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Abstract

Two-dimensional topological insulators coupled to s-wave superconductors and
external magnetic fields have been predicted to support Majorana edge states.
The stability of these states against electron-electron interactions and spin-orbit
interactions of Rashba and Dresselhaus type are studied using bosonization and
renormalization group analysis.

To extend an earlier model, a local Umklapp interaction, corresponding to
isolated impurities, is first studied. It is shown that the local Umklapp interac-
tion is less relevant than the global Umklapp interaction, and that the Majorana
states are stable against this disorder effect.

The model is then extended to also include Rashba and Dresselhaus spin-
orbit interactions of constant interaction strength. It is shown that the Majorana
states are stable also against the Rashba effect, but may be destabilized by the
Dresselhaus effect. The Luttinger parameter is found to be a function of the
Rashba interaction strength.

The thesis also contains an introduction to the theory of topological insula-
tors, with focus on the field theoretical description and interaction processes.

Keywords: Topological insulators, Quantum spin Hall effect,
Spin-orbit interactions, Majorana fermions
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Chapter 1

Introduction

Thanks to experimental and theoretical advances, topologically ordered states
have become a focus of research in condensed matter physics. These states are
characterized by topological invariants, unlike classical states, which are asso-
ciated with broken symmetries. The quantum Hall states form the archetypal
example of topological states, giving an exactly quantized resistance for a range
of magnetic field strengths. Other examples of topological states are the more
recently discovered topological superconductors and topological insulators, the
latter being the topic of this thesis.

A two-dimensional (2+1 dimensions) topological insulator behaves like an
ordinary, gapped insulator in the bulk, but its topologically protected edge states
set it apart. In contrast, a three-dimensional (34+1) topological insulator is
insulating in the bulk and has topologically protected surface states. This thesis
will focus on the edge states of the two-dimensional topological insulators.

These edge states are helical, which means that the direction of motion de-
pends on the spin. The topological protection enables dissipationless transport
with effective spin currents. The topological insulators could thus be particu-
larly useful in spintronics, but the dissipationless currents make them interesting
in other electronic applications as well.

In 2008, it was shown that two-dimensional topological insulators coupled
to conventional s-wave superconductors and external magnetic fields can sup-
port Majorana bound states along the edge [T, 2]. Such states correspond to
Majorana fermions, which are hypothesized neutral fermions that are their own
antiparticles [3]. Particle physicists have long tried to find evidence for these
particles, but to no avail. There is, however, an increasing promise of discov-
ering them as collective excitations in condensed matter systems [4]. In fact,
signatures of Majorana fermions have recently been detected experimentally
in quantum wires with strong spin-orbit interactions, when coupled to s-wave
superconductors [5], 6] [7, 8]. Yet, it still remains an open question.

The Majorana states are interesting for fundamental reasons, but also be-
cause the the topological protection makes them possible qubits [9]. Developing
an understanding of how such states behave in materials is important in order
to construct useful experiments. In particular, the stability of the Majorana
edge states against interactions and disorder effects must be investigated.

Sela, Altland and Rosch [10] have shown that Majorana states in a two-
dimensional topological insulator system can be protected in the case when
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forward, dispersive and Umklapp scattering electron-electron interactions are
present. In this thesis, we extend their model to also consider local Umklapp
effects from isolated impurities and Rashba and Dresselhaus spin-orbit inter-
actions. The model then describes a more realistic system, with disorder and
spin-orbit effects likely to be present in experimental samples. We show that
the Majorana edge states are stable also against such impurities and the Rashba
spin-orbit interaction. The Dresselhaus spin-orbit interaction does, however,
give rise to non-trivial effects and may destabilize the Majorana states.

The structure of the thesis is as follows. In chapter 2 the topological insula-
tors are described in more detail. First the basic concepts of topology in physics
are introduced by means of example, then we turn to the theory of topologi-
cal insulators. Both topological band theory and the relevant field theory are
described.

In chapter 3 we study the local Umklapp interaction using a Jordan-Wigner
transformation as well as bosonization, followed by a renormalization group
(RG) analysis. The results for the Rashba and Dresselhaus interactions are
given in chapter 4. We conclude this thesis in chapter 5, with a summary of the
results and their implications for future experimental work.



Chapter 2

Theory of topological
insulators

In this chapter, topology is introduced in the context of condensed matter
physics and relevant parts of topological insulator theory is described. For more
extensive treatments of topology in physics, see references [11] and [12]. There
are several good review articles introducing topological insulators, of which the
author has found refs. [13 14 [15] particularly helpful.

2.1 Topology and physics

The simplest example of topology in physics is probably the problem of a particle
constrained to a ring threaded by a magnetic flux ® , as described in e.g. ref. [T1]
and illustrated in fig. The geometry requires periodicity with the period
27. If the coordinate of the particle is measured in terms of an angular variable
¢ € [0,27], then ¢ can be considered a field defined by the map

¢: 8" — S, (2.1)
T ¢ (7)

from the unit circle S' into another circle, where 7 € [0,5] is imaginary time.
Such a mapping can be associated with a winding number W, counting the
number of times ¢ (7) runs around the unit circle as 7 goes from 0 to 3, i.e.

A o

! >

Figure 2.1 — Particle on a ring threaded by a magnetic flux ®.
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27W = ¢ (8)— ¢ (0). Obviously, W € Z and cannot be changed by continuously
deforming ¢ (a loop around the circle is a loop as long as the circle remains a
circle).

The partition function is

z :/ Dge~J d7(37-148) (2.3)
(B)—¢(0)=27W
where A = 4% is the vector potential of the magnetic field, and ®, is the

magnetic flux quantum. Applying the constraint ¢ (8) — ¢ (0) = 2aW to the
second term in the action yields

B
Spop 8] = iA / A6 = iA (6 (5) — 6 (0)) = 2xW A (2.4)

0

and we can separate the partition function into different topological sectors,

z=) A / Dge 31 479", (2.5)
” S(B)—p(0)=2W

Siop 18 a topological term, which cannot affect the equations of motion. It does,
however, weight the contribution of different topological sectors in the functional
integration.

In more formal terms (for an introduction, see references [11] or [12]), all
fields with the same winding number are homotopic, meaning that they belong
to an equivalence class of fields that can be continuously deformed into each

other. Here, the homotopy group is m; (S 1) = 7Z. It is a topological invariant,

encoded in the topological action (as it is ~ W € Z). Two theories are said
to be topologically equivalent when the topological parts of their actions have
the same homotopy group. From this property follows that the target spaces
of the fields are homeomorphic, meaning that the spaces can be continuously
deformed into each other.

The key message here is that such deformations will not change the topolog-
ical properties of the system. In effect, continuous changes of the Hamiltonians
will preserve certain properties.

2.2 Topological band theory

To get a first conceptual understanding of an topological insulator, let us con-
sider the band theory of the system, rather than the underlying field theory
description. Recall first the band theory of ordinary insulators, semiconductors
and metals. The eigenvalues E,, (k) form a structure of energy bands. Both in-
sulators and semiconductors have a fully occupied (valence) band and an empty
(conduction) band of higher energy. The size of the band gap (and hence the
likelihood for an electron to jump to the upper band) determines whether the
material is an insulator or a semiconductor. These two states are topologically
equivalent, meaning that the Hamiltonian can be continuously deformed in such
a way that an insulating state turns into a semiconducting one (or vice versa),
without closing the band gap.
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Figure 2.2 — The integer quantum Hall effect. Under a magnetic field B per-
pendicular to the plane and an electric field E across the system, the electrons
in the bulk will be trapped in cyclotron orbits and electrons along the edge will
form protected edge states.

2.2.1 The integer quantum Hall effect

The integer quantum Hall state provides a topologically non-trivial example
of a gapped state. In short, consider a two-dimensional material subject to a
strong, perpendicular magnetic field. The electrons on the surface will move in
cyclotron orbits and become arranged in energy levels called Landau levels (LL).
If N levels are filled, then there is an energy gap AE (k) = Ey 4 (k) — Ey (k)
up to the next level. We can form equivalence classes of Hamiltonians that can
be smoothly varied without closing the gap, i.e. respecting the band structure.
These classes are distinguished by their first Chern class [14]

n= i/ d°kF, (2.6)
2
where F is the Berry’s curvature F = V x A and the Berry’s connection A =
) 22:1 (U | Vie|ttyy). The Chern class is always an integer. It corresponds to the
Berry’s phase picked up by a Bloch state |u,,) transported around the Brillouin
zone, which can be compared with how the winding number corresponds to the
“phase” picked up by the particle on the ring as it is transported around the ring.
The analogy is strengthened by the fact that n is also a topological invariant.
When an electric field is applied across the system, the cyclotron orbits pick
up a drift velocity, which yields a net current. The conductivity is quantized
with

2
e

gy =N (2.7
Since n is a topological invariant, the Hall conductivity is robust against smooth
variations of the Hamiltonian [I4]. This is what makes the quantization of the
conductivity so precise, up to 1 ppb [16].
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Figure 2.3 — If the gapless edge state of the quantum Hall system, between
the bulk bands, originally crosses the Fermi energy once the Hamiltonian
can be smoothly varied such that the state crosses the Fermi energy any odd
number of times The number can, however, never become even, so the
difference Np — N; between the number of right and left moving modes is
preserved.

Consider now an interface between a quantum Hall state with n = 1 and an
ordinary insulator with n = 0. The Chern number then changes by An =1 at
the interface. In order to make the change in the topological invariant possible,
the energy gap must disappear somewhere, giving rise to low energy electronic
states at the interfaces. These states are chiral, meaning that they have a specific
direction, defined by their dispersion relation and the direction of the electric
field, as can be seen in fig.

If there is a single such edge state, it will cross the Fermi energy exactly once.
It is, however, possible to smoothly vary the Hamiltonian so that it crosses the
Fermi energy any odd number of times, see fig. The difference Np — N,
between the number of right and left moving modes is preserved under such
a variation, as half of the added crossings must happen with positive group
velocities, and half with negative group velocities. Furthermore, the smooth
variation ensures that the new Hamiltonian is homeomorphic to the old one,
which implies that the Chern number is conserved. This is encoded in the
bulk-boundary correspondence [14]

2.2.2 Topological insulators

As is clear from and , the Chern number n and the Hall conductivity
04y are odd under time-reversal, so time-reversal symmetry must be broken,
e.g. by a magnetic field, to allow the topologically protected integer quantum
Hall edge states. Is it possible to find topologically non-trivial gapped states in
a time-reversal symmetric system? Yes, the topological insulators, with n = 0,
turn out to be examples of such states. These are sometimes called quantum
spin Hall (QSH) states, as they utilize spin-orbit interactions. They were first
proposed by Kane and Mele [17], building on work by Haldane [I§].
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Figure 2.4 — The @ allowed ungapped and @ forbidden gapped configura-
tions of a single Kramers’ pair for the edge states. Red and blue lines illustrate
different spins, and the black bands are the bulk states. The gapped version is
forbidden, as the degeneracy at k = 0 is removed.

