same, ¢, and the superconducting phase difference can furthermore be ab-
sorbed into the tunneling amplitude by a gauge transformation, the tunneling Hamiltonian
can be expressed as

0 tei§¢sc/4 0 te_i5¢SC/4
te—10¢sc /4 0 teiddsc/4 0
Hys=— 0 te—i0¢sc/4 0 teddsc/4 : (3.121)
tei5¢sc/4 O te_i6¢SC/4 0

This is to be understood in the basis ¢ = {7 /4,3r/4,57 /4,77 /4}. Diagonalization of this
Hamiltonian is straight forward and yields the eigenvalues +2t cos(dpgc/4), £2t sin(dpsc/4).
The Josephson current can then be calculated as I;;(0¢sc) o< d(H ) /dddsc. This shows
that the Josephson current has a periodicity of 8, as was found also in [Zhang14]. This is
in contrast to the results of a periodicity of 47 as was found in [Fu09] for the simpler struc-
ture of an superconductor/quantum-spin-Hall-insulator /superconductor junction. Other
related results were found also in [Clarkel3| for fractional quantum Hall states with a 4mm
periodicity, where 1/m is the filling factor.

3.7 Conclusions

In this chapter a novel physical setup was investigated which realizes non-Abelian parafermions.
The system consists of a topological insulator edge which is gapped out by alternating
regions of strong interactions or superconductivity.

Effects such as structural inversion asymmetry or external electric fields lead to Rashba
spin-orbit coupling in the topological insulator edge states. We showed that in combination
with electron-electron interactions these effects generally lead to umklapp scattering. An
[RGltreatment in the bosonized language was used to derive second order equations for
the umklapp scattering Hamiltonian. Interestingly, it turns out that umklapp scattering
becomes relevant for strong repulsive interactions, with Luttinger liquid parameter K <
1/2, even though the generating term stays irrelevant for all K. A gap is opened in the
edge state spectrum.

On the other hand, if the edge states are in close proximity to a superconductor, a
superconducting gap is induced in the edge state spectrum [Fu08, [Hart14]. By refermion-
izing the bosonic Green’s functions we could show that the interface between an edge state
region gapped out by induced superconductivity and one gapped out by strong interac-
tions host a zero energy bound state. This is encoded in a simple pole G(w) o< 1/(w + 40)
in the fermionic interface Green’s function.
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Furthermore, we introduced a model that contains 2N of such alternating regions. The
ground state degeneracy of this system was determined and we found it to be 4. The
states can be labeled either by a set of spin quantum numbers or charge quantum numbers.
In the latter case, however, it turns out that the charge is not quantized as integers, but
in units of /2. This has consequences also for a Josephson current through only one Mott
insulating region. For this we found that the current will be 8m-periodic. Moreover, the
bound states that were found follow non-Abelian braiding statistics.

In comparison to other proposed setups that host non-Abelian parafermions, such as
fractional quantum Hall edge states with induced superconductivity, the setup introduced
in this chapter does not require external magnetic fields. This can be positive for possible
experimental realizations as magnetic fields and superconductivity prohibit each other to
a great extent. For the same reason, we propose a new layout of a braiding scheme that
allows braiding using only a small amount of gates. In general, for braiding gates are
necessary to tune the outline of the topological insulator and to switch on and off the
superconducting proximity effect. The system might therefore become useful for future
realizations of quantum computation.
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Chapter 4

Topological Anderson Insulator in
the Kane-Mele Model

This chapter is based on the published manuscript:

C. P. Orth, T. Sekera, C. Bruder and T.L. Schmidt,

The topological Anderson insulator phase in the Kane-Mele
model,

ArXiv e-prints: 1512.03233

4.1 Introduction

topological insulators [Hasanl0), [Qil1] comprise manifold interesting effects and new
phenomena. Their most characteristic features, such as edge states protected by time-
reversal symmetry, promise possible applications in quantum computation. However, the
experimental realization of topological insulators has so far been difficult and only a
few materials, such as [K6nig07], are known to show the effect. Of particular
importance for topological insulators is a large spin-orbit coupling strength. Only if this
is the case in a certain material, it may feature an inverted bandgap and a non-trivial
topological invariant is found.

All the more surprising, it was discovered for the model that even if the clean
system has parameters such that it is in a topologically trivial state, adding disorder
can tune the system to a topologically non-trivial state [Li09]. This disorder induced
topological phase was named [TAIl [TATk exhibit the same robust conductance quantization
of 2Go = 2¢2/h as ordinary topological insulators [Prodanll]. This purely numerical
discovery on a tight-binding version of the model was later confirmed independently
[Jiang09]. An analytical description was derived by [Groth09] using an effective medium
theory and the self-consistent Born approximation (SCBA]).

In this analytical approach, the effect can be understood as a renormalization of both
the topological mass m and the chemical potential g in the sample with disorder strength
W. For certain values of the model parameters, the renormalized topological mass m can
change sign with increasing W. The nature of the disorder potential plays a crucial role
as well. While random, uniformly distributed on-site energies (Anderson disorder) can
renormalize a positive m to become negative, it was shown that this is not possible for
certain kinds of bond disorder [Songl2, [Lv13], as it leads only to positive corrections to
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m.
If the disorder strength is increased even further, the phase vanishes again and the
system becomes insulating. The reason could be due to tunneling events across the bulk
[Chen12], which become possible by emergent percolating states in the bulk [Girschik15].
Moreover, similar phenomena were found also for topological insulators |[Guol0]
or can be generated by periodically varying potentials [Ful4] or phonons [Garatel3]. In
the same line, different models that show topological effects, such as the Haldane model,
were analyzed and a [TAIl phase was found [Xingll]. For another well known model for
topological insulators on a honeycomb lattice, the Kane-Mele model [Kane05al, [Kane05b],
a phase was not discovered so far. In this chapter we solve this open question by
showing numerically that the Kane-Mele model supports the [TAIl phase. Even though
both a finite Rashba spin-orbit strength A and a staggered sublattice potential A\, can
render the system topologically trivial, only for finite A, a [TAIl phase can be observed.
With an analytical derivation we shall shed light on the fact why this is the case. We
furthermore find that the spin-orbit coupling strength Agp does not renormalize with an
increasing disorder potential.

As the effect of [TA]l requires rather strong disorder strengths, an experimental real-
ization of this topological phase is going to be challenging. Proposals exist to realize the
effect using optical [Tituml5] or acoustical systems [Yangl5]. Furthermore, it was con-
sidered lately that disorder in the Kane-Mele model can arise due to random adatoms
[Weeks11l, [Jiangl12]. One of the main sources for disorder, for example in graphene,
originates from the surface that the graphene flake is deposited on [Ando06l Ishigami07,
Fratini0O8, Varlet15].

This chapter is structured as follows. In the first section, we discuss the underly-
ing tight-binding model. This is succeeded by the presentation of numerical results of
the phase and finally, a theoretical understanding is given on the basis of the Born
approximation.

4.2 Tight-binding formulation of the Kane-Mele model

For the following numerical evaluations and analytical derivations, this chapter is restricted
to the Kane-Mele model as a convenient tool that shows a topologically non-trivial phase.
It is used for example to describe graphene. Initially, graphene was treated as a possi-
ble topological insulator for low enough temperatures [Kane05a]. This was, however, a
too optimistic prediction as it was later realized that the spin-orbit coupling strength in
graphene is by some orders of magnitude smaller than what was assumed in these first
works. Even though this led to a small dent in the popularity of the Kane-Mele model
compared to the model, which describes topological insulators made of [HgTeQWE,
the Kane-Mele model is still an interesting framework to investigate topological phases
in general. Furthermore, it is expedient to describe not only graphene, but also silicene
[Aufray10l Karal2], germanene [Dévilal4] and stanene |[Zhul5|, which are candidates for
topological insulators as well. Compared to graphene, the latter materials all exhibit a
buckled structure which is contained in the Kane-Mele model as a staggered sublattice
potential. This is of special interest for this chapter, as this term turns out to be important
for the observability of the [TAIl phase in the Kane-Mele model.

The Kane-Mele model describes a hexagonal honeycomb lattice of identical atoms,
usually group-IV elements of the periodic table. In a tight-binding formulation it can be

62



4.2. Tight-binding formulation of the Kane-Mele model

Figure 4.1: Honeycomb lattice of the Kane-Mele model. Primitive lattice vectors are
a; and 4. The basis atoms are A and B for the two sublattices. The lattice constant is
a, the nearest neighbor distance a/v/3.

written as

H=t c;-rcj +iAso Z Z/ijcl-tszcj + iR Z c;-r (s X Ellj> c; + Z (s + Av&i) c;-rci,
(i) (i) (i) ’ i

(4.1)
for vanishing chemical potential ug. We label the lattice as illustrated in Fig. A and
B are the two basis atoms of the primitive cell and a3, as the primitive lattice vectors.
The operators c;-r (¢;) create (annihilate) an electron at the i-th site. Nearest neighbor
hopping is encoded by the tunneling amplitude ¢, which is used as the unit of energy in
the following, if not mentioned explicitly otherwise. The sum ) (i5) denotes a sum over
nearest neighbors and -,y over second nearest neighbors. The vector s = (s%, s¥, s%)

contains the Pauli matrices and the vectors d;, Eij are unit vectors along the bonds that
the electron traverses from site ¢ to j. The coefficient v;; = (2/V/3)(d; x aj)z = =+1is
either 1 for second nearest neighbor hopping that does a left turn or —1 for right turns.
Additionally, Rashba spin-orbit coupling is included, with coupling strength Ar and aij
is the unit vector parallel to the bond that connects site ¢ and j. The aforementioned
staggered sublattice potential strength is A\, with & = 1 for sublattice A atoms and
& = —1 for sublattice B. A finite chemical potential ug can be applied as well. The
lattice constant is given by a.

4.2.1 Band structure

The band structure of the Kane-Mele model is well known [Kane05b] and will not be dis-
cussed much further at this point. One of the main features of the model is a topologically
non-trivial gap for suitable system parameters. While A, will force the system to an or-
dinary insulating phase, Ar rather pushes the system to a metallic phase. The spin-orbit
coupling Ago however, leads to an inverted bandgap and a topological insulator. The
three parameters are in competition. For Agp = 0, 3v3As0 > A, or alternatively A\, =0
and 2v/3\so > Ap the system is a topological insulator. What will be of interest later
on is the intermediate region with finite A, and small Ag. In this case, the phase bound-
ary between the trivial and topological insulators is a bit more subtle. Fig. shows a
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Figure 4.2: Configurations of the Kane-Mele band structure for different parameters Ar
and A,. Above the light-blue, solid line (for Ago = 0.3t) the band structure is that of an
ordinary insulator. The purple, solid line describes the same boundary for Ago = 0.03t.
Below the light-blue, solid line the valence band and the conduction band touch at some
point in k-space (for Aso = 0.3t) and the system is either a topological insulator or a metal
or semimetal. The band structure was calculated for a strip with infinite length, zigzag
edges and a width of w = 30a. The red dots mark parameters for which a topological
insulator phase was found numerically. In the same way, the blue dots mark parameters
for which a topological Anderson insulator was found.

diagram containing the different phases. The light-blue, solid line denotes the boundary
above which a true insulator is expected for Agpo = 0.3t. It was obtained by reading of the
band structure, which means the data is afflicted by errors, which are not estimated. The
criterion for the band structure to be in the class of a true insulator was that there is a
bandgap around zero energy in which there are no states, independent of the momentum
k. The purple, solid line shows the same data for Ago = 0.03t but rescaled by a factor of
10. This is plotted to show that the data for different Agp is of the same scale, if both
axes are rescaled by Ago.

