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Abstract
Majorana fermions and Dirac edge states in topological phases
by
Vasudha Bhimsen Shivamoggi
Doctor of Philosophy in Physics
University of California, Berkeley
Professor J. E. Moore, Chair

In part 1, we study a realization of a chain of Majorana bound states at the interfaces
between alternating ferromagnetic and superconducting regions at a quantum spin Hall in-
sulator edge. In the limit of well separated Majoranas, the system can be mapped to the
transverse field Ising model. The disordered critical point can be reached by tuning the
relative magnitude or phases of the ferromagnetic and superconducting order parameters.
We compute the voltage dependence of the tunneling current from a metallic tip into the
Majorana chain as a direct probe of the random critical state. In part 2, we present an
analytic prescription for computing the edge dispersion E(k) of a tight-binding Dirac Hamil-
tonian terminated at an abrupt crystalline edge. Specifically, we consider translationally
invariant Dirac Hamiltonians with nearest-layer interaction. We present and prove a geo-
metric formula that relates the existence of surface states as well as their energy dispersion
to properties of the bulk Hamiltonian. We further prove the bulk-boundary correspondence
between the Chern number and the chiral edge modes for quantum Hall systems within
the class of Hamiltonians studied in the paper. Our results can be extended to the case
of continuum theories which are quadratic in the momentum, as well as other symmetry
classes.
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Chapter 1

Introduction

On an unremarkable day in 1938, a young man boarded a ship from Palermo to
Naples, Italy, and was never heard from again. Ettore Majorana, styled by Fermi as one of
the true geniuses of physics on par with Galileo and Newton, had a brilliant if brief career.
His most ground-breaking work was the prediction of a fermion equal to its own antiparticle.
Though the result lay forgotten for decades, recent years have seen a revival in the fortunes
of the Majorana fermion. Current experiments are investigating the Majorana nature of
the neutrino, Majorana’s original suggestion for his particle. If observed as a fundamental
particle, Majorana’s theory could force a rethinking of the idea of lepton conservation.

The other branch of promising developments, Majorana fermions as emergent ex-
citations in condensed matter systems, is the focus of part 1 of this thesis. What makes
them of fundamental interest in this context is the fact that they are fractional excitations,
but in an unusual sense. In contrast to the fractionally charged excitations of fractional
quantum Hall (FQH) states, a Majorana fermion is charge-neutral and describes half the
degrees of freedom as a usual electron. The discovery that they can be used for topological
quantum computation is an important motivating factor in the study of this field. A qubit
composed of two Majorana fermions is robust to local decoherence and makes an attractive
candidate for quantum memory.

As electronic states, Majorana fermions appear at edges or vortices of Dirac sys-
tems in a topological phase. They are a special example of topologically protected edge
states, which are the focus of part 2 of this thesis. The properties of these edge states are
remarkably insensitive to disorder or material-specific terms that destroy such edge states
in ordinary systems — this is the sense in which they are topological. The existence of these
edge states signals a boundary between two fundamentally different phases.

Topological phases have been studied before in the context of the strongly interact-
ing FQH states, which require a many-body description. The advantage of studying Dirac
systems, as we do here, is that the idea of edge states protected by a bulk topological in-
variant can be understood within a single-particle framework. The discovery of topological
insulators and superconductors has set off an enormous research effort, from the abstract
classification of such systems based on their underlying symmetries to the practical applica-
tions of spintronics and quantum computation. It has also provided an unexpected means
of awakening Majorana’s long-dormant theory. Topological edge states, their relation to



bulk invariants, and their behavior as chains of Majorana fermions, are the subject of this
thesis.

We begin this introduction in Sec. 1.1 with a simple but illustrative 1D model for
topologically protected edge states discovered by Jackiw and Rebbi. In Secs. 1.2-1.3 we
introduce Majorana fermions and show how superconductors can host them as solutions
reminiscent of the Jackiw-Rebbi model. We also discuss some of the unusual behavior
these excitations imply. In Sec. 1.4 we review proposals for realizing Majorana fermions in
topological insulators and semiconductors with strong spin-orbit coupling. Finally, Sec. 1.5
contains a brief summary of the main results of this thesis.

1.1 The Jackiw-Rebbi model

Jackiw and Rebbi first discovered localized electron states associated with topo-
logical defects in 1D. A two-band model for relativistic electrons obeying the Dirac equation
is given by:

Hij(z) = —ivpo“ 09 (x) + o"m(x)Y(x) = EY(z) (1.1)

where o' are Pauli matrices written in the basis of electron and hole operators, and we
have set i = 1 for convenience. When m(z) is equal to a constant my, the translational
invariance of the system allows us to substitute the crystal momentum k for i0, in Eq. 1.1.