One important result for time-reversal symmetric systems is Kramers’ the-
orem. It states that all eigenstates of an electron Hamiltonian commuting with
the time-reversal operator T' must have at least a twofold degeneracy [19]. To
see this, recall that the anti-unitary time-reversal operator can be expressed as
the product of a unitary operator U and complex conjugation K ,T=U K , and
that 7% = —1 for spin % particles. Now, assume that a nondegenerate state
|€) existed. Then we would have T|£) = ¢|¢) for some constant ¢, and in effect
T?)€) = |c[*[€). This is not allowed as |¢|* # —1, so by contradiction there must
be another state |¢') with the same energy, which is related to |¢) through time
reversal [T9]. Together the two states form a Kramers’ pair.

This theorem has interesting consequences for the edge states. To see this,
let us study electronic states inside the bulk band gap. In particular, noting
that the I' and X points in the Brillouin zone (k = 0 and k = £+, respectively,
where « is the lattice spacing) transform onto themselves under time reversal,
let us consider states at the I point. In the absence of spin-orbit interaction,
these states trivially satisfy Kramers’ theorem, as states with different spins are
automatically degenerate. In contrast, in the case with spin-orbit interactions,
the energy levels of different spins are shifted. Since Kramers’ theorem requires
the states to be degenerate, they must be pairwise connected at £ = 0. Band
gaps are thus only allowed when we have an even number of pairs of spin up
and spin down states. Such pairs are known as Kramers’ pairs, as the different
spins are related through time reversal [I4]. The possible configurations for one
and two Kramers’ pairs are shown in fig. and respectively.

This state of affairs can be described with a Z, topological invariant v [20].
When v = 0 there is an even number of Kramers’ pairs, and when v = 1 there is
an odd number. A principle similar to the above bulk-boundary correspondence
can now be formed for the number of Kramers’ pairs intersecting the Fermi
energy Ny

Ni mod2 = Ay, (2.9)
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(a) (b)

Figure 2.5 — @ Ungapped and gapped configurations of two Kramers’
pairs for the edge states. Both configurations are allowed. By means of smooth
deformations of the Hamiltonian, the gap in @ can be made as wide as that
of the bulk insulator, i.e. it is a topologically uninteresting case. Red and blue
lines illustrate different spins, and the black bands are the bulk states.

where Av is the change in v across an interface between the two materials.
Since the topological invariant must be changed at the interface, the gapless
edge states for odd Ni (v = 1) are topologically protected against smooth
variations of the Hamiltonian [14]. From now on, we will call the state with
v = 1 a topological insulator and, for simplicity, restrict ourselves to the case
with one Kramer’s pair (Ng = 1).

2.3 Field theory for topological insulators

It turns out that it is useful to study the electronic properties of these systems
using quantum field theory, as it allows many powerful theoretical techniques
and provides a natural way to describe excitations. The book by Altland and
Simons [I1] is a good introduction to the use of quantum field theory in con-
densed matter physics — the mathematics used is essentially the same as in
particle physics, but the concepts it is used to represent and the overall phi-
losophy are, at times, quite different. The book by Giamarchi [21] is a good
reference for the use of QFT to describe one-dimensional (1+1) systems, such
as the edge of a topological insulator.

In this language, the fermionic annihilation operator 1 (x) written in its
momentum components is

T
wo (‘T) - \/ﬁ g ’lpa (k) ’ (210)

where 0 =7, | is a spin index. Since we are interested in low-energy excitations
we can restrict the sum to momenta close to the Fermi momentum +kp

Yoo My + Y My, (k)] (211)

—A<k—kp<A —A<k+kp<A

by (2) &

sl
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for some momentum cut-off A. We make the conventional choice of coordinate
systems, with & > 0 (left term in the sum above) corresponding to right-movers
and k < 0 (right term) corresponding to left-movers. Symbolically, this is
written

(o (l‘) = YR (m) + Lo (.T) . (2'12>

The linearized low-energy free field theory for both spin species is [22]

dk . .
Hy = / {ZZ’}L%T’UFZ@U?/JRT - Z/JLUanmlbu

om
+ d’iuvﬂawi/’m - szvFiawwLT} ; (2.13)

where we immediately see that there is a Kramers’ pair on each line (as spin flips
and i — —i under time reversal [19]). Now, we said earlier that the topological
insulator contains only one Kramers’ pair. In this language, it is difficult to see
how that would come about. The key is that the edge states are at the boundary
of a two-dimensional (2+1) system, so we can in fact have a holographic system,
with one Kramers’ pair at one edge and the other at the opposite edge [22].

The spin up states move to the right at one edge, and to the left at the other
(vice versa for spin down). We make the conventional choice of geometry with
right-moving spin up electrons and left-moving spin down electrons at the upper
edge, and the opposite at the lower edge. For our purposes, it is enough to only
consider one of the edges, and we choose the upper one. This means that we
have

¥ (x) =Ygy (x) +ry (2), (2.14)
which has the spinor form
_( Yry )
1\ ( Y ) (2.15)

This is known as a helical liquid, as the spin is determined by the direction of
the particleﬂ The free theory of the helical liquid has the Hamiltonian density

Hy = U (vpid, o — p) U
= wh (vpi0, — p) Yy + wjﬁ (—vpil, — p) Yy, (2.16)

where vp is the Fermi velocity, ¢%, a = z,y,z denotes the Pauli matrices and
1 is the chemical potential. The next step is to consider interactions in the
topological insulator edge states, and how they are restricted by time-reversal
symmetry.

2.3.1 Allowed interactions

As discussed in the section[2.2.2] time-reversal symmetry is a fundamental prop-
erty of the topological insulator state. Interactions and perturbations that break

'The helical liquid theory can also be used to describe the states in quantum wires with
strong spin-orbit interactions, when coupled to a s-wave superconductor [23], which is just the
setup used in the recent experiments [5} [, [7], [§].
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time reversal, such as strong applied magnetic fields, will then act towards de-
stroying the state. Interactions that respect time reversal invariance will thus be
the most important ones in this context. (One can, of course, also consider weak
perturbations of various kinds.) How will the interactions affect the excitations
of the gapless edge states? Can they open up a gap?

We begin by studying time-reversal invariant interactions. Assume that a
perturbation H’', which satisfies [H’,T] = 0, is turned on at ¢t = 0. If m right
movers are excited at this time, can they be scattered back to m left movers
through H'? To model this, let the final state of m left movers, |¥), be related
to the initial state of m right movers, |#), through time reversal, i.e. |¥U) = T|¢).
With 7' = KU, where K is complex conjugation and U is an unitary operator,
we then have [24]

(U|H'|¢) = (T¢|H'|¢) = (¢|H'|T¢)"
= (H'¢|T¢)"* = (KH'¢|KT¢)
= (KH'¢|U'U|KT¢) = (TH'¢|T?)
= (=)™ (TH'¢l¢) = (-1)" (H'T¢|¢)
= (—=1)" (|H'|¢). (2.17)

Clearly, the matrix element is zero for odd m. In the case of only one
Kramers’ pair, the only degenerate states are already connected by T'. Then a
single excitation cannot be scattered by a time reversal symmetric perturbation.
In other words, one-particle backscattering, which tends to be the most relevant
perturbation in normal metals is forbidden in topological insulators. This makes
the edge states more protected — also from localization by disorder — and is
related to their topological protection [17, 22].

However, two particle processes are not forbidden, even when there is only
one Kramers’ pair. They threaten to break the topological insulator state, and
need to be studied further. Wu, Bernevig and Zhang [25] showed that the only
allowed non-chiral interactions are the dispersive and Umklapp interactions,
illustrated in figures and respectivelyﬂ They can be written [10]

Hdispcrsivc = QQwELwL\Lw%TQbRTa (218)

Hum = gulﬁhaﬂﬁhqﬂm@z%ﬁ + h.C., (219)

where h.c. denotes Hermitian conjugate. g, and g,, are the interaction strengths
of the dispersive and Umklapp scattering processes, respectively.

Note that eq. is a point-splitted version of the naive Umklapp term,
w2¢wTL¢¢RT¢RT + h.c., which is forbidden by the exclusion principle. The point
splitting can be considered a regularization of the theory. Another way to treat
fields at arbitrarily close coordinates is through operator product expansions
(OPE:s). We will return to aspects of the regularization later in the thesis.

It should also be noted that the Umklapp process only takes place during
specific conditions. As is clear from the figure two particles are moved from

2H0wever, as we will come to see in chapter the claim that these are the only two allowed
interactions does not hold under all conditions, as one can also have inelastic backscattering
when spin axial symmetry is broken.
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ko k+4gq,0 E

Figure 2.6 — Dispersive scattering, or the g, scattering channel. Two particles
traveling in opposite directions (having opposite spins) interact and continue
in their respective directions.

ko —k+gq¢,—0 E
A
e
- ——»k

kE,o -k —q, —0o

Figure 2.7 — Umklapp interaction. Two particles that initially travel in one
direction (have the same spin) interact with each other and the lattice. After
the interaction the two particles travel in the opposite direction (have the
opposite spin) and there has been a transfer of 4ky to or from the lattice.

the vicinity of one Fermi point (k = k) to the other one. Each one is changed by
a momentum of 2k, so a total momentum of 4k must be transferred to or from
the lattice during the process. By just considering the naive form of the Umklapp
term, ¢} ﬁ/}} LV Rrt¥RreFh.c., and inserting the expansions of the fields from

and , we see that there will be a factor ¢"***® in the Hamiltonian ,
which oscillates rapidly during the integration H,,, = [ dze'**7*#,,, [21,25).
The term will tend to zero unless the system is at half—ﬁllingﬂ or krp = 0. In the
later parts of this thesis we will mainly focus on a model for zero momentum
Majorana modes, so the Umklapp interaction will indeed be present.

Even though there are only two allowed non-chiral interactions, they do
allow for a greater variation and richness in physics than can first be expected.
The Umklapp term is used to describe the dynamics within the system and the
interaction with localized impurities. One can also consider more general cases
of disorder, such as annealed and quenched disorder. In those cases the coupling
constant g,, in is replaced by Gaussian variables g, (x,t) and ¢ (z,t), as
in g, (z,t) @Y In the case of quenched disorder there is no time dependence
— the disorder is quenched, or frozen in time [25].

In addition, there is the chiral forward scattering. It is illustrated in fig.

%In general, for the lattice model we have kp = vw/a and ¢ = ja, where v is the filling
fraction and j € Z. For v = 1/2, exp [i4kpx] = 1, and the rapid phase fluctuation is suppressed
[21].
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k,o k+gq,0 E

S D)

/70 kl_Q)

Figure 2.8 — Forward scattering, or the g, scattering channel. Two particles
that travel in the same direction (have the same spin) interact and continue in
the same direction.

and can be written [10]

Hiorwaa = 5 | (#0922 + (Wl . (220)

where g, is the interaction strength of the forward scattering process.