Below the light-blue line the system is either a topological insulator or a metal. For
small )\, and large Ar (upper-left side in the figure) the band structure is that of a metal
or semimetal. In this region, the conductance is not quantized anymore and larger than
2Gg, even though still not at the same level as in the valence or conduction bands. Fig.[4.3
shows the essential part of the band structure for parameters in this region.

The band structure and all other numerical data was calculated using the Kwant
software package [Grothi4]. For the band structure, an infinite strip with width w =
30a and zigzag edges was used. A larger width would not alter the diagram of Fig.
significantly. For each red dot, a topological insulator was also found from conductance
calculations. In the same way, for each blue dot, a [TAIl was found. The method for this
is explained in Section

4.2.2 Typical energy scales

In this subsection, we shall list some numbers of the model parameters for the different
materials. Graphene, silicene, germanene and stanene have lattice constants of a¢c =
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energy [t]
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Figure 4.3: Band structure of a strip with zigzag edges, width w = 30a, Ago = 0.3t,
Ar = 0.8t, A\, = 0.03t. The band structure is not that of a topological insulator anymore,
but it can still be transformed continuously into that of a topological insulator. The
conductance is larger than 2G( for all relevant chemical potentials.

2.5 as; = 3.8A, ace = 4.1A and ag, = 4.7A. In contrast to graphene, the structures of
silicene, germanene and stanene have a finite buckling, which originates from the relatively
weak m-7 bonding. They are not fully flat planes, but the sublattices A and B are
offset by a buckling distance of 0.5A, 0.7A and 1A [Bishnoil3, [Zhul5]. By applying an
electric field perpendicular to the plane, this finite buckling distance can be used to
tune the potential of the A and B sublattices individually and thus change the coupling

constant A\, in Eq. (4.1)).

The bandgap in graphene was found to be of the order of only 10~2meV[Yao07], orig-
inating from a spin-orbit coupling strength of the order of 10~3meV [Min06]. While the
spin-orbit coupling originates only from a second order expansion in the atomic carbon
spin-orbit coupling strength (g, Rashba spin-orbit interaction was found to be of first order
in {p instead [Min06G]. As an approximate value, Ap =~ 0.0lmeV is given. This suggests
that graphene will most likely not be in the topological phase.

Due to the buckled structure of silicene, it supports both an intrinsic Rashba spin-orbit
coupling as well as a first order in (g spin-orbit coupling [Liullb|. Values of Az = 0.7meV
and Ago = 4meV are obtained, as well as a gap of 8meV. The same work also states values
for germanene: Ap = 11meV, Agp = 46meV and a gap of 93meV. Values for stanene are
calculated as well and yield Agp = 64meV, Ag = 10meV and a gap of 129meV. Numerical
calculations found 2D]stanene to be a topological insulator with a bandgap of about 0.1eV.
Decorated stanene can even have bandgaps of 0.3eV [Xul3]. The Fermi velocity of the
edge states was furthermore found to be about 4.4 x 10°m/s.

!The nearest-neighbor distance for graphene is about 1.4A.
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4.2.3 Anderson disorder

As most other works on topological Anderson insulators, this chapter will be about An-
derson disorder for most parts. Anderson disorder is one of the simplest possible disorder
realizations. It is characterized by a uniformly distributed random potential for each site
of the tight-binding model, expressed by the Hamiltonian

HAd =W Z EiC;'[Ci (4.2)
%

with the disorder amplitude W and the uniformly distributed numbers ¢; € [—1,1]. The
random numbers for different sites are fully uncorrelated and follow the statistics (for large
sample sizes)

() =0, leieg) = 2, (4.

where §;; is the Kronecker delta and () an average over all sites. The second moment
of the distribution function is a characteristic quantity of the distribution and given by
(e2) = 1/3 for Anderson disorder. Anderson disorder was initially used to describe an
effect about the absence of diffusive transport in certain doped semiconductors and led to
a new view on metal-insulator transitions [Anderson58|. The main idea is that an electron
that moves along a trajectory within a disordered material has a slightly higher probability
to return to its origin, due to constructive interference. This leads to localization. While
the same kind of disorder as in this original work is used here, the effect of a topological
Anderson insulator is not connected to this idea in any obvious way.

The question about the physical origin of such a disorder term in the Kane-Mele model
cannot be answered to full satisfaction so far. One possible realization could be a topolog-
ical insulator, realized in an optical lattice [Bérill]. This setup would allow to induce a
disorder potential with the help of an optical laser speckle potential [Billy08|, (Girschik13].
For graphene, one of the main sources for disorder are random strain fluctuations caused
by the material that a graphene flake is usually deposited on [Coutol4]. These fluctuations
are of long range. Moreover, graphene was doped recently for example by boron [Kawail5].
This doping reached a level of 4.8 atom%, which corresponds to disorder with correlation
lengths of roughly 5a. For a better theoretical description of this kind of disorder, this
chapter will cover spatially correlated random disorder potentials as well [Wagner15|. In
this case, the variables ¢; will be modeled by

2

G (14)

where £ is the correlation length, ¢; € [—1, 1] are random variables uniformly distributed
within the interval [—1,1] and the factor a(&) is a correlation length dependent rescaling
variable. The exponential accounts for a finite correlation between sites at position ¢ and j
if they are close to each other (r is the distance between site 7 and j). It can be shown that
this definition of ¢; leads to a finite spatial gaussian correlation (;e;) oc exp(—r?/4£2%) up
to an error (o< exp(—r)) which is only a small deviation from an ideal gaussian behavior.
The rescaling coefficient a(€) is necessary to keep the property (e?) = 1/3 true. This can
be done by a simple rescaling after calculation of the ¢; for a(§) = 1. In the limit of &€ — 0
the disorder potential approaches the uncorrelated Anderson disorder again.
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Figure 4.4: A typical setup for the numerical calculations. The sample has a size of
length [ =~ 11a and width w ~ 8a. Second nearest neighbor hopping and nearest neighbor
hopping are indicated. In red are the leads, which extend up to +oo and exhibit only
ordinary nearest neighbor hopping. The shading of the sites shows the random potential
of the atoms and ranges from —W (white) to W (blue) on a linear scale.

4.3 Numerical realization

In this section we will present the numerical results that show that a [TA]l phase exists in
the Kane-Mele model. It will start by giving some technical details about the numerical
implementation using the Kwant code.

While the band structure can be calculated for an infinite strip of a certain width,
disorder destroys the translational symmetry and can be simulated only for a finite sample
region. Without translational symmetry, it is furthermore not possible to determine the
band structure and a measure to determine if the system is in the topological regime or
not is needed. Calculation of the conductance is the most widely applied method to do
so. The way that is followed here is to attach two leads of width w and zigzag edges to
a finite length, finite width (again w) sample with zigzag edges as well. The leads extend
up to £oo. Transport between the leads is then evaluated for varying Fermi energies
FEr. Tt is convenient to model the leads as honeycomb lattices as well. For this chapter,
the leads are assumed to be in the metallic regime, so we use the Kane-Mele model to
describe the leads, but with parameters Ag = Ago = A, = 0. Additionally, the chemical
potential p in the leads is pushed to be well inside the most conducting band by setting
p = 1.2t inside the leads. The chemical potential of the sample in-between is kept at
us = 0, so the conduction through the disordered sample can be probed by tuning the
Fermi energy roughly between the values —p < Ep < pu. Conduction values of two times
the conductance quantum G = 2@ indicate that the system is in a topological phase.
Fermi energy values outside of the given regime can lead to misleading results as the leads
might no longer be well-behaving conductors and alter the calculated conductance as well.
In other words, there might not be enough overlap between the states in the leads and the
energy levels of the sample.

Figure |4.4] shows an example setup for a rather small system with length [ ~ 11la
and width w = 8a for the purpose of illustration. The disorder potential is shown by a
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Chapter 4. Topological Anderson Insulator in the Kane-Mele Model

blue shading of the sites. The small lattice size of this figure is chosen for a nice visual
presentation of the lattice. In fact it turned out that a size of [ = 11a, w = 8a is too small
for the system to be a [TAIl The reason, as will be explained in the following sections,
is that such a size is not enough to lead to a renormalization of the system parameters,
which is the requirement to find a [TATl

In the following, we perform every evaluation of the conductance on a unique disorder
realization. This is reasonable if quantities such as W are changed, because a different
W necessarily corresponds to a new experimental realization which has its own disorder
configuration. On the other hand, the Fermi energy can be tuned through a whole range of
values within the same sample, featuring the same disorder realization. However, this could
lead to undesirable effects. It might happen that by coincidence a disorder configuration
has some special properties that render the sample non-characteristic. There is the unlikely
case, for example, that the disorder forms something like a potential barrier in the middle
of the strip, leading to a fully insulating setup. To exclude such a case, one usually does
some averaging over many samples. The procedure in this chapter to use a new disorder
realization for every value of the Fermi energy can be understood as a de-facto averaging
procedure over several samples. This is why we preferred a higher resolution of the plots
to an averaging procedure. With the higher resolution, the eye of the viewer can do a
kind of averaging process by not looking at each individual point. This way, a region in
parameter space with quantized conductance becomes even more impressive, as it is clear
that the quantized conductance exists for the majority of disorder realizations, and is not
an averaged quantity.

4.3.1 Dependence of the conductance on \p

The first quantity that we shall investigate is Ag. Fig. shows the conductance for
a range of disorder strengths W, Fermi energy Er and six different values of Ar. The
staggered sublattice potential is kept at a small value, A\, = 0.1¢t. For all values of Ag,
the top and bottom parts for Fermi energies |Fr| 2 t show the conduction and valence
bands with conductances G > 2Gy. With growing disorder strength W, the conductance
vanishes as the bulk states localize. For disorder strengths of about W & 2t there is some
finite chance for the conductance of a certain disorder realization to be by accident 2Gy,
which is visible as a red dot. This happens both for topological insulators and for trivial
insulators. Around Er =~ 0, the system has a true conductance quantization of 2Gg for
Ar < 0.84t only. That this region of solid red color exists means that the system is a
topological insulator for the given parameters Ar, Ago, Ay and W. We keep Ago = 0.3t
at a rather large value because in this case this effect is more pronounced. At Er = 1.2t
an artifact of the leads can be seen. The reason is that the leads have a conductance
minimum at the chemical potential 1 = 1.2¢, which is visible also in the conductance of
the whole setup as a small gap.