The energy eigenvalues are given by £ = 4, /v%k2 +m3. m(z) is referred to as the mass
term since it opens an energy gap analogous to that of the rest mass for relativistic particles.
A system obeying Eq. 1.1 thus supports delocalized electrons with energies that occur in
+E/ — E pairs.

Jackiw and Rebbi discovered that this picture is radically modified when the mass
term has a topological defect [44]. The simplest example in 1D is a mass term that switches
sign at the origin: m(x) = mgsgn(z). This can arise when the electron is coupled to a field
that spontaneously breaks symmetry to take the values +mg. The point x = 0 represents
a domain wall between two degenerate, inequivalent ground states. The key result is that
localized at such a defect is a single electron state at the middle of the gap. We solve for
this state explicitly by setting F' = 0 in Eq. 1.1. Multiplying on the left by ic? gives [89]

vEOyho(x) — a¥m(x)o(xz) =0 (1.2)

which has the solution

VF

s(a) = vo(0) exp | 2 [ de'm(e)] (13)
v o(0) = <A12> Y

For the mass term chosen above, the solution is normalizable for A = —1. When m(z)
switches sign in the opposite direction, m(x) = —mgsgn(x), the normalizable solution is



given by A = +1. This result can be generalized in the following way: each time the mass
changes sign at x = xg, there is a zero-energy electron state with wavefunction

o(x) = p(0) exp (:}—Z}O]az — x0\> ) (1.4)

This solution is sharply localized at the mass defect. Note that Eq. 1.4 could not be a
solution of the Schrodinger equation, which requires both ty(z) and ¥{(x) to be contin-
uous. However the Dirac equation is only first order and therefore allows solutions with
discontinuities in the first derivative.

To understand the topological properties of the zero-energy state, we turn to
particle-hole symmetry. As noted above for the constant mass case, the bulk energies
of Eq. 1.1 occur in +FE/ — E pairs. This is a consequence of the properties of the Pauli
matrices rather than the particular form of the mass term. The Hamiltonian in Eq. 1.1
anticommutes with o¥ : {H, 0¥} = 0. Acting ¢¥ on an energy eigenstate produces another
eigenstate with opposite energy:

H (6%9p) = —cYHyg
= —Ed'yg . (1.5)

oY maps each eigenstate with energy +FE to another with energy —F, and guarantees that
the solutions come in pairs symmetric about the origin:

oy =Y_p . (1.6)

Such states, however, are not topologically protected: even if we manage to engineer a
system with two low-energy states, additional terms can push them symmetrically out of
the gap and into the bulk bands.

The crucial exception to this picture is an energy eigenstate at £ = 0. According
to Eq. 1.6, such a state is mapped to itself under particle-hole conjugation: ¥y = vy,
and therefore doesn’t need a symmetry-related partner. As a check, one can show that
the solution found in Eq. 1.3 is an eigenvector of ¢¥%. The presence of a single eigenstate
at ' = 0 is topologically protected: particle-hole symmetry requires the eigenstates to lie
symmetrically about F = 0, and without a partner, the state at E = 0 is stuck there.!

Jackiw and Rebbi originally found this result in a particle physics context, for 1D
electrons coupled to a spontaneously broken symmetry boson field. They further showed
that as a consequence of the particle-hole symmetry, the fermion number of the zero-energy
state is required to be £1/2. This remarkable discovery of fractionalization was soon fol-
lowed by a similar result in a very different system: polyacetylene [45], [86]. In the condensed
matter model, a 1D chain with alternating hopping strengths between nearest neighbors has
two possible ground states (Fig. 1.1(a)). Analogous to the Jackiw-Rebbi model, a domain
wall between the two ground states (Fig. 1.1(b)) creates a zero-energy electron state local-
ized at the interface. In a spinless system, this mid-gap state would have fractional charge

n this chapter, we use the term “mid-gap state” to describe a topologically protected state which is
constrained by particle-hole symmetry to the center of the gap, £ = 0. It should be noted, however, that in
single-particle models without the +E/ — E symmetry, a mid-gap state can lie anywhere inside the gap.



WAVAVAVAVAVA
2 AAAAAN

t AANAAANA 2

Figure 1.1: (a) A chain with alternating hopping strengths has two degenerate ground
states, 1 and 2. (b) A domain wall, consisting of two adjacent bonds of equal strength,
interpolates between the ground states 1 and 2. A zero-energy electron state with charge
i% is localized at the defect.

q = te/2; however the presence of two distinct spin species in polyacetylene obscures this
effect.

Despite its simplicity, the Jackiw-Rebbi model has been generalized to describe
many other examples of fractionalization and topologically protected states in condensed
matter systems. Defects in 2- or 3D can be studied using dimensional reduction, and more
complicated mass terms can be included using Dirac Gamma matrices (higher dimensional
generalizations of the Pauli matrices). In part 2 of this thesis, we shall derive an ana-
lytic method to relate these topologically protected localized states to a bulk topological
invariant. Now we turn to a specific example, Majorana fermions.