In the limit of small momentum transfer, starting from the general formula
for electron-electron interactions one can show that g, = 2g¢, [21, 26]. The
dispersive and forward scattering terms and can then be combined

into
" 2
Hiw = 920} V1 ¥ frtbns + 2 [(wuwu) (wmwm” (2.21)

=05 (\I”\I/)2 - (2.22)

In appendix [A] we show explicitly that these interactions satisfy time reversal
invariance.

In addition, one can consider spin-orbit interactions in the helical liquid.
Couplings to other systems are by definition not inside the system, and can be
treated as perturbations (as long as one stays within the regime of validity of
perturbation theory, of course).

2.3.2 Spin-orbit interactions

The general idea of spin-orbit interaction is that a particle traveling through
electromagnetic fields will interact with these through its magnetic moment
(i.e. spin). In the case of the Hydrogen atom, the electron travels through the
Coulomb potential from the atomic nucleus, and the resulting interaction gives
rise to a splitting of its spectrum (the “fine structure”). Such atomic spin-orbit
interactions are also the source of the topological insulator state, but the effects
are much larger than in the case of the Hydrogen atom due to the heavy elements
involved in these materials.

The quantum spin Hall state was first predicted to occur in graphene [17],
being formed from a mirror symmetric atomic spin-orbit interaction. Unfortu-
nately, graphene never really did work as a topological insulator, as its spin-orbit
gap is very small (sub-Kelvin) [27}, 28] [29], so another route was taken. However,
it was recently shown that by depositing adatoms on graphene sheets, one can
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reach several orders of magnitude larger gaps (~ 100 — 1000K) than in pure
graphene [30, B31], so graphene could yet turn out to become a useful topological
insulator.

Instead, the breakthrough came when Bernevig, Hughes and Zhang [32]
predicted the atomic p-orbitals in HgTe quantum wells to give rise to the QSH
state. The first topological insulator was soon realized in just such a system
[22, 33], and such heterostructures remain the main way to achieve topological
insulators in 2+1 dimensions [30, B4]. Recently, there have been experimental
reports that also the InAs/GaSb quantum wells suggested by Liu et al. [35] can
host the QSH state [36], [37]. In addition, the InAs/GaSb wells are reported to
form good surfaces to superconductors [36] B8], thus being interesting candidates
for the systems hosting Majorana fermions discussed in chapter

In the quantum wells, other spin-orbit interactions such as the Rashba and
Dresselhaus effects may also be considerable [39, 0]. For the HgTe quantum
wells, the dominant spin-orbit interaction is the Rashba effect. InAs/GaSb
quantum wells may, on the other hand, have comparable Rashba and Dressel-
haus interaction strengths [40].

These spin-orbit effects are caused by inversion asymmetry of the crystal
and the doping of the semiconductor materials, quite unlike the atomic spin-
orbit interaction of the Hydrogen atom. A quantum well, in contrast, also has
a microscopic potential which depends on the design of the heterostructure and
on externally applied gate voltages. It is thus possible to tune this effect in
experiments. In addition there may exist a momentum-dependent magnetic
field b (p) intrinsic to the semiconductor structure, caused by bulk effects [41].
In order to be allowed by time reversal, b (p) must be odd in p. (As has already
been noted, an external magnetic field B would break time reversal symmetry.)

For a particle with spin vector o moving through the electric field E and the
b field, a general spin-orbit term can be written (with & = ¢ = m, = 1) [19] [42]

Hgo =Cy (Exp) -0+ Cyo-b(p) (2.23)
where p is the momentum of the electron and o = (¢”, Y, %) is the “vector” of
the three Pauli matrices. When we have a constant electric field, E = |E|Z, the
first term of is known as Rashba spin-orbit interaction [39]. Restricting
ourselves to the one-dimensional system of the edge of the topological insulator,
it is quite simply Hpesnpe = —i|E|c?0,. In field theory language for a helical
liquid, the Rashba Hamiltonian takes the form [42] [43]

Hp = ag () ¥ (—id,0¥) ¥ (2.24)

or, in the component fields,

Hr = ag(z) (whaﬂﬂm - w;rﬁ@zlﬁu) ) (2.25)

where ap () is the spatially dependent Rashba interaction strength. This inter-
action is explicitly shown to be time reversal invariant in appendix [A] It does,
however, break parity symmetry as the electric field is odd under parity.

The second term of is dubbed Dresselhaus spin-orbit interaction. Us-
ing a tight-binding model one can determine the form of b (p). In 2+1 dimen-
sions, the dominating term in the Hamiltonian depends on k,0* —k, 0" [42, 43].
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For the helical liquid we write

Hp = Bp (2) U' (—id,o™) U (2.26)
or

Hp = —iBp (v) (%Tﬁazl//u + 1?&&;;#’3?) ; (2.27)

where p (z) is the spatially dependent Dresselhaus interaction strength. This
interaction is shown to be time reversal invariant in appendix [A]



Chapter 3

Majorana fermions and
local Umklapp interactions

3.1 Introduction

We will here explore a model considered by Sela, Altland and Rosch (SAR) in
ref. [I0]. We will attempt to extend it by treating additional interactions, with
inspiration from Wu, Bernevig and Zhang [25]. In particular, a local Umklapp
interaction is treated in this chapter and spin-orbit interactions are treated in
the next chapter.

The SAR model aims to describe a two-dimensional (241) topological insu-
lator in the vicinity of an s-wave superconductor and an external magnetic field
B along the edge. It thus consists of a free helical liquid, as in and an
additional coupling term in the Hamiltonian density, which can be written

where A is the strength of the superconductor coupling. Furthermore, we in-
clude forward and Umklapp scattering terms, i.e. (2.21) and (2.19). The full
SAR Hamiltonian is thus

H = Hy + Heo + Hum + OH. (3.2)

Following SAR [I0]. we consider using their method of mapping a field
Hamiltonian to an XYZ spin chain for an extended model, now also including
a local Umklapp interaction. Our results are given below, in section As we
shall see, this approach is instructive, but also difficult to exploit for deriving
useful results. To get further we then use the more general approach of bosoniz-
ing the field Hamiltonian and analyzing it by means of renormalization group
methods. This is done in section 3.3

3.2 Mapping the field theory model to an XYZ spin chain

3.2.1 The SAR model

Sela, Altland and Rosch [I0] have shown that the Hamiltonian (3.2)) can be
mapped (up to a constant) onto the XYZ spin-chain model, with both staggered

15
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and non-staggered magnetic fields, Hxy 7 = Zj H,;, where

Hi= > JuSiSia— u+B(-1)] s}, (33)

a=x,Y,z

The coupling constants J, = vp + A, J, =vp —Aand J, = 2 = 4 =g,
are determined using a Jordan-Wigner transformationlﬂ

1

S; =ala; — 3 (3.4)
. ji—1 1

Sf = al (~1) & Zi=r v (3.5)

and expanding the lattice fermions a; in terms of the left and right movers,

a; ~ ei%xi/)m (z) + e_igxlﬁu (x). (3.6)

Since this mapping is exact, up to a constant, Sela, Altland and Rosch [10]
were able to explore the phase diagram using known results from spin chain the-
ory. Among other things they showed that the model has a Majorana quantum
phase transitionﬂ i.e. a phase transition at T' = 0 which supports Majorana
modes around a critical point [44]. Since the phase diagram is most readily ex-
plained after introducing bosonization, we will save the details for section [3.3.5)

The question now is, can we use this method to extend the model in order
to also describe other interactions and impurity effects? We will consider the
case of a local Umklapp term, existing in only a single bond of the chain. This
corresponds to a localized impurity, affecting electron-electron dynamics around
the site.

3.2.2 Local Umklapp interaction

Following Wu, Bernevig and Zhang [25] we write the Umklapp term at half-
filling in a point-splitted form, using the lattice constant « as the point-splitting.
This gives a regularized theory, using the lattice constant as a UV cut-off. The
Umklapp term takes the form

Hum = —Gu /dxw}r%’r (.Z') ’(/JI%T (LL' + Oé) wL¢ (l‘ + a) ,(!]Li (:C) + h.c. (37)

While this looks distinctly different from the earlier form (2.19)), the two
forms are shown to be approximately equivalent using a first-order Taylor ex-
pansion [21]

Ykt (2 + 0) & Pk (2) + a0y, (3.8)

! This relation between the interaction strengths g, g4 and g,,, is introduced by the lat-
tice and unimportant for the structure of the phase diagram [10]. It thus does not need to
correspond to the relation g4, = 2g5 used in eq. (2.22)).

2 s - . .

In general, a quantum phase transition is achieved by varying a physical parameter at
T = 0, resulting in a changed ground state [44]. One example is the destruction of the
superconducting state by a critical magnetic field.
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which yields

~ [0 @0y (w4 @)~y () 0y ()

=y () Uy (2 + ). (39)

w}L:m (m) 8371#}% (x)

Q
<
2

3

By using this expression and the corresponding one with 1/1},;T — p, and
including the 1/« factors in the coupling constant, we do indeed see that
and (3.7) capture the same physics. It should be noted that the 1/« factor
is needed to balance the dimensions, as the differential operator also has units
1/length, but that « is constant and does not, unlike the operators, scale under
renormalizations or conformal transformations.

A local Umklapp interaction is acquired by inserting a delta function 6 (z) in
the integral . Call the new coupling constant g;. The Hamiltonian density
we want to try to map onto a spin chain then becomes

Mool = gk (0) Uk (@) 9y (@) ry (0) + hec. (3.10)

In order to map this onto a spin chain, we now need to invert the lattice
fermion expansion in order to express the ¥ fields in terms of lattice
fermions. This is less straight-forward for a fixed position z; = 0 than when
we integrate over all x, but can be done by approximating the fields as slow,
YRy () = Ype (¢ + ). Such an approximation essentially means that we have
an effective field theory, which describes the physics at length scales larger than
the lattice spacingﬂ We have

(Zj ~ €i%w¢RT ($) —+ eii%ww[&l’ ((E) s (311)
a1 ~ €TV (4 0) + e ECTY (2t a) (3.12)

Using units in which o = 1, we write

aji1 & ie'F gy (2) —ie T 3 (2). (3.13)
Combining (3.11) and (3.13) we get
e—i%m '
Ypy (2) = 9 (aj - mj+1) ) (3.14)
ei%z .
Yry () = 5 (a; +iajq)- (3.15)

Using the above expressions and the inverses of the Jordan-Wigner trans-
formations in and we are now ready to translate the local Umklapp
Hamiltonian into the spin operator language. After a straight-forward
but rather tedious calculation one finds

Hlocal _ gfL

um 8

_ _ 1
(5352 +s;so) (2+Sf> 87 (SE+SE41) 4SS, (3.16)

3If the local Umklapp has a finite interaction width and cannot be approximately described
by the delta function, it is possible to change the slow field approximation and carry out a
similar analysis to the one described here.
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We find that 2% contains next-nearest neighbour couplings and three-site
interactions, apart from the more familiar types of terms. It is also easy to see
that site 7 = 1 is in some sense special, as can be expected from a fixed spin
impurity. Now, the question is, can such a model be solved?