The effect of Ag is twofold. On the one hand, it will push the system to a metal-
lic/semimetallic phase. This can be seen, as the red region gets thinner and thinner with
growing A\p. With g = 0.84t ~ 2v/3\g0 the threshold to a semimetal is reached. The
plot for Agp = 0.84¢ therefore shows a conductance minimum at W = 0 and Er ~ 0.6t.
The second effect of Ag is that the red region starts to bend stronger with growing Ar and
the conductance shows furthermore a particle-hole asymmetry. The breaking of particle-
hole symmetry is also visible from the Hamiltonian. In the tight-binding model, we define
particle-hole symmetry as the replacement of creation by annihilation operators and vice
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Figure 4.5: Heatmap of the conductance for varied disorder strength W and Fermi
energy Er. Quantized conductance of G = 2G( is highlighted in red. Ag is tuned to
six different values, showing a topological insulator to semimetal transition. The other
parameters are A\, = 0.1t, Ago = 0.3t, u = 1.2t and [ = 150a, w = 93a for the system
size.

versa. The particle-hole symmetry operator will then act as Te; ¥—! = cZT. The effect
of this symmetry operation on the Hamiltonian is that the energy spectrum should be
reversed: YHY ! = —H, if the system is particle-hole symmetric and the energy scale is
shifted so that zero-energy is at half-filling. Certainly, this is not the only way to define a
meaningful particle-hole symmetry operation. The transformed Hamiltonian reads

TYHY! —thZc + iAso Z vijcis® c + 2/\3201 (s X du) c + ZAV&cZ
(i) ((ig)) (i)

= th ¢j +1iAso Z I/UCZS cj + Z/\RZ (s X aij) cj — Z)\,}&cjci. (4.5)

The second line was obtained by using the fermionic anti-commutator and neglecting
constant terms. One can see that the Ago and A\p terms break the YHY ! = —H
condition at the first glance.

However, it is possible to combine the particle-hole transformation with a mirror trans-
formation about one of the symmetry axes of the hexagon lattice. If the axis is chosen in
the right way, the transformation will map v;; — —v;; while keeping ; constant. This is
the case for example for the axis connecting A and B in Fig. [£.1] Mirroring about this axis
will map atoms of sublattice A to the same sublattice A and B to atoms of the sublattice
B. Moreover, second nearest neighbor hopping which was performing a right-turn will be
mapped on hopping that is performing a left-turn, effectively changing the sign of v;;.
This additional mirror symmetry can be used to restore the wrong sign of the spin-orbit
term. Unfortunately, this is not compatible with the A term, because (Aiij = (dfj,di’])
mapped on either aij or (— di;, di”j) depending on its original orientation. For A = 0 and
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a sufficiently symmetric sample, particle-hole symmetry can be restored, though. This
explains why Fig. [4.5] shows a particle-hole symmetry for small Ag. This argument works
because any chemical potential term was neglected. For a finite chemical potential, one
can argue the same way, just that the particle hole operation needs to be combined with
a finite shift in energy as well.

On the other hand, there is an inversion symmetry that allows to flip the sign of the Ar
term. This is for an inversion center at the center of a honeycomb hexagon. The inversion
will lead to (A?l,-j — —(A?lij. If A, = 0 and Agp, the particle-hole symmetry can therefore be
restored if it is combined with this inversion symmetry. These symmetry considerations
are valid for an infinite size sample. Any finite boundary might break the symmetries
as well.

4.3.2 The effect of )\,

In this subsection, we examine the effect of a finite A,, but a vanishing or small Ag. As
derived in the last subsection, it can be expected that the system is particle-hole symmetric
in this case. The transition between a topological insulator and a trivial insulator is
expected to happen at A\, ~ 3v3\so. For Ago = 0.3t, Fig. shows the conductance
as a function of the Fermi energy, disorder strength W and several values of A,. It can
be seen that for a large range of values of A, at the threshold between a topological
insulator and a trivial insulator, the system shows a topological Anderson insulator phase.
Interestingly, and in contrast to topological Anderson insulators found in the literature so
far, the system is still perfectly particle-hole symmetric and the region with conductance
quantization 2Gg broadens to both larger and smaller energies for larger W. A theoretical
explanation of this will be given in Section

At this point, we should write down a formal definition of a [TAIlL While in the clean
limit, the system is a trivial gap insulator, disorder induces a gap closing and reopening
of a topologically non-trivial gap. This behavior has to be the case for the majority of all
possible disorder configurations, if the random distribution leading to the disorder has the
same statistics. That this is the case is illustrated in Fig.

Figureshows that a topological Anderson insulator is found between 0.96 x3v/3\s0 =
Ay S 118 x 3v/3As0. This means that through disorder the regime in which a 2Gy quan-
tized conductance is found can be extended by 20% beyond the usual parameter regime.
This result was obtained for a value of Ago = 0.3t. For smaller Agp the effect still exists,
but in a less pronounced form. Figure [4.8| shows a [TA]l found for Ago = 0.03¢. The effect
is much weaker but still visible.

Spatially correlated disorder does influence the [TA]l phase as well [Girschik13]. For
a disorder potential as in Eq. one finds that the [TATl effect vanishes with larger
correlation length £. A critical threshold is reached at £ = 0.5a [Wagner15|. For larger
values, the [TATl phase is not seen. The critical correlation length is of about the order of
the nearest neighbor distance. Fig. illustrates the effect of spatially correlated disorder
for a correlation length of £ = 0.3a and a finite A (more on this in the next subsection).

The strong effect of the correlation length on the [TATl phase sheds some light on
the origin of the phenomenon. A trivial gap is generated by A, because it acts as a
natural potential barrier that blocks transport between two neighboring sites. If a random
potential is added to these sites, it may happen that the potentials of two neighboring
sites by accident become equal and transport is favored. This is however only possible
if the correlation length is sufficiently small. For random disorder with a large &, two
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Figure 4.6: Top row: Heatmap of the conductance for varied disorder strength W
and Fermi energy Fr. Quantized conductance of G = 2G| is highlighted in red. A, is
tuned through three different values, showing a topological insulator to trivial insulator
transition. The other parameters are Agp = 0f, Ago = 0.3t and | = 150a, w = 93a for
the system size. The chemical potential of the leads is ¢ = 1.2¢. The black lines are
calculated using an analytical approach, described in detail in Section [£:4] Bottom row:
The plots show the conductance for two fixed energies Er = 0 (blue), Er = 0.2t (red).
This data was obtained as an average over 100 different disorder configurations. The
errors are statistical errors of this averaging and vanish in the regions with conductance
quantization at 2Gy. The parameters are the same as in the top row.
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Figure 4.7: The conductance in units of G as a function of disorder strength W. The
red, blue and black data is for three different sample sizes, of 150a x 93a, 600a x 100a
and 300a x 200a (length x width). Each conductance was calculated for 100 different
disorder configurations and averaged, which leads to the error bars. The parameters are
Ar = 0.65¢t, A\, = 0.95t, A\so = 0.3t, Er = 0.55t and p = 1.2¢.
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Figure 4.8: Left: A [TAIl phase found for small Agsp = 0.03¢ and Anderson disorder
at the edge to a trivial insulating phase. Right: [TAIl in the case of spatial correlated
disorder with correlation length £ = 0.4a and Ago = 0.3t. For reasons of implementation,
the sample setup for this calculation is of trapezoidal and not rectangular shape. Both
figures are for a sample size of [ = 150a, w = 93a and p = 1.2¢.
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Figure 4.9: Conductance plots (2Gy in red) showing the [TATl phase for {\,, A} =
{{0.75¢,0.65¢} , {0.8¢,0.7¢t} , {0.85¢,0.7¢} , {0.95¢,0.65¢} }. The remaining parameters are
Aso = 0.3t, w = 93a, | = 150a, p = 1.2¢.

neighboring sites share almost the same random potential and are forced to have quite
different total potentials due to A,. It therefore seems plausible that the gap opened by
Ay is reduced due to the disorder and a topological insulator phase appears again.

4.3.3 Finite Az and )\,

The last two subsections showed that a topological Anderson insulator is found if a trivial
gap is opened by A,, while it is not present if the topological gap is closed by Ar. This
subsection illuminates the intermediate regime of finite A\, and Ar. In a first try, we
assume that the boundary between the topological phase and the trivial phase is given by
an elliptic equation

<)‘R>2_|_ <)‘1’>2~)\2 (4.6)
This way, we find the first set of parameters which shows a [TAl phase as A\g = 0.7t,
Ay = 0.8t, Ago = 0.3t. A parameter scan close to these values reveals a couple of other

possible parameter combinations, with [TAT phases as shown in Fig. 4.9 This plot allows
the following conclusions. The [TAIl phase exhibits a strong particle-hole asymmetry. This
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can be explained by the presence of Ar, as shown already. The 2Gy quantized region is
not only bending with growing W, also the topological insulator phase and the trivial gap
are shifted to larger values of Er, as can be seen at the W = 0 limit. Furthermore, the
[TATl phase seems to shrink for smaller )\, and larger Ag. This is in accordance with the
fact that the limit A\, = 0 does not show any [TAIl while in the limit Az = 0 a rather
pronounced [TATl phase is found.

To get a clear picture of the region for finite Ag and A,, we go back to Fig. 4.2l Every
evaluated parameter set is marked by a red or blue dot. The red dots mark parameters
for which a topological insulator was found. This is the case for parameters close to
or below the light-blue line, marking the existence of two Dirac cones in the gap of the
band structure without disorder. The blue dots show that a [TAIl was found between the
topological insulator and the trivial insulator phases. White space means that a trivial
insulator or a metal was found. The [TA]l is mostly found for values of large A\, and small
Ar and is not found at all for small A,. It is no longer found in the region where the direct
bandgap vanishes, where the solid light-blue line starts to escape to large A values. This
shows moreover that the initial assumption of an ellipsoid boundary, Eq. , was not a
useful condition to find a [TAIl phase. Instead, the [TAIl phase exists only at the boundary
between topological insulators and trivial insulators, but not at the boundary towards
metallic behavior for small A, .

4.4 Born approximation for the Kane-Mele model

In this section, we shall explain several features of the numerical data shown in the last
section on the basis of an analytical model. The broken particle-hole symmetry was already
explained in Subsection by the presence of Rashba spin-orbit coupling.

The main idea of an analytical model for the [TAIl phase found in the [BHZ] model
ILi09, [Jiang09] was given by [Groth09]. In this theory, the finite disorder strength leads
to a renormalization of the topological mass parameter m. It is shown that a positive m,
describing a trivial insulator, is renormalized and can become negative. The disorder is
taken into account by the self-consistent Born approximation. This approximation is valid
for small impurity densities n;p,;, compared to the electron density n. and small scattering
potentials compared to a characteristic level spacing. With impurity densities of about
1/a? and a scattering potential of W > A, where A is the bandgap, these conditions are
not fulfilled for Anderson disorder. Nevertheless, the theory can correctly reproduce some
of the features found numerically. We try at this point to give some ideas about how this
can be possible. Assuming that a[TATlphase exists, which will lead to protected edge states
at the sample circumference, backscattering is strongly reduced for these edge states. The
effective density of impurities that can lead to backscattering for these edge states is much
reduced as well. Therefore, the mechanism that leads to the protected edge states of
a topological insulator might also explain why the application of the self-consistent Born
approximation to describe topological Anderson insulators can be successful. However, the
approximation would be valid only within the regime of the 2Go quantized conductance.
Additionally, a strong scattering potential W does not mean that the self-consistent Born
approximation does not work. This requirement mainly originates from the mathematical
necessity that the summed diagrammatic expressions for the self-energy converge. This
can still be the case for large W as well.
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4.4.1 Diagonalization of the Kane-Mele model

The tight-binding model of Eq. (4.1)) was written in momentum representation in [Kane05b)].
It reads

5 5
Hk) =D da(k)T"+ D dap(k)I, (4.7)
a=1 a<b=1
were the Dirac matrices are defined as ['(1:2:3:45) — (0"®1,0° 1,0V ®s%, 0¥ ®sY,0Y®s%)
and T'® = [I'®, T*]/(2i). The Pauli matrices o represent the sublattice indices and s* spin
indices. The k dependent factors are given by

di(k) =t(1+2coszcosy) di2(k) = —2tcosxsiny
da(k) = N\, di5(k) = Aso(2sin2x — 4sinx cosy)
ds(k) = Ar(1 — cosx cosy) daz(k) = —Agcoszsiny
dy(k) = —V/3\gsinzsiny dos(k) = V3Agrsinx cosy. (4.8)

with = = kya/2 and y = v/3k,a/2.