1.2 Majorana Fermions

The defining property of a Majorana fermion is that it is indistinguishable from
its own antiparticle. This requires a Majorana fermion to be charge-neutral, since the
antiparticle of an electrically charged particle has opposite charge and is therefore physically
distinct. Charged particles arise from complex fields, with complex conjugation giving rise to
antiparticles. Majorana fermions are therefore necessarily described by real fields. Ettore
Majorana made the startling discovery that such fields can be found as solutions to the
complex-valued Dirac equation [58], opening the door to a new kind of particle unlike either
the conventional bosons or fermions of quantum theory.

Let’s begin with the Dirac equation, which is the relativistic analogue of the
Schrodinger equation for electrons [94]:

(iv*0, —m) 1 = 0. (1.7)

Here ~* are called the Dirac Gamma matrices and obey the Clifford algebra, {y*,7"} =
2n*¥. Dirac found Gamma matrices satisfying this algebra which contain both real and



imaginary matrix elements. The solution for the field ¢ is then required to be complex-
valued as well, a necessary feature for a description of the electrically charged electron.
The ground state consists of filled negative-energy states and empty positive-energy states.
We can add excitations by populating a positive-energy state to create an electron, or de-
populating a negative-energy state to create a hole. The subsequent observation of the
positron solidified the Dirac equation as the correct description of the electron and its
antiparticle.

Majorana, however, was uncomfortable with the infinite sea of filled negative-
energy states [81] and sought to eliminate it by identifying negative-energy excitations with
positive ones. For this, one needs particles that are equal to their own antiparticles, and
Majorana argued that the Dirac equation allows such solutions. He showed that using an
alternate representation to Dirac’s, it is possible to write Gamma matrices that satisfy the
Clifford algebra and are purely imaginary. In this case, Eq. 1.7 has purely real solutions 1
which describe Majorana fermions.

So it is possible for Majorana fermions to exist as relativistic particles; now we
turn to the question of which particles. Majorana initially suggested neutrinos, but the
apparent distinction between neutrinos and anti-neutrinos as well as lack of neutrino mass
seemed incompatible with Majorana fermions. Recent observations of neutrino oscillations,
however, have revived speculation on the Majorana nature of neutrinos. The as-yet un-
observed neutrino-less double-beta decay requires blurring of neutrinos and anti-neutrinos,
and if seen may provide evidence that Majorana fermions can be fundamental particles.

An alternate approach, which is the one studied in part 1 of this thesis, is to search
for Majoranas as quasiparticle excitations in condensed matter systems. The electrons that
make up these systems are by themselves clearly not Majorana fermions, but several systems
in the past decade have been predicted to realize Majorana fermions as low-lying excita-
tions. Emergent excitations can have properties very different from that of the constituent
electrons, for example fractionally charged anyonic excitations in FQH states. Majorana
fermions can be thought of as the real and imaginary parts of Dirac fermions. Thus two
of them are required to describe the degrees of freedom of a single Dirac fermion, and a
Majorana is often referred to as “half an electron.”

1.3 Superconducting Systems

Before plunging into technical details, we first give an intuitive picture of how
Majorana fermions arise in condensed matter systems. Superconductors make Majorana
fermions possible in two important ways. First, their ability to absorb or donate Cooper
pairs puts the electron and hole on equal standing: an electron is equivalent to a hole,
modulo a Cooper pair. Second, superconductors have a built-in particle-hole symmetry
that relates positive and negative energy eigenstates. The standard BCS approach is to
work with two copies of the system — one in terms of electrons and one in holes, solve
for the energies, and then recover the original system by taking only half the solutions as
physical. As seen above, the Dirac equation in the presence of a topological defect admits
a single zero-energy electron state. In a superconductor, only half of this state is physical,
making it possible for the zero-energy state to be a Majorana fermion.



1.3.1 Zero-energy Edge States

This argument can be make more formal by considering the BCS Hamiltonian for
pairing between like spins [71]. (Why equal spins are necessary will be discussed below.)

1
Hpcs = Z kaLCk + 5 <A1*<c_kck + AkCLCT_k) (1.8)
k

Here ¢ and CL are creation and annihilation operators of an electron with momentum k,
and we have dropped the spin index for convenience. & is the single-particle energy and
approaches the chemical potential u as k goes to zero. The spin component of the Cooper
pair is symmetric under parity, therefore the gap function Ax must be odd to satisfy Fermi
statistics. For low k, it is simplest to take Ax ~ Ag(k; — iky) to describe complex p-wave
pairing. The Hamiltonian in Eq. 1.8 can be diagonalized by defining quasiparticles oy that
satisfy [ox, Hpcs] = Exax. This is done using the Bogoliubov-Valatin transformation [80]:

QK = UkCk + vch_k (1.9a)
ozL = ul’icL + vk (1.9b)

where |uk|? and |vg|? are given by 3(1 + &/Fy) respectively, and EZ = & + |Ag|?. The
BCS ground state is given by

|GS) = H (uk + vkchT_k> |0). (1.10)
k

lvk|? gives the probability of a Cooper pair between electrons of momentum +k and —k,
and normalization requires that |uy|? + |v|? = 1.

ozL is the creation operator of a quasiparticle excitation at momentum k. To

get a Majorana excitation at zero-energy we require oz(]; = qgp, and Eqgs. 1.9a-1.9b imply
that up = v§. Together with the normalization constraint, there are two ways to satisfy this
condition: with ug and vy both purely real or both purely imaginary. These two possibilities
define the Majorana operators associated with the zero-energy electron mode:

=), o
ST )

Note that both these solutions satisfy ’y;f =
{vi vt = 04

Now we are in a position to see why pairing between like spins is a requirement for
Majorana fermions. In an s-wave superconductor, where Cooper pairs form spin-singlets and
the gap function is even under parity, the quasiparticle operators analogous to Egs. 1.9a-1.9b
become

v;, and obey the anticommutation relations

k= uickt + vch_kl (1.12a)



aL = ui:cLT + vgc k| - (1.12Db)

In this case, even at k = 0, there is no way to satisfy the Majorana condition ay = aL

as the spins are always off. Thus p-wave pairing is crucial to the existence of Majorana
excitations.

The Majorana operators in Eqs. 1.11a- 1.11b were found as the self-adjoint exci-
tations of Hgcg, but in retrospect we could have just written them down as the real and
imaginary components of the electron operator ¢g. Neglecting spin, an electron state comes
with two degrees of freedom: it can be occupied or unoccupied, which we describe using
the operators ¢ and ¢/. In the Majorana representation, these two degrees of freedom are
described using operators of two different fermions v, and 79, each of which is equal to
its own adjoint. The existence of Majorana fermions only becomes well-defined if they are
localized and spatially separated. When a Dirac excitation breaks up into two Majorana
fermions that can be moved arbitrarily far apart, then the elementary excitations of the
system can be viewed as Majorana rather than Dirac.

A p + ip superconductor is in what is known as the weak-pairing phase when
@ < 0 and strong-pairing phase when p > 0, with a phase transition at ¢ = 0 [71]. In
the weak-pairing phase, the system hosts Majorana fermions at vortices and edges, and we
give a brief derivation of the latter case here. Read and Green pointed out that an edge
between a system in the weak-pairing phase and vacuum is equivalent to a domain wall in
the chemical potential. Consider a semi-infinite p 4+ ip superconductor in the weak-pairing
phase, with an edge at x = 0. We can arrange the particle-number density to vanish outside
the superconductor (x > 0) by setting p to be large and positive, while inside the system
@ < 0. The edge then marks thus marks a domain wall in p.

Now let’s solve for the zero-energy state localized by the domain wall. The
Bogoliubov-de Gennes equations, which determines uy and vy and are derived by imple-
menting [ay, Hpcos| = Exay, take the following form for small energies:

[0
Eu = —pu+ Agi <8_x + k:y> v (1.13a)
Ev = pv+ Aot 2—k: u (1.13b)
s O \or ’

Setting ' = k, = 0 gives the normalizable solution

u(z) = ug exp [— /Ow dz’' “(Al;)] . (1.14)

Just as in the Jackiw-Rebbi model, a domain wall in the mass term leads to a localized,
zero-energy state. For small energies E # 0, a similar calculation gives chiral states that
are bound to the edge and propagate along it.

The same results apply to a vortex, which can be viewed as a circular edge sur-
rounding a region where the order parameter vanishes. The domain wall argument explains
why there are no mid-gap edge states when the superconductor is in the strong-pairing
phase. In this case p > 0 on both sides of the edge, and without a defect in u no zero-
energy state is possible. Thus Majorana fermions are bound to edges and vortices in p + ip
superconductors in the weak-pairing phase.
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Figure 1.2: (a) When t = 0 every Majorana operator is paired with another, and the ground
state is non-degenerate. (b) For = 0 the two Majorana operators at the ends of the chain
are left unpaired, leading to a two-fold degeneracy in the ground state.

1.3.2 Kitaev Model

Kitaev found a simpler way to derive Majorana edge states in a 1D wire which
introduced an important motivating reason to study these excitations: the use of Majoranas
to form topologically protected qubits [50]-[51]. Consider the Hamiltonian for a long chain
with hopping and p-wave pairing between nearest neighbors:

1
H=— Z [,u <c;-cj - §> + tc}cjﬂ + Aoc}c}H + h.e.| . (1.15)
J

Switching to Majorana variables, v2;_1 = (¢; +c;)/\/§ and vy = Z(c; —¢j)/V2, and treating
the case where t = Ay, Eq. 1.15 becomes

H=iY (—py2j-1725 + 2t 1272j41) - (1.16)
J

This model has two phases, with a phase transition at y = 2¢. For an intuitive understanding
of these phases, it is helpful to consider two limiting cases. First, when ¢t = Ag = 0, the
only interactions are between Majoranas corresponding to the same electron (Fig. 1.2(a)).
The ground state is non-degenerate, with each electron state being unoccupied.