As it turns out, it is not clear how to approach this model analytically. Mod-
els with isotropic next-nearest neighbour interaction, such as the Majumdar-
Ghosh and J;—J, models, have been studied in some detail [45] 46], but local,
anisotropic next-nearest neighbour terms do not seem to be covered in the lit-
erature. The three-point interaction does not make things simpler either.

As an attempt to remove the latter difficulty, we form a mean field theory
by letting S; — v = (S7). This approximation gives us

/loca — — 1 z z z Qz
Hipe! = 2 [(SJSQ + 5557 (2 +7> — (S5 + 5+ 5555 | . (317)

Again, models of this kind do not seem to have been studied in the literature.
The most promising way to study them may be through numerical studies. One
of the questions involved with such a study is how to treat the other components
of the spin on the first site? Instead of delving into the numerical tricks and
complexities, one may try a “ghost site approach”. The idea of the ghost site
approach is to put the impurity at position j = % in the lattice, either between
two lattice points or next to the one-dimensional edge. For details on this
approach, see appendix [B] Unfortunately, the resulting theory appears at least
as complicated as the original one, making further progress difficult. In the
following, we will instead use a more traditional field theory approach.

3.2.3 Conclusions

In general it seems to be possible to map field theories in 14+1 dimensions onto
spin chain Hamiltonians, using the method of an inverse Jordan-Wigner trans-
formation. It is formally possible to do this also for sites outside the lattice,
although the basis for such a procedure awaits a rigorous proof. However, as
above, one runs the risk of finding a rather unwieldy spin chain Hamiltonian,
unless one does have the luck of Sela, Altland and Rosch [10] to find an already
well-studied model. In our case with the local Umklapp scattering, this method
does not seem practicable.

One can, of course, choose to bosonize the spin chain model and apply
renormalization group analysis methods. It does, however, seem more straight-
forward to instead bosonize the original field theory model and apply the RG
analysis to that theory. This is what is done in the later parts of this chapter.

3.3 Analysis of the field model

3.3.1 Bosonization

In 1+ 1 and fewer dimensions, it is possible to transform fermion fields ¥
to boson fields ¢, and vice versa. We have already seen an example of this
equivalence when we mapped the field model onto lattice spins. The equivalence
is more generally, and perhaps more elegantly, illustrated in the language of
conformal field theory (CFT) [47], in which we can write the fermion fields as
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vertex operators. This procedure, called bosonization, generally gives a simpler
theory, as several fermion interactions can be expressed as free boson fields. For
an introduction to bosonization, please refer to Sénéchal [48], Giamarchi [2I] or
Gogolin et al. [49].

The left and right moving fields and densities can be expressed [48] 49]

1 —iVATe, | ()
U, = e £i(@) 3.18
Ll \/%WL,L ( )

1 iVET b ()
Uy = ——— et VImOn1 (@) 3.19
mr V2Ta R ( )

1
PLl = ﬁﬁméf’u, (3-20)

1
pRT:ﬁ

In the following calculations, we will set a = 1.

The n;, and np are Klein factors. They are included to account for the
anticommuting nature of fermion fields and obey the Clifford algebraﬁ For
general (not necessarily chiral) spin indices p,v € {1,]} the algebra has the
familiar form [48]

02 PRy (3:21)

{nL;unLl/} = {UR;JJTIRV} = 26;1,1/5 (322)

{nL> R0} = 0. (3.23)
We will find it convenient to introduce the ﬁeldsE|

¢ =o¢r, + Pry, (3.24)

0= ¢rt — oLy (3.25)

Let us now bosonize our full model, including the local Umklapp interaction,

i.e. bosonize egs. (3.2) and (3.10). The free Hamiltonian ([2.16]) bosonizes to [48]
Ho = wh (vpi0, — p) Yy + %/JLT (—vpi0y — 1) Yy

= vp |(0p0m)” + (0r011)"] - %amqb. (3.26)

For the non-standard terms we have slightly more to do:

2 2
Hiw = gzﬁ’hﬂfu?/)}m?/fm + %4 [(l/’jgﬂfu) + (ﬂ’}ml/fm) ]

ga ([ 2 2
= 920L1PRt T o (Pu + pRT)

4Technically, this procedure means that we have assumed that the system is in the ther-
modynamic limit. The Klein factors are, in the general case, really operators that change the
fermion number. This has notable effect in systems of finite size L, but in the thermodynamic
limit (L — o0) a changed fermion number means that kp shifts by order % — 0, which can
be neglected. One can then use the 7:s [26] [50].

5¢ corresponds to the total field along the edge, and 6 is its dual. This basis is sometimes
known as the helical edge basis [51], as it generalizes nicely and allows the separate treatment
of two opposite edges of the topological insulator. In that case one would use ¢ = ¢, +Ppry

and ¢g = ¢4 + Ppy ete. [52].
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B (1/12 YR+ w;rwwm)

_ % (anRTeim(mwm) - e—i\/ﬂ(%wu))

- gmnm (e —emvime), (3:25)
A (UJLﬂ/’RT + wj:mﬂ’jw)

_ % (anRTeim(cbm—qm) n nmnueﬂ-m(%mm))

- %mwm (e eV, (3:29)

Hum = —guthy () ¥hy (@ + ) Yy (2 + @) vpy (@) + hc.

— 0 [(whlﬁm)z + (ﬂﬁiﬁu) 1

+ NRANLNRYNLLE

{anRmeRTei‘/ﬂ(%u +2¢RT)

im(%u%m)} , (3.30)

The local Umklapp term will behave similarly to the global Umklapp term
above, except for the inclusion of a delta function. Since the delta function is
not related to any field, it will not be affected by the bosonization.

We must now choose a Klein basis which simultaneously diagonalizes all
Klein factors. The two Klein factors we have to consider are C' = 1y ng41L MRt
and D = 1, npe. We use the same representation as Sénéchal [48], using Pauli
sigma matrices

Ny =1®0", (3.31)
Npy=0" ®0". (3.32)

and find, in matrix notation, that

1 0 0 0
0 -1 0 0
e (3.33)
0 0 0 -1
0 0 —i 0
[0 0o o +i
D=1 2 0 o o (3.34)
0 +i 0 0

The two matrices commute, so they can be simultaneously diagonalized. The
eigenvectors of D are simple linear combinations of the eigenvectors of C', and
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can be used to form an unitary transformation U. We find

10 0 0
o =U"'cUu = 8 _01 _01 8 (3.35)
0 0 0 -1
i 0 0 0
D =U"'DU = 8 N f@ 8 (3.36)
0 0 0 -

and we can pick eigenvalues -1 and —i from the upper left corner, forgetting
about the rest of the Klein space. In effect, this is a gauge choice. We can now

rewrite the terms in egs. (3.28)), (3.29) and (3.30):

B i 4T —iAT
B (dJEﬁpRT + w;(zﬂ[’u) = %nLinRT (6 Viro _ e ‘/47(75)

- gsin (Varo). (3.37)

A (%WRT + %WL) - %%wm (eime - e*im")

A
= —sin (\/ 47r9)7 (3.38)
Houm = — (ZQU)Q NLLMRAILLTIRY (eQi‘/E(¢L¢+¢RT) + e_Qi‘/E(d’LiﬂbRT))
= Jucos (\/16 ¢) (3.39)
277

To get the same bosonized Hamiltonian as Sela, Altland and Rosch [10] we
rescale the fields v4m¢ — vdnd + 5 and Vdnt — V4rw0 — 3. Introducing the
renormalized velocity v and the Luttinger parameter K

UV =vf + % + @ (ggvgzagiug%) ’ (340)
K=1- 292 +0 (93793,93,91) : (3.41)
TV

we can now write the full bosonized Hamiltonian as
(L g, 2\ _
=t (e @or + K 007) - Lo
B A
—|— — cos (\/ 47T¢) — — cos (\/47r9>
— e cos (\/16 ¢) 5 () cos (\/167r¢ (g;)). (3.42)
Py
The parametrizations of v and K in (3.40) and (3.41)) hold for small values of

the coupling constants, but the theory (3.42)) can be shown to hold for general
interaction strengths [21], [53]. We will thus be able to eplore the properties of
the theory for generic values of the Luttinger parameter K, but will not attempt
to find explicit parametrizations for larger values of the coupling constants.



22 Chapter 3 Majorana fermions and local Umklapp interactions

3.3.2 Lagrangian formulation

The RG analysis uses the action, so we first need to rewrite the Hamiltonian
density as a Lagrangian density. As a first step, note that the quadratic
part of the bosonized Hamiltonian density, Hy = Ho + H fws can be written in
an explicitly canonical form by rescaling the fields

r_ 9
o— ¢ = Nid (3.43)
0— 0 = VKO, (3.44)

which yields

Hy =5 [(0.6)+ (0.0)°] . (3.45)

Since ¢’ and 6 are canonically conjugate fields, we can use Hamilton’s equa-
tions to writ

0,0 = f%at(b/, (3.46)
0,0 = —%ate’. (3.47)

These relations make it possible to write the Lagrangian density £, purely
in the ¢ or @ fields. The kinetic Lagrangian is given by the Legendre trans-
formation Lo = I1,0,¢ — H, or, using the ¢ fields by £y = I1,,0,6" — H(. All

interactions terms satisfy £;,,;, = —H;,;. We can then write £, as
171 _
Lo = [ @0) v (0.0)7] (3.45)

Finally, since it is convenient to construct the partition function from the
Euclidean action, we now rewrite this Lagrangian in imaginary time, 7 = it.
This gives us

11 _
Lo=-7 [v L(0,6) + v (agﬂqs’ﬂ . (3.49)
3.3.3 Partition function
The action S = [ dt [ dzL also has the Euclidean form Sp = — [ dr [ dzL,
which is then used to form the partition function

Z= / DDhe &0, (3.50)

We have £L = Ly + L;,;, where L is given by (3.49) and L,,; denote the

interaction terms. Let us begin by considering the local Umklapp term, £.2°%,

5To see this, identify one term of (3.45)) as the z-derivative of the field and the other
term as its conjugate momentum II. Then, by Hamilton’s equations for a field ¢, we have
= % = vIl. Hence, the time derivative of one field is related to the z-derivative of the
other.