The work of [Groth09] for the BHZ model relied on an effective low-energy model to
describe the[TAlleffect. In this chapter, we choose a different approach instead. Indeed, the
low-energy expansion leads to several open questions such as: which K-valley to choose for
the expansion, what happens with the other K valley and why is the expansion justified.
Instead, working with the exact Hamiltonian does not increase the complexity of the
problem too much.

4.4.2 Lowest order Born approximation

In the self-consistent Born approximation, the self-energy is given by an integral equation
[Bruus04]

1 a\? 1
Y=_-W?[— dk 4.
3W (277) /BZ Er —H(k) - X%’ (4.9)

where the prefactor W?2/3 = W2(e?) results from the second moment of the disorder
potential for ¢; € [—1,1]. The self-energy X is assumed to be energy and momentum
independent. The integration is over the first Brillouin zone, which has hexagonal shape
and has a circumference with size 6 x 47/3a. The first K-valley is at (k;, ky) = (47/3a,0)
and at the right corner of the first Brillouin zone. This way, the integral can be calculated

as
2m/3a 271'/\/§a 47 /3a —V/3ky +47r/\/§a
/ dk = 4 / dk, / dky + 4 / dk, / dk,.  (4.10)
BZ 0 0 2

7/3a 0

At this point, some general features of the self-energy can be derived. Even though
> is a 4 X 4 matrix with up to 16 unknowns, it might be expressed by a smaller set of
variables due to the special structure of the Hamiltonian H. A promising ansatz for X is
the following

Y= ZgaFaJr Z 9T (4.11)

a<b=1
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We use this ansatz where only those coefficients g are finite that were also non-vanishing
in Eq. and perform the matrix inversion of Eq. . This shows that a new matrix
structure is generated and that at least ¢34 has to be finite. These additional terms have to
be understood as new couplings that are generated in the Hamiltonian due to the disorder.
The full solution of Eq. is a tedious task, if possible at all. However, as it turns out,
solving this equation is not necessary for a good quantitative description of the [TAIl as
we will show.

Instead, for the current purposes, it is sufficient to work with the lowest order in W
approximation. This corresponds to setting > = 0 on the right hand side of Eq. . One
complication arises still. After the matrix inversion and the integration, the components
of the resulting matrix have to be sorted to extract the renormalized quantities. We
accomplish this by adding the matrix elements in the right way. This leads to the equations

_ 311+ Yoo + X3z + Xaa

YE

F 4
o Y1+ Yog — Xgg — Xag
A T 4 =92
Y11 — Yoo — X33 + X4
Yxso = 1 =g15=0. (4.12)

The ¥;; are the 7j components of the matrix ¥. While the determination of the A, and
Er related self energies X, and X, is more or less straightforward, it is not that trivial
for Ag. The reason is that A\p appears in the Hamiltonian as the prefactor of a ¢¥ ® 5%,
oY ®sY, —0% ® s¥ and —o® ® sY term. The self-energy in the lowest order however has
only a ¥ ® s* term. We find

241 + 232 + Yoz + Xg = 4923 =0
—X + Y32+ 2Yo3 —X1u=494=0
—Xn + 230 — X3+ 214 =4924 =0

_ [EFB] _ {Erﬂ - {ZF?’} = 93 = Saps» (4.13)

=] y

11 22 33

where it was used that [['¥]71 = I'3. The effect of the disorder on Ag can thus not be
described only by a renormalization of Ag by a self-energy. Instead, just the part of the
Rashba spin-orbit coupling that is proportional to ¢¥ ® s renormalizes. To take this
into account, one has to introduce a new coupling, labeled Ars3, that exists only for finite
disorder strength. The equations for the renormalized quantities \,, Er, Aso, Ar and
Ar3 finally read

Av = A+ 2,

Ep =Ep —Xg,
Aso = Aso

AR = AR

AR3 = Xxpss (4.14)

were the negative sign in front of ¥ g, originates from the denominator in Eq. in
which Er and ¥ enter with opposite signs. Unfortunately, the explicit expressions of
Y Eps 2\, Bags are to lengthy to be written down at this point. To understand the renor-
malization of Ag, it is instructive to translate the model for the renormalized quantities
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back to a tight-binding formulation. By doing this, the A3 term will become a nearest-
neighbor hopping amplitude that exists only for one out of the three possible kind of
hoppings, the hopping perpendicular to 4;. Both the Rashba spin-orbit coupling and the
ARrs contribution are still rotation symmetric with respect to rotations about an angle
of 120°. This rotation symmetry is microscopically broken by the disorder, but globally
it exists still for the averaged quantities that are used to construct the effective medium
theory. This can be seen by rotating both the real space lattice and the vector of Pauli
matrices around the same angle (which has to be a multiple of 120°).

4.4.3 Comparison of the Born approximation and the tight-binding re-
sults

Equations (4.12)), (4.13) and (4.14) as well as Eq. can be used to calculate boundaries
between which a quantized 2G( conductance for a [TAIl can be expected. For Ag = 0, it
follows that A3 = 0 and the condition for a system to be a topological insulator is given
by 3v3As0 > M. The equation 3v/3\so = A, can be extrapolated to the case of finite
disorder, 3v/3Aso = A,. The self-energy ¥, is usually negative, therefore the system can
become a topological insulator, even if the original A, > 3v/3Ago. For larger initial \,
this happens at a larger disorder strength W. This is why the crossing of the two black
lines in Fig. move further to the right with growing A,. For A, = 1.95¢ the transition
happens only at a disorder strength where the conductance is already suppressed, possibly
due to emergent percolating states in the bulk. The system is not a [TAIl anymore. It is
important to stress that the black lines are a result of the Born approximation while the
underlying red and blue heatmap was obtained by numerically solving the tight-binding
model for a given disorder realization. For this calculation, no adjustable parameter or
fitting variable is used.

For the full two-dimensional Kane-Mele model with Ag = 0 the size of the gap is given
by [2), — 6v/3\s0|. As particle-hole symmetry is still given, the upper and lower edges of
the gap are described by £|\, —3v/3Aso|. This can be extended again to the finite W case,
+|\, — 3v3\s0|, which is exactly what is plotted as the black lines (in fact joined dots
that represent each an individual evaluation of the integral in Eq. in Fig. (4.6 The
gap first closes and reopens as a negative gap for A\, = 1.65¢,1.85¢. The agreements of the
lowest order Born approximation with the tight-binding solution is evident. Deviations
exist only for large W > 2t.

For finite A the situation is more difficult. To the best knowledge of the author, an
analytical expression for the gap in a model with finite Ag and )\, and especially Ag3
does not exist. An analytical expression can be derived if the Dirac cones are located at
the K-points. It can be proven that this is the case if time-reversal, C'3 and an inversion
symmetry are present [Bernevigl3|. In this case, we evaluate the Hamiltonian at the K-
points and diagonalize it. The four eigenvalues allow to determine an analytical solution
for the gap of the model. As it is not clear that this works in our case this can only be
used as an approximative method here. To nevertheless obtain a meaningful condition in
the finite Ar case, we calculate the band structure of a strip of the clean system with finite
AR, Ay and an artificial Ags and read off the gap and the positions of the bands manually.
The values are then used to calculate two interpolating functions, h,(\,, Ar, Ar3) and
hi(Avs AR, Ar3), which describe the closing and re-opening of the gap. These functions are
finally applied to the renormalized values A\, and Ags. h, describes the lower edge of the
upper band and h; the upper edge of the lower band. The two functions are shown for
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Figure 4.10: The upper edge of the lower band and the lower edge of the upper band
as a function of A, for the Kane-Mele model. The extra term Ars is added to the model
and the band structure is evaluated for four different values of Ar3. The band structure
was calculated for a strip with width w = 93a and Ago = 0.3t. The gap-closing is seen
at approximately )\, = t. Rashba spin-orbit coupling is kept at Az = 0.65¢.

Ar = 0.65t and four values of Ar3 in Fig. With growing W, \gs gets renormalized
to negative values; between Ar3 = 0 and Arg = —0.5¢t for values of 0 < W < 3t.

Interestingly, an increasingly negative Ars not only shifts the gap to smaller energies,
it furthermore leads to a closing of the gap for larger A, only. This means that solely the
existence of a finite Arg can lead to a topological transition to a non-trivial phase. This
can be seen in Fig. The topologically non-trivial gap is on the left-hand side of the
gap-closing. This region further expands to larger A, with the decrease of Ag3 from 0 to
—0.5¢.

The two conditions h, (M., A\g, Ar3) = Er and hy(A\,, Ar, Ag3) = EFr can be used to
describe the boundaries of the region with 2Gy conductance for finite Agr. The solutions of
these equations are plotted in Fig. as the two black lines. Some significant deviations
from the numerical data and the lowest order expansion of the Born approximation are
visible. First of all, the solution of the Born approximation is much more demanding, as
the Hamiltonian is a true 4 x 4 matrix that does not decompose into two 2 x 2 blocks
as for A\g = 0. This makes the numerical evaluation of the corresponding integrals more
complex.

While the lower edge of the 2G¢ conductance region is described quite well, the upper
edge and especially the left part are not correctly reflected. This seems to be connected
to a general deficit of the SCBAL as the left part is for small W only and thus likely to
be described by the lowest order expansion. Furthermore, evaluation of the band
structure reveals that for A\, = 0.95¢ and A\g = 0.65¢ the system is exactly at the transition
between a trivial insulator and a topological insulator. The gap is just closed. While this
can be seen in the lowest order Born approximation solution, the 2G conducting region
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Ep/t

G/G()

Figure 4.11: Comparison of the Born approximation to numerical data. The two dotted
lines are solutions to the equations h,(\,, Ar, Ars) = Er and hy(\,, Ar, Ar3) = Er. The
parameters for the plot are Ago = 0.3t, A\, = 0.95¢, w = 93a, | = 150a and a chemical
potential of y = 1.2¢ in the leads.

starts only at larger disorder strength W =~ 0.6t. This is about the same energy scale at
which the conduction and valence bands start to disappear as well. With this in mind,
going back to Fig. reveals that the same can be seen in the A = 0 case as well: in the
A, = 1.55¢ data, the 2Gy conductance region starts only for W = 0.6t¢.