In the other limiting case with p = 0, the terms in the Hamiltonian connect
Majoranas from different electrons, leaving one free Majorana on either end of the chain
(Fig. 1.2(b)). Now there are two degenerate ground states |1y) and [¢1), which are distin-
guished by the operator P = —iy1vr:

—imyL o) = +o) ,  —imr 1) = Y1) . (1.17)

To get a better understanding of the operator P, imagine creating Dirac operators from
1 and vr: ¢ = (y1 — vL)/V?2, cz = (y1 +iy1)/V2. In terms of this new variable,
P=—( Zcb — %) and measures the fermion number parity. The two ground states |¢g) and
|t)1) thus have even and odd fermion parity respectively, corresponding to an unoccupied
and occupied electron state.

Although we worked out two extreme cases on the phase diagram, it can be shown
that the results are generic to the entire phase [50]. For p > 2t, the ground state is non-
degenerate. For p < 2t, the chain has one free Majorana fermion at each end as well as two
degenerate ground states that differ by fermion parity.



1.3.3 Majorana Oddities

We should pause here to note the unusual nature of this electron state. It arises
from two Majorana fermions localized at opposite ends of the chain, and is therefore highly
non-local. This property is exactly what makes such electron states promising candidates
for quantum computation. The two-state system needed to make a qubit can come from the
spin-up and spin-down states of an electron. Unfortunately these states are very susceptible
to local decoherence, which makes them undesirable for quantum memory. By contrast, a
qubit created from two Majoranas stores information in two spatially separated locations.
Local sources of decoherence cannot simultaneously act on both ends of the chain, making
this qubit robust to error.

Tunneling

Tunneling an electron in a qubit composed of Majorana fermions is markedly
different from tunneling into an ordinary electron state. Consider two Majoranas located
at £ = £L. The Majorana states are localized, and one may naively expect an electron
tunneling into the system at x = —L to fill the Majorana state localized at © = —L as well.
The Majorana state, however, doesn’t conserve fermion number since it mixes electrons
and holes. Instead, it is the linear combinations of the two Majorana states, analogous to
|tbo) and [¢1) in the 1D wire, that are eigenstates of fermion parity and energy. When an
electron tunnels into either Majorana fermion, it couples to one of these non-local states.

A tunneling process into an ordinary electron state has two possible outcomes:
1. if the state is empty, the electron fills it, and 2. if the state is already occupied, Pauli
exclusion forbids the process. By contrast, Majorana fermions allow tunneling to occur in
two distinct ways. Suppose the system is initially in the state with the effective electron
state unoccupied, [¢)g). Tunneling an electron in bumps the state up to [¢1), so far nothing
unexpected. Now consider the system to be in the occupied state [¢)1). Tunneling an elec-
tron in switches the system back to |1)y), rather than annihilating it. The tunneled electron
and the electron effectively occupying the qubit are both absorbed by the superconductor as
a Cooper pair. This peculiar result is due to the fact that ’yf =1 for a Majorana operator,
rather than 0 as for electron operators.

Statistics

In addition to forming non-local qubits, Majorana fermions are attractive candi-
dates for quantum computation because they obey non-Abelian statistics. A system with
2N Majorana states can have N Dirac states. Since the Majorana fermions have zero en-
ergy, the ground state has a degeneracy of 2V, corresponding to each Dirac state being filled
or empty. This degeneracy allows for the existence of non-trivial statistics. 2D braiding op-
erations that move one Majorana around another not only result in a phase factor, making
them anyons, but can also move the system from one of the degenerate ground states to
another. Two distinct operations need not commute; hence the terminology non-Abelian.

The term “Majorana fermion” is therefore a bit misleading. The operators describ-
ing these excitations obey fermionic anticommutation relations; under interchange, however,
they display novel behavior quite different from ordinary fermionic statistics. This property
depends crucially on the Majorana excitations being well-separated, since interactions be-
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tween nearby Majoranas cause energy splittings and destroy the ground state degeneracy.
The non-Abelian statistics marks a fundamental difference between condensed matter man-
ifestations of Majoranas and high energy proposals. High energy Majorana fermions have
mass, which implies a non-degenerate ground state and conventional fermionic statistics.

There has been much recent work on ways to utilize the unusual statistics to
manipulate qubits [64], [12]. Here we will only mention observable consequences of a more
mundane transformation property of Majorana fermions. Referring back to Eq. 1.15, a
change in the superconducting phase Ay — Age’®, can be eliminated through a gauge
transformation ¢ — ce'®/2, ¢f — ¢fe™/2, When ¢ advances by 27, this implies that the
Majorana operators pick up a minus sign: v; — —v; [43].