3.3 Analysis of the field model 23

on its own in the commensurate case, with the other interactions inactive, i.e.
let u =A=B=g, =0. We have

_ / D& exp [ / dr dz (—ivl (0,0) - | (6z¢’)2)
/dexﬁzocaz ﬂ (3.51)

where L,,,,, = —Huym, with H,,,,, being the last term of .

Since the local Umklapp interaction acts only at one point in space, at
x = 0, we want to express the partition function in a local form, using space-
independent fields, g?)’. To do this, we integrate over the fields at all positions
except x = 0, closely following ref. [54]. Z can then be written

Z x / Dy'DF e 55195 ((5’ (r) — ¢’ (7,0)> . (3.52)
We use the relation

5((;3’ (r) — & (r, 0)) ;ﬂ / dk,y (1) exp [ik¢/ (qS’—¢’ (7, 0))} (3.53)
to write

Zx / DD Dk exp [—SE (6] +i / drk, (é’ — ¢ (n 0))]. (3.54)

The exponential contains integrals of three types

I :/dex (v_l (af¢’)2+v(ax¢’)2), (3.55)
I, :i/ drkyd' (1), (3.56)
Iy = —i/ drky ¢’ (1,0). (3.57)

These can be rewritten using Fourier sums, yielding [54]

1= / dexW

’ ’
_1 Z an¢qw z(qr W, T) Z an¢ (q m—wnT)

q W

+v Z ZQ¢q, i(qgr—w, T) Z (7“1/(25:; y ) efi(q’;pfw;'r)
4w
1 _ i(a—a Ve i(w —
= / dr dl‘w Z (U 1w”w;’¢;""n¢lqﬁ,w;ez(q q )Iel(wn wn)‘r

0.4 YWnWn

o b 0
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1 -1
= Bj Z (qu/ +v wnw;L) (b;,w" Qb:;,w;éq)q’awnw;

’ ’
9,9 \Wn,Wn

_ BLL Z (qu 4ot 2) 02, (3.58)

q,Wn

I :i/ At ST k(wn) @ (W) el(menmen)T

= % Z k (wn) (;Sl (_wn) ) (359)

Iy = —i/ dTﬁ_lzk(wn ~ien TBL Z i(gz—wnr)
:—Z/dT Z k z(wn+wn)76iqz
= Yk (w >¢>qw (3.60)

Transforming the ¢’ fields back to the ¢ fields using (3.43)) and inserting the
above integrals in (3.54]), the partition function can be written

1 1
45[/ Z [(vK 12L *q > |¢‘
—diky (—wy,) ¢ (qw,)] + 3 Z kg (wp) ¢ (—wy)

- / drlocat [qﬂ . (3.61)

Z is Gaussian in ¢, so we can perform the integration over ¢. Note that
we are looking for singular behaviour of the partition function, rather than its
exact values, so constant prefactors can be neglected. We find

Z x D¢D¢Dk¢ exp

- 1 1 E -t
i 7 ocal | 7
5D ko () & () - / drLigs! M : (3.62)
Take the g-sum to the continuum limit and perform the resulting integral

1 1 2\ !

I = — v

. BL§<Kw7L+KQ>
1 dg /1 5 v o\ ' 1

- = — | = — = .
6;/2W(vK”"+Kq B; o]

(3.63)
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Inserting this in (3.62)) and then performing the Gaussian integral over k gives
us

zo</p¢m¢exp [—ZI% )k (@ )2|f|
. % WZ by ()3 / arciee [ ]
~ [Déew [Z' o - [ arcize [aﬂ
-/ wexp[ JIR=L Iy P [aﬂ, (3.64)

where, in the last step, we have taken the w,-sum to its continuum limit. The
entire partition function is now written in terms of the ¢ field, which lives only
at x = 0, i.e. the position of the impurity. In effect, we now have an entirely
local partition function and are ready to start the RG analysis.

3.3.4 Renormalization group analysis

The renormalization group analysis is based on the idea to consider the systems
at different scales. The theory is said to be renormalizable if, under a scaling
transformation, the structure of the theory is preserved, but the coupling con-
stants are changed. By exploring how the coupling constants change under the
transformation one can quickly reach a conclusion of whether a specific interac-
tion is relevant at the desired scale. In the context of condensed matter physics,
we are primarily interested in long-range phenomena. We therefore use the RG
apparatus to uncover the low-energy behaviour of a system. This is achieved by
decomposing the field into a slow field (with long wave-lengths) and a fast field
(with shorter wavelengths), and then integrating the fast fields away, thereby
producing an effective model for the slow field.

Introductions to the RG procedure can be found in references [11], [2I] and
[49]. Unfortunately, these books use different notations and approaches. Here
we will use a momentum shell renormalization using path integrals, such as the
one described in ref. [I1]. The current work has also been largely influenced by
the techniques used in ref. [54], where an explicit calculation is given for the
interaction from a point contact connecting two oppositeedges of a topological
insulator.

From now on, in order to simplify the notation, we will drop the tilde on the
local field, writing ¢ instead of ¢. We decompose the field into fast and slow
parts, i.e. ¢ (1) = ¢y (7) + ¢, (1), with

—tw, T A/b dw —iwT
NG D VI :/_A/b%e 6(w), (3.65)
W, T dw —iwT
O (1) =Sacpiene b = | S2TH W), (3.66)
T<|Ww,‘<A ™
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The full action is read off from (3.64)

A
S[g] = /_ ) ;‘*T’ / drLlocel [ (3.67)

where

glocal / dTQ—cos (\/16 (;5) (3.68)

The first term of (3.67) separates into one part for the slow fields, S, [¢,], and
one for the fast fields, Sy [qﬁ f], so the action can be written

S[¢] = S, (6] + Sy [df] + Sion [bsr 0] - (3.69)

As mentioned above, we want to integrate away the fast modes ¢ to define
an effective action S, for the slow modes ¢,. We write

6756”[%] _ 6*55[¢s]< 7S1lta7‘:<1al [¢s!¢f]>f7 (370)

where (A); = ngbfe*Sf [¢205] 4, We can assume that g; is small enough to
justify the first-order cumulant approximation (see app.

_Slocal local

(e75um ) e (Sum hr) (3.71)

which leads to

o Sert py o Ss[0a] (S [0a0s ) (3.72)

The average of S.2¢ is

< local [¢S,¢f]>
ﬁ /ngfe* #[¢s] / dr cos [\/167 (05 (1) + ¢y (T))}

gL —Sqlo, iV16mg, V167,
= (27r)2 /ngfe i1l f]/dT (e e f +h.c.>

g — 1 Ths 1 T dw w”—
e oo ),

where we have used the notation [ ;= Ja After an inverse Hubbard-

f<‘w‘<A'
Stratonovich transformation (see app. [D] for details) we find

< local [¢)57¢f]>f (ZgL) / dr <6i\/167¢s /D¢f

xexp[ ( T (w) — '”' 1oyl >}+h.c.)

/167 K
-9 5 / dr (V15 exp / dw 16m + h.c.
(Qﬂ) or 2 |w|

/dTCOb \/F(bs) dw it (3.74)
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Using ff I(idl fA<|w‘<A ol = . % Inb and (| we can finally write
dr cos (\/ 167T¢s) e 4K Inb
= g—Lg/ dr cos (\/ 167T¢S) b

_ b74K local [¢s] ) (375)

In effect, the effective action S.¢; can be written

< local [¢sv¢f]>

e St x exp (=8, [0 =S (6] (3.76)

i.e. entirely expressed in the slow fields, with a rescaled coupling constant in the
interaction term, where we have seen g;, — b gr, as A — %. The next step is
now to rescale w and 7 so that the fields range over the same energy/time scale
as in the unrenormalized action, in order to be able to compare the actions and
find the scaling equation. To do this, we note that the change A — A = % is
countered by setting w — @ = bw and, in effect, 7 — 7 = 7. The fields will

then be rescaled as well. We choose ¢ (7) = ¢, (1), which by (3.65) implies
o (@) = %“’). Applying these rescalings we write the effective action as

Seff[(b]zss[(b] b—4KSlocal[¢]
A/b
= / dw| ||¢S 4K/ d7-—2 cos \/ 16m¢ (T))

A/b 2w
N e el Ve @) P ik
/ 35 b 72K +b /dTgCOS (\/16 b (7 ))

—/ @ o e@)) +b1_4K/d’g—Lcos (VIG7a (7)) (3.77)
=] o 5 F 727T2 7d (7)) . .

The full rescaling of the coupling constant is thus g; — g7 = ng1_4K. After
logarithmic differentiation and denoting I = Inb, this equation becomes the
scaling equation

dgz (1)
dl

subject to the initial condition g7, (I = 0) = g;,. We see that g7, changes with the
strength of other electron-electron interactions. Specifically, it tends to zero for
K> i and to infinity for K < i and that the renormalization group eigenvalue
isx;, = 1—4K. We say that the local Umklapp interaction is relevant if x; > 0
and irrelevant if x; < 0. The case x; = 0 is known as marginal, and its
behaviour depends on the sign of the coupling constant.

One can also express this classification using the conformal dimension of the
perturbation. To do this, we must first apply the transformation to the
¢ field in 7 in order to have the canonical form of the original action. We
then have

A dw w
5ur#)= [ Zl O

+ ' / dr—ZCOb \/167rK¢3’ (?)). (3.79)

=57 () (1 - 4K) (3.78)
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The cosine can be written as a vertex operator, e E, where 3 is a constant
and E is a field. If = is spinless, like the combined ¢ field in (3.24]), then the

2
vertex operator has zero conformal spin and conformal dimension d = f—ﬂ. If =
is chiral, e.g. = = ¢p, then the conformal spin is generally non-zero and the

conformal dimension d = g—; [49].

In the case of our local Umklapp interaction, we have from that d =
4K. If D is the number of spatial dimensions + the number of time dimensions,
a perturbation is relevant when d < D and irrelevant when d > D. The case
d = D is the marginal one [49]. This knowledge will allow us to classify operators
more quickly in the remaining parts of the thesis.

3.3.5 Effects on Majorana fermions and the phase diagram

First, let us consider our Hamiltonian (3.2)) in the simplifying case p = g, =
91 = Gum = 0 (i.e. no interactions and zero chemical potential). We write our
Dirac fermion fields in terms of two Majorana fields

Wi (2) = = fixe (@) + x (@), (3.80)

ey () = % 0 (@) + i (@) (3.81)

The Hamiltonian (3.2)) can then be written

\)

2
v o Up -
Ho+ 01 =3 (GIE0ax; = X L0, +im G ) (3.82)
j=1
where the last term is a Majorana mass term [55], with m; = A — B and

my = A+ B (A is taken to be positive). At |B| = A, one mode becomes massless.
That is a sign of a Majorana quantum phase transition'|in a transversal Ising
model [I0,56]. One can also easily see that the spin chain gets the form of a
transversal Ising spin chain model with an S’; term [44] at vy = A, zero chemical
potential and no interactions, so the spin chain and Majorana representations
do match.