To understand this qualitatively, Fig. shows the same data as in Fig. with
the only difference that we set all site potentials that are within the interval (—0.6¢,0.6t)
to zero. Therefore, for W < 0.6t there is no disorder at all. This procedure increases
the average impurity strength and at the same time reduces the impurity density. It has
an effect on the [TAIl which now exists only for larger W. The dashed, green line in the
figure illustrates the beginning of the 2Gy conducting area as it was in the setup with an
Anderson kind of disorder, see Fig. That the left edge of that area moved indicates
that the impurity density plays an important role. That it did not move up to W ~ 2x 0.6t
shows that also the absolute impurity strength is a decisive quantity. A closer look leads
to a critical value of W = 0.67t for Fig. and W ~ 0.82t for Fig. Calculating (e?)
for these two cases leads to

1 w
(%) = 2W/ dee* =W?/3 =0.15 for W = 0.67
-w
1 —0.6 w
() = — / dee? +/ dee®| = 0.14 for W = 0.82, (4.15)
2w W 0.6

which indicates that the second moment of the disorder potential (e2) has to be above a
critical threshold of 0.14 to find a[TATl To investigate this hypothesis in more detail has
to be the subject of future work. In the same way, the understanding why the lowest order
Born approximation is not sufficient to describe the upper boundary of the [TAll region in
Fig. has to be done at a later point.
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Figure 4.12: The conductance heatmap for a modified Anderson disorder. For this plot,
Anderson disorder was used but all disorder potentials within the interval (—0.6¢,0.6¢)
were set to zero. The remaining parameters are as in Fig. [f.11] the dashed, green line
marks the beginning of the 2Gy conducting area as in Fig. m

Low energy expansion of the Kane-Mele model

We can obtain a simple, completely analytical explanation of the [TAIl effect for Ag = 0.
For this, we perform a low energy expansion of the terms in Eq. up to second order
in ¢z, gy. Here, the expansion is about k = K+ + ¢ with Kt = %ﬂ(%, 0). Only the highest
order terms are kept, as follows

dl - _t\/anq:Cu d2 = )‘IM

3
dio = t\/;aqy, dis = —3\/§)\50 <1 + q2a2/4) , (4.16)

with all other components vanishing. In this limit, the system is equivalent to the [BHZ
model, the Hamiltonian decomposes into 2 x 2 blocks which read

g [ (1 i qu) 3v/3)s0 —Y3ta (g —ig,) (417)
N _\/gta (QJJ + iQy> -+ <1 + q24a2) 3\/3)\30 ‘

This model can be mapped on the [BHZ] Hamiltonian as it is stated in [Groth09]. The
parameters then read o = —‘/gta, m =\ — 3V3Xso, B = —3\/§ASTO“2 and v = 0.
The integral in Eq. to lowest order in W can be done analytically using certain
approximations as in [Groth09]. This yields the renormalization of the parameter ), as

2
+ lo
Y 9rBrso C

A=A (4.18)

)

4
2702, <7r>
EIQ«" — (A —3V3Xs50)2 \ 2

while Ago does not renormalize because it entered with a factor ¢? in the Hamiltonian
as well, and ¥ is supposed to be momentum independent. For the right parameters, the
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logarithm in this equation can get negative, leading to a negative renormalization of A,
with growing W. In this case, it is possible that even though initially A, > 3v/3As0, one
finds that A\, < 3v/3Aso. Therefore, the system undergoes a topological transition with
increasing W.

4.5 Conclusions

Within this chapter, we investigated the effect of a topological Anderson insulator ((TAT)) in
the Kane-Mele model for the first time. [TAJk are topological insulators that are generated
by a finite disorder potential (with strength W) in systems that would be trivially insu-
lating in the clean limit. First, we showed that the effect exists not only in the Bernevig
Hughes Zhang model but as well in the Kane-Mele model on a2D] honeycomb lattice. Dif-
ferent parameter regimes of the model have been explored and the critical energy scales
approximated and compared to experimentally feasible values. This indicates that a [TATl
can most likely not be realized in graphene, but possibly in silicene, germanene or stanene.

We found that the system needs to be of a certain size to show the effect, which is
of the order of 100 x 100 lattice sites. Besides the second nearest neighbor spin-orbit
coupling (Aso), Rashba spin-orbit coupling (Ag) and the staggered sublattice potential
(\,) are important ingredients for the effect. The numerical data shows that a [TATl is
found in the parameter region with Ag < 2v3\s0 and \, e 3v3As0. A phase diagram
was generated numerically for Ago = 0.3t (¢ as the hopping amplitude) that illustrates for
which Agr, A, combination a topological insulator, an ordinary insulator, a metal or a [TA]l
can develop due to the disorder. Interestingly, the [TAIl does not exist for small )\, and
Ar ~ 2v/3\g0, for which a continuous transformation of the topological insulator into a
metal exists. Besides Anderson disorder, also spatially correlated disorder is investigated.
Up to a small correlation length of about the lattice constant, the [TAIl is visible also for
spatially correlated disorder.

An analytical model sheds light on the physics behind the [TATl effect. Within the self-
consistent Born approximation (SCBAI), many features can be explained quantitatively.
A lowest order expansion in the disorder potential W is enough to describe the boundaries
of the inverted gap of the [TAIl for Az = 0. We observed a good agreement between the
Born approximation and the direct numerical solution of the tight-binding model with
disorder. For this, no adjustable parameter has to be used if the disorder potential in
the Born approximation is chosen to be Wsopa = /W?2/3. This however is plausible, as
W?/3 is the second moment of the disorder potential for Anderson disorder. A general
understanding is that the disorder results in a renormalization of the system parameters
and can lead to an effectively decreased A,. This can lead to the closing of the trivial gap
and re-opening of a topological gap.

In the case of finite Ag, the Born approximation approach does not work as well
anymore. General considerations can be made, however. It is found that Ar does not
renormalize with W. Instead, a new coupling Ars has to be introduced. Interestingly, Ag3
strengthens the topological phase and by itself can induce a topological transition as it
can shift the closing of the topological gap to larger values of A,.

An interesting open question that remains for the future is to better understand the
effect of non-Anderson-like disorder. First calculations hint to the possibility that one
characteristic feature that a disorder realization has to suffice so that the [TATl effect is
visible is that the second moment of the disorder potential has to be large enough. This can
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be achieved either by dense, but weak disorder potentials or by dilute, strong potentials.
The latter case is probably more relevant for experiments and should be investigated.
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Chapter 5

Conclusions

This thesis consists of three independent chapters, which deal with different phenomena
in topological insulators that are generated by a broken spin axis symmetry. This exists
while time-reversal symmetry (TRS]) is conserved. The symmetry breaking terms arise for
example due to Rashba spin-orbit coupling, as in Chapter 4] and can be mathematically
included using the concept of generic helical liquids, as in Chapter 2| and Chapter

In Chapter |2, we investigated a narrow two-dimensional (2D]) topological insulator.
Under the influence of an inhomogeneous, perpendicular external electric field Rashba
spin-orbit coupling is induced in the edge states on the sides of a sample. This is taken into
account by utilizing the concept of generic helical liquids in two effective one-dimensional
models. Therefore, we introduced two momentum dependent rotation matrices By iy and
By, 1. The inhomogeneity ensures that the two matrices, and the Hamiltonian eigenstates
of the two edges are distinct. As the sample is assumed to be rather narrow, the bulk
supports several tunnel contacts that connect the two edges, and in conjunction with the
different eigenstates allow for forward scattering and backscattering of the edge states. We
found that in this setup, a change of the external field has a strong impact on the conduc-
tance of the sample. In the case that only two tunnel contacts are present, interference
phenomena can be seen. For an elongated and narrow sample hosting several tunnel con-
tacts, the full conductance is calculated and evaluated on average. This yields a inverted
localization length of £~ = n(T') cos® [#(u)], were n is the tunnel contact density, (T') the
averaged tunnel amplitude and 0(u) characterizes the field inhomogeneity as a function of
the chemical potential u. This allows a measurement of the spin structure of the helical
edge states. However, the application of this theory requires that the sample geometry
and several other physical quantities are in a suitable parameter range.

In Chapter [3] we investigated the edge states of RDI topological insulators that are
gapped out by either strong interactions or induced superconductivity. At the interface of
two such regions, we found exotic bound states, so called non-Abelian parafermions. The
electron-electron interactions are taken into account in Luttinger liquid theory and the edge
states are described using generic helical liquids. In this chapter, we first showed that the
combination of interactions and generic helical liquids generates a new interaction term,
called umklapp scattering. Using a second order treatment, the flow equations of this
term are derived. They read dgum/dl = —2gum(2K — 1) + X27%(K — 3) (2K — 1) (K — 5),
were gym(£) is the umklapp scattering strength and d\/d¢ = —(K+1)A is the flow equation
for the dimensionless parameter A\, which is related to the By matrix of the generic helical
liquid. This result reveals that the considered kind of umklapp scattering gets relevant
for strong interactions K < 1/2 (K being the Luttinger liquid parameter). The umklapp
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scattering leads to a gap in the edge state spectrum. This is succeeded by a calculation
based on bosonic Green’s functions of a single interface between an edge state region
that is gapped out by g, and one which is gapped out by induced superconductivity.
Refermionization discloses a pole in the fermionic Green’s function, G(w) x 2/(w +i04),
at zero energy. This pole represents a zero energy bound state at the interface. With these
results in mind, we extended the system to a circular setup, hosting 2/N such interfaces.
We found that this system has a N4-fold ground state degeneracy. Effective operators are
constructed that allow to cycle through the ground state manifold by creating/annihilating
non-local electronic particles. It is shown that these operators satisfy X%j = X%j—l = 1.
Furthermore, a braiding scheme is proposed that allows for non-Abelian braiding of these
particles. Finally, we examine the Josephson effect in this setup, it shows a periodicity of
87 in the current. The system considered here is[TRS| conserving, which is a distinguishing
feature as compared to other works realizing parafermions. For example, in contrast to
proposals based on the fractional quantum hall (FQH]) effect, it does not require the
coexistence of a strong magnetic field and superconductivity. This can be an advantage
for potential experiments.

Chapter [4 deals with disorder in the Kane-Mele model. In analogy to works based
on the Bernevig Hughes Zhang (BHZ) model, we have shown that disorder can induce
a topological phase, even though the clean sample model parameters belong to a trivial
insulating phase. Besides the numerical solution of the tight-binding model, this chapter
presents an analytical approach, based on the lowest-order Born approximation. This ap-
proach reveals that the model parameters get renormalized due to the disorder. We found
that the renormalized staggered sublattice potential, A\, , gets decreased with growing dis-
order strength W. On the other hand, the spin-orbit coupling, Aso, does not renormalize.
Therefore, a topological transition can take place as the condition for a topological phase
is given by A\, < 3v3\g0, if there is no Rashba spin-orbit coupling. Interestingly, the
Rashba spin-orbit coupling Ag is not renormalized to lowest order in W, instead a new,
anisotropic Rashba coupling is generated, Ars. This coupling breaks the discrete C3 rota-
tion symmetry (rotation through an angle of 120°). Furthermore, we investigated the effect
of spatially correlated disorder. While these results might not be relevant for graphene,
the most prominent material for which the Kane-Mele model applies, they might be rele-
vant for silicene, germanene or stanene. In these setups, disorder can be used to tune the
system artificially between a trivial insulating and a topological insulating phase. This
could possibly be utilized for new electronic applications.

Topological insulators are the foundation of an incredibly rich ensemble of phenomena
and effects, three of which have been the subject of this thesis. With the knowledge
that was gained during its writing, our understanding of these materials has substantially
widened. The narrow topological insulator setup that has been investigated allows
a measurement and resolution of the spin-structure of the edge states. The non-Abelian
parafermions that were found are new, possible candidates for the implementation of
quantum computation. Finally, the [TAIl that was discovered in the Kane-Mele model
broadens the range of possible materials that can be used as topological insulators or
allow tuning of a material between a trivial and topological phase through doping with
impurities. Together with the manifold of other works about topological insulators that
have been published in the last years, this gives hope that topological insulators will find
many applications and will let us understand nature at an even more profound level.
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Appendix A

General Formulas

Fourier Transforms
1 ) —ikx
Y(x) = I zk:e”%k Yy = / dze R ().