This seemingly simple result can be used to derive the non-Abelian statistics and
has surprising experimental signatures. Imagine forming a Josephson junction between
Majorana bound states 41 and 9 at y = +L respectively. While the phase at y = —L is
held fixed, the phase at y = +L is advanced by 27. According to the transformation rule
derived above, 71 is unchanged while 75 — —~5. The Dirac operator created from these
two Majorana operators transform as

c—c , e (1.18)
which is equivalent to switching fermion parity. Advancing the superconducting phase by
27 switches the ground state from even-parity to odd, or vice versa. Two such processes are
required to bring the system back to its original state, leading to an unusual 47-periodicity
in the Josephson effect rather than the conventional 27 [26], [50].

For chiral Majorana fermions that propagate along some interface, this relative
minus sign can be observed through interferometry. Suppose we have gap-crossing chiral
electrons that split up into two Majorana branches. The Majorana fermions take separate
paths before joining up again at a further point. If the region enclosed by the two Majorana
paths contains n flux quanta, the Majorana operators transform as

=7, Y2 — (—1)"’72 . (1.19)

When n is odd, the relative minus sign means that the Majorana fermions join together to
form a hole. In this way, electrons can be converted to holes through interference of the
Majoranas [3], [27].

1.4 Proposed Realizations

In this section, we turn to the issue of finding materials that host Majorana
fermions in their excitation spectrum. The early work of Read and Green as well as Kitaev
both relied crucially on p-wave pairing, which unfortunately has proven difficult to find in
nature. SroRu04 is a superconducting material predicted to have a p + ip time-reversal-
breaking phase [57], but experimental detection of Majorana excitations remains inconclu-
sive. A related phase is the Moore-Read wavefunction believed to describe the v = 5/2 FQH
state, which can be viewed as a p + ip superconductor of composite fermions [71]. Here
too, interferometry studies of the charge and statistics of the excitations are promising, but
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yet to be fully convincing [93]. A major breakthrough of the last few years has been the
idea to engineer p-wave pairing from conventional s-wave superconductors using spin-orbit
coupling. We discuss two such proposals in this section.

1.4.1 Topological Insulators

The idea to create p-wave pairing artificially was first proposed by Fu and Kane
using topological insulators (TI) [30], a class of insulating materials where strong spin-
orbit coupling leads to a band inversion [36], [69]. This topologically non-trivial phase
supports gapless edge or surface states that are protected by a bulk topological invari-
ant [47], [46], [62]. In 2D this phase has been observed in HgTe sandwiched between layers
of CdTe. Above a critical thickness, the bands of the HgTe layer are inverted, and transport
measurements indicate conductance due to gapless edge modes [53]. In the simplest case,
these “helical” edge modes consist of counter-propagating spin-up and spin-down electrons,
hence the terminology “quantum spin Hall” (QSH) for this phase.

The proximity effect between an s-wave superconductor and these surface states
leads to a superconducting state that is time-reversal-symmetric but topologically similar
to the p + ip superconductor, with Majorana fermions trapped in vortices. The calculation
is presented in some detail in Chp. 2, so we skip the derivation here. Adding ferromag-
netic material between two superconducting regions of different phase gives a probe of
the fractional Josephson effect [26]. Related setups examine chiral Majorana fermions via
interferometry or tunneling [3], [27], [55].

The discovery that p-wave pairing can be manufactured out of conventional su-
perconductors reinvigorated the search for Majoranas. In addition to proximity setups,
Majoranas are also predicted to exist in vortices of BigTes, which has been shown to be a
bulk superconductor [39]. A substantial material difficulty, however, lies in the fact that
these materials are not very good insulators. Without a large band gap, the mid-gap Ma-
jorana states lose their topological protection and are harder to detect.

1.4.2 Semiconducting Nanowires

Recent studies of the semiconductors InSb and InAs made the unexpected predic-
tion that these systems can host Majorana fermions as well [77]. Although not intrinsically
topological in nature, these materials have strong spin-orbit coupling which drives the sys-
tem into a topological phase when in proximity to an s-wave superconductor. To see how
the spin-orbit interaction induces p-wave pairing, we start with the Hamiltonian [4]

2
Hy = /d%w [—Z—m — p—ic(0®dy — a¥0,) | P (1.20)

where « is the strength of the Rashba coupling, and the Pauli matrices act on the spin sector.
The presence of this term creates two spin-split bands which cross at k = 0. Depositing a
ferromagnetic insulator on the material introduces the term

Hy = /d2rw (Vo)1 (1.21)
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which opens a gap of size |2Vz| between the two bands. When the chemical potential p is
chosen so that the Fermi level lies within the gap, the Fermi surface consists of two points
with opposite k and spin. This scenario is crucial since the oppositely aligned spins can
pair up in proximity to an s-wave superconductor. It can be shown formally that adding
such a term,