By tuning B or A in real space, we can localize the massless Majorana
mode around some position xy, for which m; (zy) = 0. One can easily see
that this Majorana zero mode is stable against weak interactions around the
QPT. The term describing interaction between two Majorana fermions can be
written H;,, ~ X1X1X2X2 [B9]. By treating the gapped (massive) component
as a c-number, x5X2 — (X2X2) one gets a mean-field approximation which only
redefines m; and shifts the transition point [I0].

When one considers generic interaction strengths and chemical potentials,
the phase diagram quickly becomes more complex as well as multi-dimensional.
The full diagram is given in fig. For details about this diagram and deriva-
tions, please see [10]. Let us here focus on certain qualitative features.

As one example, at zero chemical potential and B = A = 0, becomes
an XXZ spin chain model, with no qualitative differences between different J,

"Recall the discussion about quantum phase transitions on page
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values, i.e. different interaction strengths. In fig. this XXZ model corre-
sponds to the horizontal red line in the upper figure. The |B| = A transition of
the Ising model connects to this line at J, = 0, and also extends onto non-zero
interaction strengths, and forms “transition sheets”. This is expected to con-
tinue until the global Umklapp term becomes relevant at K = % [10] (the global
Umklapp term has conformal dimension d = 4K as the local one, but lives in
both one spatial dimension and time, i.e. D = 2 instead of D = 1). Classically,
such a cosine term will tend to pin the field into one of the minimaEl, effectively
forming a gap for K < 1 [21].

At this point, we can form another XXZ model (an “XYX model”), perpen-
dicular to the old one. The new XXZ model corresponds to the diagonal red
line in the upper part of fig. This XXZ model supports similar transition
surfaces, specified by A = J, — vp, which will merge with the old ones [I0].

Similarly, we can expect something to happen when the local Umklapp term
becomes relevant at K = i. However, since the two terms are structurally simi-
lar, we can conclude that the local Umklapp term will only reinforce the gapping
effect of the global one. The one qualitative difference is that it may change the
slope of the second transition surface for K < i, shifting the transition points
somewhat. This is a minor effect, of much less qualitative importance than the
actual transition. In effect, for p = 0, the local Umklapp interaction does not
yield any new physics.

At p # 0 the picture gets even more involved, but the result is eventually
the same. The main difference to the phase diagram is that it becomes harder
to open up gaps. Specifically, to create an excitation gap in the helical liquid
(or e.g. a quantum wire subject to Rashba interaction) with finite u, a finite
threshold magnetic field is required. The first XXZ line at B = A = 0 opens
up and becomes a surface in the A = 0 plane, as can be seen in the lower part
of fig. The width of the surface decreases with increasing interactions, as
lower threshold fields are required [10].

The other XXZ line also changes character, as it becomes a three-dimensional
tubular structure that also merges with the surface in the A = 0 plane. Inside
the tube K < %, but it remains an ungapped Luttinger liquid even though we
previously noted that the global Umklapp term (for the zero modes) becomes
relevant at K = % The fact that p # 0 means that we have a different type
of quantum phase transition (commensurate-incommensurate, C-IC, instead of
Kosterlitz-Thouless, KT), hence this change. The exterior of the tube has K = %
everywhere except for a singular line bordering the strongly interacting phase.
This line has K = i. In effect, the global Umklapp term becomes relevant at
this line, and continues to be relevant for stronger interactions. The Majorana

transition surfaces touch this line [I0] 57].

The local Umklapp term becomes relevant at the same value of the Luttinger
parameter K as the global Umklapp term. It will thus reinforce the gap caused
by the global Umklapp interaction, but not provide any qualitative differences.

8The field pinning also drives a magnetization in the plane, along an axis determined by the
sign of g,,,. For g,.,, > 0, the magnetization is along the z axis with order parameter N, =
T o™ ~ cos V4n¢, while the magnetization along the y axis, N, = T oYW ~ sin Vvarp — 0
for strong interactions [25]. In effect, the interacting system distinguishes between the z and
y axes, whereas the non-interacting system does not.
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interactions (.J,)

x(2) : superconductor gap
z(1) : Zeeman gap

z(2) : ferromagnetic gap

Figure 3.1 — Phase diagram for the SAR model [10], used with the authors’
permission. The top figure is the phase diagram of the XYZ model at p =
0. At the thick red lines, the model is reduced to XXZ spin chains. The
blue surfaces are Ising transition surfaces, with Majorana modes. The phase
diagram supports a few Néel ordered (antiferromagnetic) phases, denoted a(n)
where a = x,y,2z denotes the magnetization axis and n the degeneracy. These
phases are associated with gaps, dominated by different perturbations. The
bottom figure shows the case for p # 0, where the XXZ lines have expanded
into surfaces and a tubular structure. The inset figure is the phase diagram of
the XXZ model at A = B = 0.

3.3.6 Conclusions

For general field theories and interaction terms in 1+1 dimensions, the method
of bosonization seems more useful than that of mapping the theory to a spin
chain model. The calculations certainly are not trivial, but the procedure of
bosonization and RG analysis is well-known and general. In contrast, to have
the spin chain method working well one needs to have the luck of stumbling on
a recognizable theory.

We also conclude that the local Umklapp is less relevant than the global
one, and that it does not have any noteworthy effect on the phase diagram. In
effect, the helical liquid and the Majorana states are stable also in the presence
of localized impurities.



Chapter 4

Spin-orbit interactions

In this chapter, we will investigate the effects of Rashba and Dresselhaus spin-
orbit interactions. While these interactions do give rise to new terms in the
Hamiltonian, we show that the Rashba spin-orbit interactions do not affect the
Majorana transitions of the SAR model [I0] or the stability of the Majorana
fermions. The Dresselhaus spin-orbit interaction, however, may destabilize the
Majorana fermions and needs further study.

4.1 Rashba spin-orbit interaction

Viyrynen and Ojanen [58] recently presented a neat way to diagonalize Hy+H g,
from (2.16) and (2.25)), for constant Rashba interaction strength, ap (z) = ap.
Let =0 and

U0 = 02y (4.1)

be a rotation of the original spinor, choosing the angle 6, such that cosf, =
vp/v, and sinf, = ap/v,. This is simply a polar coordinate system with

radius v, = \/v% + O[?% and angle 6,, used to parametrize the two-dimensional
parameter space spanned by vp and ap. The new fields are linear combinations
of the old fields, and we denote them by ¥’ = (¥, w+)T. In this parametrization
the Hamiltonian takes the form

Hy+Hp = v, / Azt (—mma’) v (4.2)

which has just the form of H in eq. . The prime on the z is just there to re-
mind us that the rotation has taken us into a new coordinate system, (z',y’,2").
So Hg+Hpr becomes diagonal, but how do the interactions transform under this
Rashba rotation? Actually, all terms except for the Umklapp interaction trans-
form surprisingly simply. To see this, denote the rotation matrix by

s=e 0 0a/2, (4.3)
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For the combined forward and dispersive scattering terms from eq. (2.3.1) we
have, for g4 = 295 E|

(v'e)
= (\IJITSS_I\I//) ’

(\If’f\y’)z . (4.4)

H

The structure of the term is not changed, and hence the conformal dimension
is unchanged. This term will then have the same effect as before.

When Hy + Hp + Hy,, is bosonized, we get a theory that looks as before,
but the Fermi velocity vy is replaced by v,. This has the effect that parameters

v and K in equations (3.40) and (3.41) get the new values

’ g2
~ 4.5
v Vo + or ( )
g2
K ~1- . 4.6
27 (4.6)

K~1- 222" (4.7)

i.e. the new Luttinger parameter K’ depends explicitly both on the strength of
the electron-electron interaction and on the Rashba interaction strength. The
latter parameter is tunable in experiments, so the Rashba spin-orbit interaction
allows for a direct control of the Luttinger parameter.

To continue with the other interactions, we first write 0 = AHA + BHp
and use to implicitly define Ho and Hp. Under a Rashba rotation, we
have for the perturbation from the magnetic field

Hp =0o"0
=U'Tso”s 10/
— e (4.8)
and for the perturbation from the superconductor
Ha = Vr¥rr + Vit

0., A 0., S
= (cos 71/}_ + 7sin 21/1+> (cos ?Qb_;'_ + ¢sin 21/1_)
O it oo Ba O 1t .o by
+ (cos ?1/4 isin Qw) <COS ?1/17 isin ?1/4 , (4.9)

where we have used that [19]

—io®0,2 _  ba (1T 0\ .. 0,0 1
e = cos (0 1) isin = 1 g ) (4.10)

! As noted on page we do indeed have g, = 2g, for low energies [21].
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By expanding the parantheses and using the exclusion principle, we find

Ha = cos® fw w+—|—zsm6 cos—(w w,+w+¢+)—sin2%w+¢,

0
+ cos —w+1/)T —zsm—co f( +1/J++¢T wT) sin Z?Qwi?ﬂ_

= cos® 22 (w Py + ¢+¢T ) — sin® -2 (¢+¢ + wT ¢+)
= w_m +olyl (4.11)

The forms of these perturbations and their conformal dimensions are thus
also preserved. However, terms of the Umklapp type (both global and local)
transform less trivially. It is enough to treat only the global Umklapp, as the
local one yields the same result multiplied by a delta function ¢ (x). For the
global Umklapp of we find

Hum = G (Ve Oty by + 0] 0] s Ds0mr )
0
= 9u [(cos4;+sm ) (vlowlv o +vloulv,o.0,)

0,
+ isin ? cos® =& (w18$w+1/) Oy + ¢+ mefm}_
— Loy xw, —lowly 0.0 +vloply o0,
+ wiamwiw_am —vloule, o0, — vloulv 0,0,

pisin® 00 cos % (ulo,ul v, 0,0, + vl 0,0 0 0,0,
—ylo,ply_o mm + ol oty a0 +ylowle_ o,

+ vl oty o —vlolv,o —vlowlv ov,)
A (TR RO R R

+ vl ol 0,0, + vl o, vl v, 0,0

- vlowlv, o, —vlowlv o0 )], (4.12)

This expression is not only long, it is also quite interesting. (Fortunately, it is
also Hermitian and time-reversal symmetric.) In particular it contains terms of
three types. First, the terms with coefficient cost fa 9 o 4 sin? “ look like ordinary
Umbklapp terms (in the new basis). Indeed, the whole expression reduces to these
terms when the rotation angle 6, is zero or a multiple of 7. There are also terms

with even numbers of right and left movers, with coefficient 1 5 sin %0, and terms
6. 30,

- COS™ 5+ Or

with odd numbers of right and left movers, with coefﬁaents isin = <

i sin® %"“ cos %".