Normal ordering
YABC...; =ABC---— (ABC...).

Logarithm expressed as a sum

log(1—y) ==Y _y"/n.
n=1

Bosonization identity (Eq. 2.22 of |Giamarchi03])

1. .
_ : io(kp—m/L)x —i(cp(x)—0(x))
to(r) = Uy lim =t e

)

with the Klein factors defined as Majorana particles: Uy = UT]L and U = UI.
Unit-step function
0 if 0
0 (:E) _ Iz <
1 ifx>0

Sign function

-1 ifx <0
sign(z) =40 ifz=0
1 ifx>0
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Appendix B

Detailed calculations

B.1 Proof that the modulus |v;| is indeed always less than
one

This appendix is used to show that the modulus v; = {cj / (ajbj)’ is always smaller than
1. As a first step, a transfer matrix with aj_1,bj_1,¢;—1 and the form of Eq. (2.47) is
multiplied by P;. This yields for the resulting elements a}_,b}_;,c;_;

a;_y = ;1€
/ p— .

bj—l — b.]fl

i,

/ . i —
Cj—l = C]_le

. .., is
g 7j=1 =1

multiplied by a single point contact transfer matrix with tunneling probability 7T; which
will result in (not writing the angle ¥; and the indices of Tj,a;-_l,b;-_l,c;_l to keep it

short)

and especially v ; = vj_1. Now a transfer matrix with coefficients a

(1 + bsin(A)I) (ab\/f—l— cT cos(&))

4= b(1 — T cos?())0
b — b —sin(9)I"
7 1+ bsin(9)T
(b— sin(O)T) (abT cos() + cﬁ)
Cj =

b(1 — T cos?(9))l

[T
I=4/——,
1-T
as the parameters of the new transfer matrix. This gives for the modulus

(b — sin(6)r) (abT cos(0) + C\/T) b(1 — T cos?(6))T (1 + bsin(6)T)
b(1 — T cos?(9))I (1 + bsin(0)T') (ab\/T +cT cos(&)) (b —sin(9)T)

VT cos(f) + c/ab
1+ VT cos()c/ab
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With an arbitrary phase ¢ it can be written as

(VT cos(0) + vy cos(0))” + 02 sin’()

(1 + v cos(gp)\/fcos(¢9)>2 + v]?_l sin? ()T cos?(#)

| VT cos(0) + vj_1€™
1+ vj_1€9\/T cos(8)

Uj

expanding the powers shows that 1+v§_1T cos?(0) > v]z_l—i—T cos?(#) is needed for v; < 1 if
cos(6) cos(¢) > 0. This however is true as — (1 — T cos?(0)) (1 - vj2;1> < 0. We therefore

showed that if all the point contacts have ‘vj‘ < 0 this is also true for the total transfer
matrix. The proof is not complete yet, as the case cos(f)cos(¢) < 0 is not covered.
However, it can be seen easily by plotting that v; < 1 even in this case, and an exact
mathematical proof has to be done elsewhere.

B.2 Bosonization of kinetic energy Hamiltonian

As an introduction to the methodology the linear dispersion Hamiltonian is bosonized
(which turns out to be really tricky to get it right) in this appendix. This part is closely
related to [vonDelft98] and starts with the Hamiltonian for free fermions

Hy = —ivp Z a/ da ¥ bl (2)0pthe (x) ¥ + Hee. (B.1)

with Fermi velocity vr and the right/left moving fields g, ¥, (R, L = %). The expression
(¥ ... %) denotes the fermionic normal ordering, which is to prevent singularities originat-
ing from a linearized spectrum with an infinite number of occupied states below the Fermi

energy. It is defined as usual by
“ABC...; =ABC.--—(ABC'...) (B.2)

where (|, |) is the (N-particle) ground state without any particle hole excitations. In this
appendix the bosonization identity is used, which is a Hamiltonian independent and
exact operator identity. Furthermore, the definition ¢, (z) = o¢(x) — 0(x) will turn out
to be handy. U, is the Klein factor and kg the Fermi momentum. The system has a finite
length L and an infinitesimal regularization parameter a. ¢(x),6(x) are the bosonized
fields. The fields ¢, (x) are defined by, after [Giamarchi03],

T
vo(x) == (oNr+ Np — oNp, — NL)T
. 1/2
_ Zj M / e—alp\/?—ipm O'b}: + O-bfp + b;g — b*p (B 3)
L 2 p Ip| ' '
P

It is furthermore necessary to split the fields into creation and annihilation parts, ¢, (z) =
oF(x) + ¢, (z), using only the creation part and annihilation part of the b-operators,
which commute with themselves. With this the following important commutators can be

88



B.2. Bosonization of kinetic energy Hamiltonian

calculated
[pr(x), pr(x)] =0 (B.4)
_ inz—ip' ' O‘bJr bT /b_ / —b_ /
[go:(a:),%,(x')} _ e del/2=dp'|2ipa—ip'a' | 700 +!17| Tp N ’p/|p
p,p

Op —pt oz (Uo’+(a+cr’)51gn(p)+1)

Ze—alpl ip(z—a) o L (00" + (0 + o")sign(p) + 1)

= e—a]p\—zpac z') 6( )
5” Z 7] (B.5)

where it was used that the N, Commute with each other and with the b—operators In the

following the identity of Eq. (| and the momentum quantization k = SFny is used to
calculate
2 = oean2in L
+ (| = 2% —(atio(z—z")) ¢
{gpa(x),goa,(a: )} =-7 Opo Z o~ (atio(z—z an27rnp
np=1
— 5,00 l0g [1 ~(atio(z—z >>2;} _ (B.6)

It is furthermore found that for both n = + the following commutator holds as well

[¢3(2'), 0uip ()] = 0. (B.7)

To bosonize the kinetic energy, the derivative has to be written as the limit

0L (@)i0pe () L + He. = ilim 1 SOH@)e(x + €) = ¥l (@)e(@) D + He (B.S)

Here, it is already crucial to take the H.c. into account in the right way. For this reason
it makes sense to also keep writing the 7. Writing out the H.c. yields

Sl (2)i0p o (x )* +He.
= ilim 2 2l (@) (@ + ©) — YL@ (@) — YL@ + (@) + YL (@pe() *

e—0 6

—zhgé;*w*( D)o (w+ ) = ¥l (@ + o) I (B.9)
Here, products of two operators at the same point x are allowed and well defined because
they are inside the normal ordering operation, which prevents any singularities. With the
bosonization identity the normal ordered operator products can be calculated as

1 .
“ ot _ io(kp—m/L)e * ipo() g ~ipo (2+0) *
Vo(@)do(z + )y =lim o—¢' "

1 . . .
LUk + (@)D = lim et tr /e et miee@ s (B.10)

where it was used that the Klein factors are unitary. Before taking the limit ¢ — 0 the
limit @ — 0 has to be taken as a is supposed to be even smaller than e. This is because a
is a measure for the length scale beyond which dynamics are cut-off. At distances smaller
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than a, the fields are not supposed to vary anymore, and taking the derivative would make
no sense. To do this, the fields have to be rearranged in a final way that does not require
the use of commutators after taking the limit a — 0, because commutators contain a.
With the fields ¢ and the commutator Eq. one finds

* o1 . _= o(kp—m/L)e* Lips (x)+ips (z) ,—ips (T+€)—ips (z+e) *
*¢a(x)¢0(x+€)* 3‘1*1’}[%] 27TCL6 *6 € *
— lim Leio'(kF_W/L)E * eicp;“ (x)e-l—igo;(x)e—igo;(m—&-e)e—w;(x-i-e)
a—0 2ma *
 eled (2).05 (@)]/2,]0d (z+e),05 (z+¢)]/2 *

= lim 1 elo(kp—m/L)e * eicp;r(x)e—icp;(x-&-e)e—i-iw;(x)e—igog(z-i-s)
a—0 2ma *

x el#r @1ed e ool @05 @)] (B.11)

Finally, one can take the limit @ — 0 of the whole expression, including the prefactor 1/a
and the two commutators. This yields

2w

lim —eler @t @ra] Jed @es @] _pyy, L 1T E
a—0 2ma a—0 2ma | — —(a+tioe) Zx
1 1

:fl — e~ 2ioen/L’ <B12>

This can be expanded for small e. Taylor expansion works the usual way because 0,5 ()
commutes with ¢, (z). First, all the terms are expanded up to second order in € to read

Sl (@)o( + )L ~
1= st @e - a2 - (o5t (@) 2]

Y [1 — ity ()e — 102, @02~ (0005 @) ez/z]

x [1 +io(kp —m/L)e — %(k;F —~ W/L)%Q] [_"" LI WU]

— | x. B.13
2re 2L 6L2% | * ( )

Keeping in mind that there is still a 1 /e prefactor before taking the limit, all terms going as
€2 can be neglected. Furthermore, all terms not containing any operators can be dropped

due to the normal ordering. This yields

10 1

*QzZ)O'(I)¢U(x+ 6)* ( e + 2L> * 289;900(&0)6*

10

- gt =it ()2~ (Bl @) 2 (g @) /21

- 2%1 — O (2)0uipy (2)€2 + Dppo(x)o(kp — /L)e2 . (B.14)
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B.3. Majorana modes at the edges of 2D topological insulators with induced gaps

An analogous calculation for the hermitian conjugate yields (the limit @ — 0 now leads to

1 1
a term T 1—e2icon/L )

» oo (i Y., :
*wa($+€)¢o($)* (27T6 + 2L> *'Lax@g(l')ﬁ*
10 a2 279 v 20 — 32 20
+ o bi02ps ()2 = (0ot (@) €/2 = (Do (2)) €23
10

e = — 0003 (2)Dap; (2)€ + Dupo(w)o (kp — m/L)e* L. (B.15)
TE

Insertion of these expressions into the Hamiltonian of Eq. (B.1)) and the limit e — 0 yields

L/2 1
Hy = —ivp ZU/ d:L’* - Ezax@a(x) *

—~ J-L)2
' e (o 2 L () (k :
i [ g Q@) - @b /DT (B16)

where it was used that [0,¢F (z), 8,45 (x)] is a number and vanishes in the fermion normal
ordered expression. In the limit of large L one can neglect most of the terms and obtain
the well known bosonic Hamiltonian

Hy :;’frz/dx: (Bopo(@)) <. (B.1T)

B.3 Majorana modes at the edges of 2D topological insula-
tors with induced gaps

Consider the Hamiltonian H = Hg + Ha + Hjys. It consists of a kinetic part with linear
spectrum as in Eq. (3.1), a part with induced superconducting pairing Eq. (3.6) and one
with induced magnetic pairing Eq. (3.8)),

Hy = —ivp Za/dx\lll(:n)ﬁw\lfg(x)
Hpa = /dac {A(:c)\lll(x)\I/I(x) + H.c.]
Hy = / dz [M(m)xﬂ(x)qf Jz) + H.c.] (B.18)

where A(z) = Af(—=x) and M (z) = M6(z). Introducing the Nambu spinor,

it can be written as
—fvpd, M A 0
1 M* wpo 0 A
_ - T FOzx
H= 5 /dx\Il (z) A 0 ivpd, M W(z). (B.20)
0 A* M* —ijvp0y
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Appendix B. Detailed calculations

B.3.1 Solution in the superconducting region

As a first step, the solution in the superconducting region (x < 0) is considered. Here, the
Schrodinger equation reads

—UpOy 0 A 0
0 WOy 0 A _
N e 08 e = peaw) (B.21)
0 A* 0 —iUp0y

This first order differential equation can be solved with the ansatz,

eikTmCT
eikixc
\Il<($) = eikadi <B22>
eikixdT.
Using this gives the equations
'UFkT —F A 0 0 Cr
A* _ka'T - F 0 0 di o
0 0 —vpk, — E A e | 0. (B.23)
0 0 A* ’UF]Q —F dT
This matrix is block diagonal, and its eigenenergies are given by
Eoyr = v/ (vpks)? + |AJ2. (B.24)

This allows to determine the eigenvectors. For instance, it is found
(vPky —Erp)er +Ady =0 = dj 4 = % [j: (vrke)? + |A2 — vpkﬂ (B.25)
Therefore, defining
s = % [/ (0rko)? + AP — vpok, (B.26)

the (unnormalized) eigenvectors corresponding to the four eigenvalues F,4 are given by

1 1 0 0

eisz N 7 eikTI 0 , 6“%55 g’) , eiklm é (BQ?)
T+ OZT_
0 0 oy )

Since normalization was not imposed so far, k, can be either real or imaginary (it cannot
have nonzero real and imaginary parts, because the energy must be real). Real k, corre-
sponds to states with energy above |A|, whereas imaginary k, = ik, can generate subgap
states, provided that virZ < |AJ2.