Hgo = /dzr (Aozﬂzﬁ]) (1.22)

creates s-wave pairing when Ay > |Vz — p, but also p-wave pairing when Ay < |Vz — p.
Thus a phase transition at A% = VZ2 — u? separates a topological phase, with Majo-
rana fermions trapped in vortices, from a trivial phase. With a suitable combination of
Rashba and Dresselhaus coupling, the ferromagnetic insulator may be replaced by an in-
plane magnetic field for a more experimentally feasible setup [4]. Further extensions to 1D
nanowires show that it is possible to probe the non-Abelian nature of the excitations using
T-junctions [66], [5]. The prediction of Majorana excitations in these materials has been the
cause of much optimism since experimentally they are well-studied and have an observed
proximity effect [91], [15].

1.5 Summary of this thesis

1.5.1 Part I: Random Majorana Chain

A chain of Majorana fermions may be created by alternately depositing ferromag-
netic (FM) and superconducting (SC) regions along a QSH edge. A single zero-energy
Majorana fermion appears at each SC/FM boundary if it is sufficiently narrow, and we
study how unique features of the chain can be observed using a metallic tunneling tip. An
ideal, uniform system realizes the interesting free-Majorana fermion quantum critical point.
Realistically, however, FM and SC domains will inevitably vary randomly in size and prox-
imity amplitude, and therefore the proposed system would realize an even more interesting
model: the random Majorana fermion chain in its random-singlet phase [13]. So far, likely
experimental Majorana signatures in the shot noise were discussed for a single Majorana
pair [11], [65], [55]. Experimentally, it may be even simpler to pattern an irregular phase-
separated mixture of SC and FM materials to contact the QSH edge, rather than a precise
controlled-lithography FM-SC-FM configuration.

Furthermore, the Majorana fermion chain may give a first convincing measurement
of the random-singlet phase and its associated Griffiths scaling. Contrary to spin chains
where neutron scattering or other spin-sensitive probes can only give limited information,
the Majorana chain setup allows a direct electronic tunneling measurement that reveals
the nature of the random singlet phase. Although this model is based on FM and SC
regions coupled to the QSH edge, the critical properties calculated here also apply to other
setups. For example, a Majorana chain can also be realized by applying a magnetic field
to a quantum wire with spin-orbit coupling [77], [66]. An experimental realization of these
systems will most likely include randomness in the location of the superconducting vortices,
and thus the Majorana fermions.

In Chp. 2, we calculate the energies of the Majorana bound states of an QSH-
FM-SC heterostructure and then find the Hamiltonian for the Majorana fermion chain. In
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Chp. 3, we map the model onto the random transverse-field Ising model and discuss a real-
space renormalization group (RSRG) method for studying low-energy behavior. In Chp.
4, we generalize a method of implementing the RSRG as unitary transformations in order
to study a Majorana chain coupled at one end to an STM lead. In Chp. 5, we calculate
the energy levels of a critical Majorana chain coupled at one end to an STM lead and find
the voltage dependence of the tunneling current. A two-lead setup is considered in Chp. 6,
where we compute heat and electrical conductance through the Majorana chain.

1.5.2 Part II: Bulk-Boundary Correspondence

Topological order is responsible for interesting new states of matter that do not fit
into the standard symmetry-breaking picture. [92] For decades, the Landau paradigm suc-
cessfully described systems by looking at the underlying symmetries, with phase transitions
occurring between phases with different symmetries. However the integer quantum Hall
(IQH) effect showed this approach to be incomplete, since it exhibits transitions between
phases of the same symmetry. These phases are instead distinguished by topological order,
with gapless modes localized at domain walls between regions of different topological order.

For systems with a non-zero bulk gap at all points in the Brillouin zone, it is possi-
ble to define a topological invariant of the Hamiltonian. Systems with non-trivial topological
invariants are termed topological insulators (TI) and topological superconductors. The in-
variants are robust to smooth deformations that do not close the bulk gap and underlie the
precise quantization of response functions in topologically ordered systems. [36, 70, 79, 52]
This was first realized in IQH states, where the Hall conductivity can be expressed as the
first Chern number of the U(1) vector bundle of Bloch states. [90, 8, 84] For time-reversal
invariant (TRI) systems in two-dimensions (2D), a Zs topological invariant distinguishes
between the vacuum (trivial phase) and the quantum spin Hall (QSH) state. [47, 46, 9, 53]
In three-dimensions (3D), there are four Zs invariants describing TRI systems, one of which
distinguishes between the vacuum and a strong topological insulator and is robust to dis-
order. [31, 63, 74, 41, 95, 18] The quantized magnetoelectric response may be written in
terms of this Zy invariant. [67, 21]