The terms with coefficient % sin’ 6, all have conformal dimension d = 2+2K.
They will thus be irrelevant for all positive K (repulsive interactions). We show
this using the method of operator product expansions (OPE:s) in conformal field
theory (CFT) [7]. In terms of complex coordinates z = v7 —iz and zZ = vT+iz,
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a vertex operator of some field Z is

V, (2, z) = =3 (4.13)

where the colons denote normal ordering. The vertex operators satisfy the
following two OPE:s [47]

OZ (2) V, (w, ) ~ Lo D) (4.14)

Z—Ww

V, (2,2) Vo (w,@) ~ |z — w| 2% /97 4 .., (4.15)

where g = 4 if = has zero conformal spin and g = 8 for a chiral field = El
Consider e.g. the term w18x¢1¢_8x¢+. We bosonize it using analogues of
the bosonization relations and . Note that, in general, the prefactors
in and can be dropped if we normal order the vertex operators [47].
Applying the transformation and using the OPE , we find
¢181¢1¢,8x¢+ ~: VAT 8xe_im¢* VIO L g TV

x

~r VIO 830(;54_671“/@4’* : 5‘I¢_67im¢‘ VAT
iVATK ¢, . 8I¢/+€7i\/47rK¢/+ . 8x¢/767i\/47rK¢/, . em/47rK¢>L :

~ie
~ e 2 O0py 2 0pp_ ¢ 2
= 2K, 0,y 1 0y ¢ (4.16)

where € is the point splitting distance, which has dimension length. This term
has conformal dimension d = 2 + 2K, as each of the differential operators has
dimension one. The same holds for the other terms with the same coefficients.

As an aside, we can here note the importance of the bosonization procedure
and the transformation (3.43). In a purely fermionic language we would not see
that the conformal dimension depends on the Luttinger parameter K. If one
would rewrite

vlowle o0, =vlow,o, (vlv ) —vlowwlow . @)

all factors would seem to have the form of kinetic energies (19,1) or the deriva-
tive of an electron density (8, (1)7¢)), both with the conformal dimension 2. The
total dimension of the term would then be 4, which is the case of the theory
without interactions (K = 1). Indeed, the interacting fermionic theory is always
compared to the free theory, whereas we in the bosonization scheme compare
the interaction terms to a continuum of “free” theories defined by K.

Now we turn to the terms with odd numbers of right and left movers. We
first note what they represent: two particles interact and one of them change
direction. While the full process is elastic, with a momentum transfer of 2k to
or from the lattice, the backscattering part is inelastic. We will call the process
inelastic one-particle backscattering. This process should be active when there
is disorder, or one of the participating states is at k£ = 0, such that rapid phase
oscillations are suppressed [59].

2C.f. the discussion on page
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k,o k+q,0 E

Figure 4.1 — Inelastic backscattering. Two incoming particles traveling in
opposite directions (having opposite spins) interact, and one of the particles
change direction (spin).

The difference to the restrictions of interactions we considered in section 2.3.1]
(and to what was considered in ref. [25]) is that the electric field of the Rashba
interaction breaks axial spin symmetry. If that symmetry is broken, the S*
component is no longer conserved, and terms of this type may be generated by
means of an SU(2) transformation, such as the Rasha rotation s above. Schmidt
et al. [59] recently found the same process using a momentum-dependent SU(2)
transformation. The process was in fact noted already by Kane and Mele [17],
but seems to have been mostly neglected (or forgotten) since then [60].

The terms for this process have conformal dimension d = K 42 [60} 61]. The
easiest way to see this is to take e.g. the term wlﬁzwinerw, and remove the
derivative on the ¢_, as it is not needed for regularization. We then have

Lo, iy 0,0 = vy o0l e,
= wlhw_0, (vhe, ) +vlv_vlo,0,

=vly 9,0,
~ VAT VIO 2

N ei\/md)/*eim(ﬁ/’ 82$¢’+’ (4.18)

where p, = wj_zb . is the density of the 4 electrons, and we have applied the
transformation . The term has indeed the conformal dimension d = K +2,
as the vertex operator ei\/zﬁdﬁr has conformal dimension K/2 and Zﬁmgb . has
dimension 2. The same result holds for the other terms of this type.

These terms are then irrelevant for all positive K (repulsive interactions).
Similarly to the terms with coefficient %sin2 0 then, they will not affect the
relevant parts of the phase diagram or the Majorana transitions at all.

4.2 Dresselhaus spin-orbit interaction

If we include also the Dresselhaus spin-orbit interaction from (2.26) with con-
stant interaction strength [p, we get the three-dimensional parameter space
spanned by vp, ap and Sp. The method used before for the Rashba spin-
orbit interaction here generalizes to a spherical coordinate system, with the new
radius vg = \/v% + Oé%)/ + ﬁ% and the additional angle 05, chosen such that
costlg = fBp/vg and sinflg = v, /vs.
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To diagonalize Hy + Hp +Hp (with g = 0), we can use the aggregate of the
Rashba rotation (with rotation matrix s), followed by a rotation with matrix

t=e i O8la (4.19)
where
20
a=-—r_ (4.20)
s — 3

Again, the prime denotes that we are in the Rashba-rotated coordinate system,
(3cl7yl7 z’). The new spinor is ¥ = t¥’ = ts¥, and we denote its components

~ — \T
by ¥ = (w_, P +) . It is clear that the forward and dispersive interactions of
eq. (2.22)) retain their structure as
Hiw = gQ\IJT‘I' = gz‘i'Ttss_lt_llfl/
— (421)

This implies yet another set of values for the renormalized velocity and the
Luttinger parameter. The new values are

V" mvg 4 L2, (4.22)
"1 Gs _1_ 92 . .
K =1 T 1 Sran sin 6, sin 5. (4.23)

In the Rashba case, the Umklapp interaction gave rise to 32 terms in total,
which could be combined into 24 terms. In this case, the additional rotation
gives an unmanageable “worst case” number of 32-16 = 512 terms. However, the
combined rotation is just an SU(2) transformation, which does not give rise to
any other kinds of terms than those already included [59]. The perturbation from
the superconductor also does not yield any new effects, as it is form-invariant,

~ ~  —f~7
Ha = Vr bt + Vg, = vty +0p Y (4.24)
The magnetic field, however, rotates also into the z” direction:
Hp =000 = Uitso®s 1t = Uite™t 0

_ gt c.oséﬁ sin fg W
sinfg  —cosfg

=y [cos (65) o +sin (65) UIH} v, (4.25)

where the double prime denotes the new coordinate system, (x”, v, z”).

The two field components are equally relevant, with conformal dimension K,
but have different physical effects. The 2" component is in the direction of the
spin quantization and will destroy the quantum spin Hall state (and hence the
Majorana states) much more efficiently than planar magnetic fields do [22] [33].
While the magnitude of this effect of course depends on the spin-orbit interaction
strengths, we can ask whether we can define a field in the xy plane such that it
does not rotate into a z” component. The answer is yes, but it is not fully clear
yet how this field would affect the phase diagram of the SAR model.
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To study this case, let the field B = (B,, B,) be perpendicular to the resul-
tant spin-orbit field, Bgo = (8p, ag), formed by the Dresselhaus and Rashba
fields. By rotating around an axis in the direction of B, we can diagonalize
Ho + Hr + Hp, while leaving B invariant. If the rotation matrix is given by

u = exp (4.26)
2\/B: + B]
the angle 055 must satisfy
e BQ
tanfgo = —24[1+ =2 (4.27)
Vp ap

The addition of a y component of the magnetic field is, however, a non-
trivial extension of the SAR model. In the spin-chain language of section [3.2] it
acquires the form

B, "W ~ B,y " (—1) (S7S71 + SYSY,,) (4.28)
J

When added to (3.3) it acts as a dimerization of the XYZ spin-chain. The
resulting theory can be mapped to theory considered by Arlego et al. [62] in
two cases, when B, = 0 or when J, = y = 0 and B, = vp — A. The first
case is not very interesting, as we will need an = component whenever we have
the Rashba interaction present, which we expect to be the case in the relevant
materials. In the second case, the Hamiltonian (3.3|) takes the form
Hy = (vp +A)S7Sj 1+ (ve — A) SYSY,

+(=1) (vp — A) (878711 + 8YSY, ) — B,S; (4.29)
after a rotation by 7 around the x axis at every second spin site. This spin-chain
theory has an Ising transition at

/ 2A
B, ==44/1— —, (4.30)
U

where it hosts Majorana modes [62]. The Majoranas are thus stable in the
limit of no interactions, but the effect of non-zero J,, i.e. with electron-electron
interactions present, is not currently known.

To conclude, we see that the the Dresselhaus spin-orbit interaction may
destabilize the Majorana fermions if we take the magnetic field to be along
the x axis, as it rotates into a z component. More work is required to fully
understand the case of a magnetic field with components along both & and ¢
when electron-electron interactions are present.
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Chapter 5

Conclusions

We have extended the model considered by Sela, Altland and Rosch in ref.
[10], to also include local Umklapp interactions from localized impurities and
the Rashba and Dresselhaus spin-orbit interactions. We have shown that the
Majorana states present in a system formed by a topological insulator coupled to
a s-wave superconductor and an external magnetic field along the edge are stable
against localized impurities and Rashba spin-orbit interaction. This stability
means that the states would be quite robust in realistic experimental HgTe
quantum well systems, which are likely to contain disorder and be subject to
Rashba spin-orbit interactions, no matter if they are designed just to detect these
states or if they are designed to use them, possibly for quantum computation.

In contrast, for the InAs/GaSb quantum well systems, we also expect the
Dresselhaus spin-orbit interaction to be present. In that case the Majorana
states may become destabilized. This effect can be avoided, in the case of no
electron-electron interactions, if the magnetic field is placed in the plane of the
topological insulator. More work is needed, however, to also treat the case when
electron-electron interactions are present.

In addition, we have shown that the Luttinger parameter can be controlled
via the Rashba interaction strength. This provides additional control in experi-
ments, and makes it possible to access different parts of the phase diagram more
readily.