In the following, the focus is put on possible zero energy eigenstates. Since the wave
function must be convergent for x+ — —o0, Kk, < 0 has to hold. There is thus a unique

wave vector £, = —|A|/vp which can yield a zero energy solution. In that case
aﬁi}kngimvw = Z(UHA!) = ioe (B.28)
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B.3. Majorana modes at the edges of 2D topological insulators with induced gaps

with A = |Ale’®. The most general wave function corresponding to that solution reads

1 0
0

‘Il(<0) (CC) — 6$|A‘/”F a/r Z,e_i(b + (I¢ 0 (B29)
0 —je~i®

For arbitrary a4 and a|, this state is a zero energy eigenstate and it is normalizable in the
interval (—o0, 0].

B.3.2 Solution in the magnetic region

In the magnetic region (z > 0), the Schrodinger equation reads

—ivpﬁm M 0 0
M*  dwpd, 0 0 B
0 0 iopd, ! U () = B®(z). (B.30)
0 0 M*  —ivp0,

This first order differential equation can be solved with the ansatz,

ik
eZ‘ 1a”c’T
(BZklICi
‘I’>(.%') = €ikflzdl (B31)
ik_ !
Using this yields the equations
vpk1 — F M 0 0 C/T
M*  —vpki — E 0 0 | _
0 0 —’Upk_l —F M di =0 (B'32)
0 0 M* vpk_1 — FE al’T
The eigenenergies are this time given by (for j = +1),
Fj+ = £/ (vrk;)? + | M2 (B.33)

And the eigenvectors read

(Upkl — F17:|:)CT + MCJ, =0 — Ci,,i = CMT [:l:\/(UF]ﬁ)Q + ‘MP — Upkl] . (B.34)

Therefore, defining

1 .
ﬂj,i = M |::|: (ka‘j)2 + |]W|2 — UF]k‘j:| (B.35)

the (unnormalized) eigenvectors corresponding to the four eigenvalues are given by

1 1 0 0
6ik1$ ﬁ%)‘f‘ , eiklw ﬁ%)_ ) eikflw (i , eikilx g) . (B36)
0 0 B-1,+ B1,-
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Appendix B. Detailed calculations

It is again look at zero energy eigenstates. These must correspond to imaginary k; = ix;,
and normalizability means that x; > 0. This means that x; = |M|/vF is the only allowed
wave vector. For that case, it is found

1 o
Bix = 57 (—id|M|) = —ije™ (B.37)

where M = |M|e was used. Therefore, the most general zero energy eigenstate reads

1 0
(0) —e|M|/v —ie~ % 0
v'(z)=e F by 0 +b 1 (B.38)
0 ie= %
B.3.3 Matching the solutions
Finally, the possible zero energy solution at x = 0 have to be matched. Using
0 0
v (0) = 20(0) (B.39)
yields
1 0 -1 0 a
0 1 e~ 0 ay |
ie”® 0 0 ~1 be | 0 (B.40)
0 —ie7® 0 —ie )] \b

Nontrivial solutions exist if the determinant of this matrix is zero. This is indeed the case
for arbitrary 6 and ¢. The rank of the matrix is three, so is has three linearly independent
rows or columns. This means that one parameter can be chosen, say a4, and used to
determine the remaining three. For fixed a4, the unique solution reads

10

ap = —ie ay
bT = CLT
b, = ie “ay. (B.41)

The remaining parameter a4 can in principle be fixed by the normalization. Therefore,
the Majorana mode reads

1
—1e
ie"i

—if
MBS (1) |:9(—$)€x‘AVUF +9(:c)e_x‘M|/”F}

010/2i/2
_ie—i0/24i6/2
iei0/2—10/2
—e—i0/2,—i0/2

= [9(_$)ex\A\/vF + g(x)e_I‘MVUF} e~ 10/2—i¢/2 (B.42)

An overall phase was pulled out in the last line. The remaining spinor has the structure
(a,b,b*, —a*) which, when comparing it with the definition of the Nambu spinor, shows
that this is indeed a self-adjoint fermionic mode.
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B.3. Majorana modes at the edges of 2D topological insulators with induced gaps

B.3.4 Bosonization of the single-particle backscattering Hamiltonian

In order to bosonize the single-particle backscattering term properly, it is most convenient
to express it in terms of fermions and use a point-split expression,

=2 [an tm 0, 5 [vhGe)vinlen) + vl o))

r1,2,3,4—T

X0y D B Wl (esip(ee) — @n)vales)] . (BA3)
B
As a first step the two terms in the product can be bosonized individually,
) =0, 3 B[vh@)es(y) - (= 0 9)] = ia Zg [ies@ 03 — (45 )]
B

_ b iK4 @ () iK—B5() ,—iK 4 35(y) ,~iK_Pply) _
27ra8‘r ; B [e e e e (r < y)}

o, ZB [ iK1 $p(2) o —iK-35(y) iK-$5(®) ~iK+ 5(W) _ (1 ¢4 y)} (B.44)
B

27ra

where the following was used

Yo =0p—0=0VKp— 1

K
R TR
a\/> 1 - ovVK 1 -
(o (e
— \/j‘f‘i P+ _E L D=
= 9 WK Po 5 WK 14
= Ko+ K s (B.45)

to express the operator in terms of ¢1. Normal ordering for pairs produces,

*

—(K2+K2%)/2 . K K_
et E+85(2) o —iK-Pp(y) — <L> ) (2Mﬁ - x)> o e+ Pp(2) o —iK-Pp(y) *
2ma *

h/‘\

(B.46)

where the cutoff a was dropped inside the second parenthesis since the distance x — y
is kept finite in this point-splitting scheme. The normal ordering is with respect to the
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interacting bosonic fields. Since the two pairs of operators commute one obtains

mTa \ 2ma

(=)} () y>]

1 /L K o o
(%) = oma () Z B0, [I K+ @p(x) o —iK-Pp(y) iK-P5(x) —iK+P5(y) :

L L

W
—%X%J 280

Ei

Using K2 + K2 = 1/(2K) + K/2 and K{ K_ = 1/(4K) — K/4 yields

] I\ VEEO-K/2 o N\ —1/(2K)+K/2
WI%X%J <L> 200

(1K (2) =iK—fa(y) 1K~ B5(@) o~ 1+ £3(0) *

—KyK_
—(z ¢ y)] (B.47)

—K.K
K apa) i3 (0) () i) | (U= )2
* el +¢8(2) o —iK-¢p(y) iK-pp(x) ,—i +s0;3(y)1 - —(z < y)
a

9 0] K+ K-

T ora ( wa) Zﬁa [ [ z) ] :ei[%(x)—%(y)] _ ei[soﬁ(y)—wg(a:)]:
2ra )2 —H K-

( >Zw - coslps(w) — wa(y)] (B.4g)

For the final step, the relabeling 5 — 3 was done in the last term of the previous line.
Next, the derivative leads to two terms,

a

] KeK--1 .
() = (%ﬂ Z@” )] 20U+ oslos(e) — o3]S

a?

(y—a22]
- [] 2 [Ozpp(2)] sin[pp(x) — @B(y)]I] (B.49)

Next, using y = x + a yields

() = <2m> Z 28 os lps(x) — pa(x + a)] + BlOrpp(x)] sinfps(z) — wz(z + a)]
(B.50)
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B.3. Majorana modes at the edges of 2D topological insulators with induced gaps

In the normal-ordered terms, one can take the limit a — 0 but should keep the first order
term in the expansion of the cosine,

() = (m) ZB{ 2 [ coslps(a) — w3(@)] + aldups(a)] sinlpa(a) — o3()]:
— 1 [0pp(@)] sinfps() — w5(a)] }
(zm> Zﬁ{ 2 [ cosl260(@)] + aldupp(w)] sinf266(2)] |

— & [Ozpp ()] sin[26¢(z)] } (B.51)

The cosine term vanishes in the summation over 3, but the sine terms survive,

(%) = % (27W> { — 22 zgoﬁ )] sin[2¢(x)] 5 — Z 2 [0zpp(z)] sin[2¢(x)] }

B
K
_ 3 (22) 3 [Bopp()] sin2e(2)]

ma 3

K
15 ROV ENE (B.52)

Ta

This completes the bosonization of the first part of the product. The density-term can be
bosonized straightforwardly,

S Oepale) = ——326(a) (B.53)

Therefore, the bosonized single-particle backscattering Hamiltonian reads

=22 (<) [f (QZ)K] [ asiezotw: pussnizotw))

K
- B (3) [ asozeto: 0] sui2oto)): B.3)

As expected, the cutoff dependence drops out for K = 1. Now, one has to find a di-
mensionless coupling constant as the basis for RG. Since Up/(k3a) has units energy times
length squared (U has energy times length), the choice is pretty much unique. Defining

12U
A= 77T%Fk§a2 (B.55)
yields
spb 2ma K 2 * : *
HP = —X\vpa ( 7 ) /dm[@mqb(x)} +[0.0(x)] sin[2¢(z)] & (B.56)
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However, this operator is not normal-ordered yet. Since it should be normal ordered with
respect to the bosonic fields of the interacting system, it makes sense to first rewrite it as

HP =~ \opa (ﬁ)K [ dsiEote): ad @) snl2V R
_ )\vpa <27m> /dm Z a[028(2)]* [0.0(z))e 2ia\/fq3(x)1

5 <2WLQ> / d )" adi(é" +47) [axéwam*(wem@‘<w>
a==+

21
4 2iaVES (@) 2iaVES (@) é—}
(B.57)
with the creator and annihilator parts 6+ and ¢* and an explicit writing out of the normal

ordering. The term containing 8§g5+ is already normal ordered, but in the other term one
still has to commute 92¢~ past 07 and ¢*. In terms of bosonic modes, [Giamarchi03]

in Llpl 1 _api/2, —ipeyt
L2V oy T (B.58)
i Lip|1 —alpl/2 ,—ipz
B e . B.
7 d o pe e "Prh_, (B.59)

m L|p’ 1 fa|p|/2 —ipry T
i b B.60
2\ o e e, (B.60)
S JHRLL iz, (B.61)
27 |p|

Some commutators become inevitable,
71— T+ — - a\p| —ip(z—y) o a|p| —ip(z—y)
5080 =~ a5 bl e AN
- = Z 76727ra\n|/L6727rin(mfy)/L
n

_ I L onatie—wyn/e L LN L —om(amia—y))n/L
4 Z n’ * 4 Z n"

n>0 n>0
_ _i In [1 _ e—27r<a+i<x—y))/L] _ iln [1 _ e—2w<a—i<x—y>)/L]

- . 1 .
L0t (y E e—alplg=in(z—y) _ T E Zealpl g —in(z—y)
1 1 .
- 727r (a+i(z—y))n/L _ =+ —2n(a—i(z—y))n/L
-1 125
n>0 n>0
= L eemtatie—un/n] L L T L pm2mamita-y)/L
- 4mh e ]+4mﬁ e |- ®e2
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B.3. Majorana modes at the edges of 2D topological insulators with induced gaps

Taking the limit L — oo at fixed a, x,y first, the differentiating twice with respect to x,
and finally letting y — x, yields,

026 (). @) = 57
026" (@).6% (@) =0. (B.63)

Therefore, using the formula [A4,e?] = [A4, Ble? for [A, B] € C, one finds

b _ Avpa [ 2ma K d
int =7 o \'L Iziia

8%(;3* [8069462@‘01\/?&#(:;:)621'04\/?&’(I) 4 621'04\/?(;3*(96)621"1\/?‘57(I)Bxﬁl}

[a 9+a2¢7 Qza\/idﬁ(a:) 2iaV/K ¢~ ( _’_82(257 2104\/7(;#(90) 2ia/ K¢~ (:1:)8 9 :| }

__/\UFa 2ma K/d Z
~ T L et

8%(5—" [8x§+62ia\/f<£+(x)€2im/fq~5’(ﬂ?) + €2ia\/Fq~5+(x)62ia\/E¢;7(x)axé_}

+ 0, 0+ 2iaV/Két (z <82¢_ ZO‘?) e?ia\/f<f~’7($)
a

2iaVEdt(a ( 25 _ za\r ) egm\/ﬁ@—(z)axg—} (B.64)

Finally, one obtains the expected normal-ordered term plus two additional terms which
arise from the commutators,

H? — — \opa <QZG>K / da* (026)(8,0) sin[2vVE d(x)]
| AvrvE (T)K / dz* (8,6) cos2VE d(x)] *

a

— _ \vpa <22“)K / dz (92¢)(0,0) sin[2¢(z)] 1

+ Avp K <27£G)K/dmi (0:0) cos[2¢(x)] . (B.65)

a

The first term was expected. In the second term, it is a bit surprising to recover the old
friend, the linear Rashba Hamiltonian again. It is also slightly disturbing because that
terms appears to have a stronger scaling dimension than the fermionic Hamiltonian
that was started out with. Then again, one starts out from a non-normal-ordered fermionic
Hamiltonian , and if this was normal-ordered then one would also encounter a non-
vanishing commutator which would then produce a Rashba-like term. The correct way
would be to start from a normal-ordered fermionic Hamiltonian. When using bosonization,
this will give the same result apart from the spurious Rashba term. Therefore, one should
simply use,
2ma

K
2 = -xopa (P70) [ o2 (026)(0.0)snf200): (B.66)

as the bosonized single-particle backscattering term.
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B.4 Derivation of the RG operator product expansion

The goal of this appendix is to derive an operator product expansion for two single-
particle backscattering terms. The first step is to derive some commutators that will
become necessary later on. One can split the bosonic fields into a creator and annihilator
part as follows

$z1.t1) = VE(a1,t1)
= (nar ) — a1, 1)
= ‘/f (@r(z1 — vt1) — @r(z1 + vt1))
\/f (@ (z1—vt1) — @f (w1 + vt1) + G2 — vt1) — G7 (21 + vt1)> (B.67)
ar,t) = S 1K ( F(xy —vty) — F (1 + vty) — Glar — vty) — @p (21 + vt1)> .

(B.68)

The commutator of these fields can not be fully determined by the commutator of ¢, 6.
So it can be chosen in such a way that [¢(z),6(y)] = —imO(z — y) holds. A first try is

[@j;(x), @;,(y)} e [1 _ e—(aﬂ‘a(w—y))%’f} , (B.69)

From this one can back-check

[ds(l‘),é(y)] = % [log (1 _ e*(d%(:)%?;l))%“) —log (1 _ e(a+i(xy))2£r):|

= —%rsign(x —v). (B.70)

This is indeed the right commutator, but not in the convention used before. To get the
©(z — y) function one would have to use a more complicated commutator as a starting
point for the ¢ fields, but this would make the following calculation longer, so it is better
to stick to the sign commutator convention for this part. Next, some useful abbreviations

At o, —@E(ﬂfi); NG (B.71)
e a[%(”:i); o) (B.72)
CF = Ph(z;) . ¢r (=) (B.73)
o = #rli) . Pr ) (B.74
E =2, + ot;, (B.75)



B.4. Derivation of the RG operator product expansion

are defined. The following step is needed for the second order RG equations. It is necessary
to normal order a product of two single particle backscattering terms

 (02,0)(00,0) sin[26(z1, 11)] | % (03,0)(0r,0) sin[26(2, t2)] §

L * 102¢(x * ok i T *
== D 7 E(05,0)(0n0)e ) L1 (8],6)(D,0)e )
a,B=%
~— Z leia%/?CfeiaN?Cf (3510;)AI((9§2 C;)A;remﬁc; piB2VECy (B.76)
a,B=%+

The last transformation did already something quite complex. All terms that can be
identified right now that would lead to a final expression in the end containing derivatives
were neglected. This can be done because these are less divergent. One can identify
these terms because they contain a derivative term which is already in the right normal
ordered position. This expression needs to be normal ordered now. The first and the
last exponential are already in the right place, so one takes the operators in between only
and rearranges them as follows, using the relation ae® = €®(a + [a,b]) which holds if the
commutator is a number

cOWVECT (92 O ) A7 (02,05 ) Af €P2VECE
:eiaQ\/EC;(aglcl—)eiﬁ%/ECJ <A1_ + {A;,iBQ\/?C;D (3220;)143
—i02VKCy if2VECy ((@%101—) + [(85101‘),iﬁ2\/l70ﬂ>

< (4 + [araviet]) @chag
_[ie2VECy is2VEC]] isavieys ((35101—) + {aﬁlCl_,i&\/EC;D

(4 + [ imvRes]) (o5 + oavRoer 1))

x <A; + |i2vECT, A;D elo2VECT (B.77)
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The exponentials are now normal ordered. We again proceed by taking the expression in
parenthesis only and normal order it

(aglc; +iB2VEK |92, c;D <A1‘ +i62VEK | AT, C;D
x (aic; +ia2VK [01,3320;}) (A; +i0a2VE [cl,AgD
~16K2 02,07, cf | Ay, of | [or.ai,e8] [or, af] + {(aﬁlq—) A, (e2,c4) Ag]
—4a/3K{[A;,C2+] [6310;,83203] [C{,Aﬂ + [A;,Cﬂ [C;,aicj] [aglc;,A;]
+|ar. a5 | [er Az ] | orof | + a3, cr e | |or e c [AI,A;]}
~16K2 02,07, Cf | Ay of | [or.ei,ef] [or, af] + @2, cr,0%,05] AT, Af ]
—40451({[141,0;} 0% o%cf | o, af| + ar.of | [or 2o | |02 or af
+ar. o305 [or af] |3 or.of | + [o2,or.cf | [er, oo [Al,A;]}
+[03,0r, 48] Ay, 02,64 (B.78)

The whole expression contains the following commutators only

[er.¢8] = § [erten), o) + [ 65 @)] = 01

A7, 45| = 10,0, <[—¢§(x;), ~gh(ez)| + |41 (D), —@Z(:@)D m

07, AF] =~ 0n, [Bran), #h(n)] + 10u [f7D). 65 (0F)] = Buag

AT,CF | = Onig-+ (B.79)
with the properties 0,, = —0z,, so it can be written as

— 16K* (3§19++)2 (O219-+)" +daBK (3§19++)3 +4aBK (9 9-1)° (3§19++>

+ 8afK (0r,9-1+) (8§19++> (8§IQ—+) - (3§19++) (8§1g++) - (3319—+>27 (B.80)
while

gap = — log [1 = e (wtilaavanion) ] glog [1 - emlomiterbtaaun ]
(B.81)
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What remains is to calculate the prefactor with the exponentiated commutator as
e[mzﬁc;,wzﬁaj] _ —4aBKgis
e*aﬁK[S@R(xl )s ;;(12 )] aﬁK[SﬁL (931 )s JLr(x;r)]

= (1—eto “_“’JCD)Q%)“BK (1 - e—(a_i(z;—xr»"%’)aw

(a +i(zy — xf))aﬁK (a —i(xg — xf))aﬁK (27T>2a6K (B.82)

Q

L
All of this finally leads to the result

£ (07, 0)(0z,0) sin[2(x1, £1)] % (92,0)(02,0) sin[20(x2, 2)] X
a - T 2aBK
~— Z i (a +i(zy — xf)) . (a —i(xg — a:f)) . (2L>

a,f=%

[—16K2 (8219++>2 (D19 ) + 4045[(( x19++) + 4apfK (62719—4-)2 <8§19++)

+8afK (0z,9-+) (3g19++> <3§197+> - <a§19++> <a§19++> - (3319+)1

% Ieia2¢(x1,t1)+iﬁ2¢(x2,t2) I ’ (B83)
here, for 1 = z9 and t; = ty the operator expression vanishes for &« = —f, therefore one
has o = .

B.5 Commutation relations of bound state operators

In this appendix, important commutators for the bound state operators are derived. Ba-

sically all commutators can be derived from [¢(z),0(y)] = —inO(z — y). It starts with
1 1
[Si,Q;] = 2 (041 — 0, ¢ 11 — &) = ——=5 [#j41 — &5, 0it1 — 04
= [@(]—z)—@(j—l—l—z)—@(j—z—1)+@(]—z)]
1
= — (85 = Gig1) (B.84)
with 4,5 € {1,..., N — 1}. Especially, the commutator is just a number. From now on,
for this section, 4,5 = 1,..., N — 1 is always implied. Using this, one can show that
™8 giTQs _ (inQ; i S [T SiinQ;] _ LimQ; imS; ,—im (85— 541) (B.85)

In particular, the following results hold

eiﬂ'Sj/QeiTrQ]- :e—iw/2ei7er eiTrSj/Q
eiﬂsj+1/2€i7er :eiﬂ/QeiﬂQj einj+1/2 (B86)
and also for the total charge and spin operators

(Qtots Stot] = [#(L7),6(L7)] = [o(L7),000%)| + [6(0%),000%)| =0 (B87)
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Appendix B. Detailed calculations

if we define ©(0) = 1/2 for the continuous ©-function. In the same way one finds

eiﬂ'QtoteiﬂSi/Q — ei?TSi/2ei7erot <B88>

for the mixed commutators. It is assumed here that 6; is defined somewhere within the
open interval (0, x1).
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