These results do bode well for possible future detection of Majorana fermions
in topological insulator systems, but it remains to be seen in which systems
the Majorana fermions are first discovered. Given the considerable amount of
research into the matter [4] and the recently discovered signatures of Majorana
states [Bl 6l [7, 8], we have certainly come a long way since Majorana’s original
prediction in 1937 [3]. Their existence is indeed starting to seem a foregone
conclusion, yet it remains to be seen. These are interesting times.
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Appendix A

Time reversal in detail

Under time reversal, both spin and momentum are flipped. In addition, for a
spin-half system one of the spin states acquires a minus sign [I9]. Choosing the
left mover to be the state picking up the minus sign, we have the transformations

T T =,
T4 T = —tpy. (A1)

Recalling that the time reversal operator T' can be written T' = U K , where
U is a unitary matrix and K is complex conjugation [I9], we now calculate

_ f _
Yl = (T 11/’R¢T> =Tl
= K'UTyL u TR
= KU gy t UK. (A.2)

What is K'? To answer this, let a be a c-number and consider
A T * /\T
(Ka) =a K',
N AN o4
(Ka) = (a K) =K'a, (A.3)

ie. a'K' = IA{Ta. But this is just the definition of KsoK' =K. Obviously,
we also have K~ = K and thus (A.2) becomes

U}, = KU "W UK

=Tk, T. (A.4)
Similarly, we get w;rﬁ = —Tﬁlwz T To summarize, the fields transform as
Yy — *d’};m
Yry — Vrys
i I (A.5)
wRT — ’l/]L\La
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46 Appendix A Time reversal in detail

under time reversal.
Let us now explicitly study the time reversal symmetry of the interactions.
We begin by checking how eq. (2.21)) transforms under time reversal:

Hiw = 020} 0y + 5 | (0h000) + (Shyome) |
— 92 (—ﬂgﬁ) (—Z/JRT) ¢2¢¢L,J,
+ %4 [((—%T:n) (_"/}RT)>2 + (w2¢¢L¢)2:|
— . (A.6)

Similarly, for the Umklapp term of eq. (2.19):

Hum = 9u |01, 0000 Vs Detomy + Uy 0001, 000, |
= gu [Vl s (—0hr) Yr10000m,
+ wu@ﬂ?h (—¥rt) 0, (_¢RT)}
= My (A7)

We also have the Rashba Hamiltonian of eq. (2.25]) (assuming ap (z) € R):

Hp = ag (z) (¢2¢5ﬂ/}m - wLTaxle,)

= ap (@) [~0hOtr, — 0], (—in)]
= HR, (AS)

and finally the Dresselhaus Hamiltonian of eq. (2.27)) (assuming Sp (z) € R):

Hp = —ifp (v) (@:naaﬂ/)u + whaxlﬂm)
— +ifp (x) {*ﬂ/haﬂ/’m - 1/1}1&/1“}

These are the four time-reversal invariant interactions in our model. The
couplings to external magnetic fields and superconductors in eq. obviously
break the time reversal symmetry of the system (the external field is fixed no
matter the sign of the momentum of the electrons, and so is the directions into
and out of the nearby superconductor). Explicitly we get

§H =B (whwm + %Wu) +A (¢L¢¢R¢ + %WTLL)

— B {—7/’%?/% +h, (_7/’RT)} +A {—@/’mﬂ’u + 9, (—1/’}%)}
— A, (A.10)

which is the expected result.



Appendix B

Ghost site approach to the
local Umklapp interaction

The idea here is to put the local Umklapp interaction treated in section [3.2.2
on a ghost site inbetween two sites in the main lattice, in order to see if the
impurity then separates from the bulk spin chain Hamiltonian. If the idea of
an impurity squeezed into the space between two lattice points seems hard to
accept, think of it as an external impurity physically situated next to our 1D
lattice, as in fig. Either way, we number this “ghost” site j = %

As in egs. (3.11) and (3.13), we approximate the fields as slow, i.e. we
assume Yy (z+ %) =Ygy (z) and ¢ (x4 $) = ¥ (x). The expansions for
the lattice fermions become

aj ~ €i%z¢m (z) + eﬂ%x?/fu (r), (B.1)

ajpy ™~ ei%(“_%)wRT (x + %) + e_i%(“'%) (x + %) (B.2)

Setting set the lattice spacing o = 1 we have

a1~ e T yp (x) +e e T Ty (2). (B.3)

2

'In order to keep the structure of the Hamiltonian for the free theory and the other in-
teractions, we must use the same numbering scheme for the ordinary sites as before. The
other conceivable idea, to number the ordinary sites by j = 0,2,4,6,... and let the impurity be
located at j = 1, will fail in the inverse Jordan-Wigner transformation to follow.

Figure B.1 — Sketch of the ghost site as located next to the main lattice chain.
The g;, term is only active in the links to sites j = 0 and 5 = 1.
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The fields can then be expressed as

1 2./ iz .

wLi(x)Nﬁe 2 (e 4aj—|—zaj+%), (B.4)
I _ize iz .

YRy (2) ~ Ee : (6 ta; — Zaj-l,-%) (B.5)

and the local Umklapp interaction (3.10]),

oca. « @
Hfm L= gL [ﬂﬁ (0) w;f:n (*) Z/Ju (*) 1/JL¢ (0)
+ul, 0wl (5) vnr (5) v )] (B.6)
can be rewritten in terms of the lattice fermions. It becomes
/Hlocal _ ZgiL

4
— \@agala;ao + 2ia$a];a1a0 — \@agaiala%

[—\/iaga; ayag + Qiagagala%

+2m1a1a1a0 \[alalalao} (B.7)

Now it is time to determine the form of the inverse Jordan-Wigner trans-
formation. To the best of my knowledge, applications of the Jordan-Wigner
technology to half-integer sites have not been discussed in the literature. To
what extent the procedure I suggest here is mathematically well-defined and
unambiguous, requires further study. However, the important thing seems to be
that there is a unique path traversing all sites, in order to define the operator
string that appears in the Jordan-Wigner transformation [21] Here, it is easy

to define the path by the consecutive steps j = 072,1,2,3

We will use the following Jordan-Wigner transformations:

1 1
Sj =aja; — 5, J *0757132;-"3 (BS)
c S alaFin0(G—1 Tl
S =al(-1y¢ Zico elartmiUTNa ey s 019 (B.9)
o
Sj — iale”moao’ (B.10)

2 2

1 1
T _ Qz s
ala; = 8} + 3, j=05020, (B
: —ir S ala,—in0(i—1)al| a
ol = (1) g im0 T ey j=012,., (B.12)

ol
al = —iSTe M0, (B.13)
2 2
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The local Umklapp term in the Hamiltonian can now be written

plocol _ % [Sg (\/55‘%*5; - \/ésfs%—) + g (s;s; - sfs%—)
+ 5% (2535; + 25#50—) + (sgs; + Sjso—)

_ _ 2 _ _
+ 57 (Vasisy —vastsy ) + g (sis; - sts)
_SESE - SE fsf}. (B.14)
This Hamiltonian is Hermitian, but unfortunately it looks quite complicated

to work with. In fact, there seems to be no attempt in the literature, neither
analytical or numerical, to treat this type of spin chain model.
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Appendix C

The cumulant expansion

To prove the formula
@Q>:eﬁw+§«Q%—«»ﬂ+m (1)

first recall a few definitions from probability theory. These definitions can be
found in any good book on the subject, e.g. ref. [63].

Def. 1. The r:th moment, u, is the expectation value of the real-valued random
variable X" with probability density function fx (z) (note the difference between
the random variable X and its realization x), i.e.

= (X" = /00 " fx () dz, r=0,1,2,... (C.2)

Def. 2. The moment-generating function is defined by
My (t) = (), teR. (C.3)

The moment-generating function gets its name from the fact that we can ex-
pand the exponential around ¢ = 0, and then find any moment by differentiation
with respect to ¢t. Unfortunately, this expansion is not well-defined for all ran-
dom distributions. One can, however, always form the characteristic function.
If the probability density function fy (z) exists, the characteristic function is
simply its Fourier transfor

Def. 3. The characteristic function is defined by

o0
ox(®)= (") = [ (@) da, (C4)
—o0
If the moment-generating function exists, then it can be related to the char-
acteristic function by ¢y (—it) = My (t). The Taylor expansion (around ¢ = 0)
of the characteristic function is

ex (1) =1+ Z Pk (C.5)
k=1

!Note that one can define the characteristic function even for probability distributions
without probability density functions, but we will not discuss such cases here.

o1



52 Appendix C The cumulant expansion

Def. 4. The cumulant-generating function is defined as the logarithm of the
characteristic function:

rx (t) =logpx (1) (C.6)

Def. 5. The cumulants x;, (k = 1,2,3,...) are defined through the expansion
of kx as follows:

o0 -k
ix =3 Uy ©7)

To calculate the cumulants in terms of the moments, the idea is to calculate
the logarithm of the expansion of the characteristic function, and to compare
it with the expansion of the cumulant-generating function. First, recall the
expansion of the logarithm:

> e (=D
log () =Y _(-1) — (C.8)
k=1
Using this expansion, we find
rx (1) = log [ ()]
e . k
=3 DM [ <]
k=1 k

k

M

)L % (—1)* {1 B <eitX>}

k=1
==Y e ()
k=1
_kz_:]lc ;%ﬂ) e (C.9)

By computing the first set of terms one easily finds
X1 = <£L'>7
X2 = (2°) — ()°,
3 2 3
Xz = (27) — 3(z7)(x) + 2(z)

(C.10)
Finally, we use the above to calculate the average <eQ>:
() = pq (—i) = elogval=i) _ ra(=1)
= 1
= exp (Z k,xk>
k=1 "
— D@ —(@)*) 4. (C.11)

Q.E.D.



Appendix D

The Hubbard-Stratonovich
transformation

The following step in (3.74)),

gr V167,

(27r)2 / dr (e /ngf

X ex /% iV16me™ ¢ s (w) — M|¢ ?)| +he
Pl or d 2K ' -

_ ng/dT VIO o _/%1615 the ), (D.1)

deserves a closer derivation. First, to clean up the expression we remove the
prefactors and the integration over 7, as the crucial step is found in the functional
integration. We have

[ Posesn [ 52 (Wiome o )~ o)

dw 167w K
_ =2 ) D.2
o |- 35 il ®2)

This step can be considered an inverse Hubbard-Stratonovich transformation.
The general form of the H-S transformation is [11]:

1 _ .
€Xp [7pmvmnpn] = /Dq exp {4vaméQn — WmPm (Dg)

for a general bilinear form p,,,V,,,,,p.., Where V is a positive definite matrix and ¢
is some auxiliary field (often a physical, non-microscopic quantity). Identifying

dw K
V. ipr= [ —16m—— D4
pw ww pw /f 27T 7T2|W|’ ( )
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54 Appendix D The Hubbard-Stratonovich transformation

we see that there must be a delta function 6, - in V', so V' will be non-singular
and invertible. In particular, we can choose

K
V /= — /
ww 2|UJ| ww ?
_ 2|w]
— V 1 = — ’
ww K ww
/16 —itwT
q= ¢f~

With these choices we have

16K !
V , ZT(&)*(A})
Pus Vs P! / /27r wo' Dl ©

- /f 2:157;1'( (D.5)
—iqsf,w P = / / 21‘? 0,9 (&)

= - [ 531 @6

= - [ Segalest (D.6)

and
gy = i [ 5207 () VIBRe T
=+if 5 7 () VI6r
\/F/ W oy (). (D.7)

Inserting these equations in (D.3) we get just (D.2)). Thus (3.74]) holds. Q.E.D.
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