Although a topological invariant is an abstract quantity defined for a fully periodic
system, it is manifested physically as mid-gap surface states. In IQH systems, the quantized
Hall conductance can be formulated in terms of the the number of chiral edge states. [54, 35]
Similarly, the 2D/3D Zy invariant for TRI systems determines whether there are an odd
or even number of helical modes/Dirac cones at a given edge or surface. [28] In the cases
above, the edge states smoothly connect the bulk valence and conduction bands and the
number of such modes is protected by the topological invariant: they cannot be deformed
into a single bulk band unless the bulk gap closes. By contrast, edge modes in an ordinary
system do not traverse the bulk gap and are thus susceptible to localization by disorder.
For superconducting systems, the topological invariants determine the number of Majorana
modes localized at the edge or in vortices. [61, 71] These states are at zero energy and are
protected by particle-hole symmetry and the superconducting gap. Systems such as p 4 ip
superconductors (SC) in the “weak pairing phase” or SC-TI heterojunctions can support
Majorana modes which obey non-Abelian statistics. [30, 43]

The goal of this part is to derive a rigorous connection between the bulk invari-
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ants and the surface dispersion. A heuristic way to understand this bulk-boundary is as
follows. Consider a domain wall between two bulk insulators with suitably defined topo-
logical invariants that take the values vy, and vr # vr in some regions. Since the value of
the invariant cannot change for finite energy gap, this means the bulk gap closes at some
interface. Mid-gap excitations can thus exist, but they are confined to the interface by the
bulk gap in the other regions. This argument applies to domain walls between regions with
different values of the invariant, of which an edge is a special case where one of the regions
is the vacuum (trivial phase).[44, 88].

In Chp. 7, we introduce the bulk quantities of a lattice Hamiltonian that deter-
mine topological behavior. We also state the two main results of the paper, Theorem 1
relating the parameters of the bulk Hamiltonian to the surface spectrum in a geometric
way, and Theorem 2 proving the bulk-boundary correspondence between chiral edge states
and the Chern number. The proofs are presented separately in Chps. 9-10. In Chp. 8, we
demonstrate the range of applicability of our theorems and give examples of topologically
ordered systems. We extend the results from lattice Hamiltonians to continuum quadratic
Hamiltonians, with discussions on its implications.



Part 1

Random Majorana Chain

15
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Chapter 2

FM-SC-QSH Heterostructures

In this chapter, we consider edge states of a QSH system that are gapped via
coupling to FM and SC materials. We show that a vortex in the phase of the pair potential or
in the magnetization results in Majorana bound states localized at the interfaces. To leading
order, the Hamiltonian for the Majorana chain consists of nearest-neighbor interactions
between these bound states.

2.1 Ferromagnetic regions at QSH edge

Before solving the full problem with the SC regions, it is useful to examine the case
of FM material whose magnetization changes direction across a sharp interface. Without
a pairing term, the Hamiltonian conserves fermion number and cannot support Majorana
bound states. However, solving this problem gives insight into the zero-energy electron
state that “splits” into two Majorana states in the presence of the SC. In this section, we
find solutions in each region and then impose boundary conditions at the interface to solve
for the energies and wavefunctions. The Hamiltonian for QSH edge states coupled to FM

material is given by
_ (ot T [(THOe — e M)\ ([
H= <¢T wl) < M (x) w0, — ,u> <¢l> (2.1)

where the diagonal terms express the helical nature of the QSH edge states, and the off-
diagonal terms are due to the FM material. This is expressed more compactly as H =
sUTHE for

= ()" (2:2)
H = —iv0,0° + ReM(z)o” + Im M (z)o¥ — 2.3

where o® are Pauli matrices that act on the space of right and left movers. Note that when
M (x) is uniform, the bulk energy is given by

E(k) = p£y/v2k? + M? (2.4)
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The bulk band is gapped when My > p. For the remainder of this chapter, we set u = 0.
When the direction of the magnetization changes at z = 0, the term due to the
ferromagnetic coupling in the Hamiltonian can be written as

Har = My [©(x) + cos ¢ O(—x)] o® + Mysin ¢pO(—z)o? (2.5)

where ©(x) is the Heaviside function. We look for solutions of the Hamiltonian in each
region.

Region I (z < 0):

H = —iv0,0° + My cos ¢ 0° + Mpsin¢ oV (2.6)
Solutions to H1 = E1 are given by
, iMy ,—i¢p
— ey d N [ Ty C 2.7
a,, B, =e <:F%+%> (2.7)
where
A= (2.8)
Mg — E?

The general solution for the wavefunction in Region I is given by ¢y = A19a, + B1¢Yp,.
Note that 104, is normalizable in this region while ¥, is not.

Region IT (z > 0):

H = —iv0,0° + My o (2.9)
Solutions to Hy = E are
., iMo
Yy, g, = eFJo @/ <i§i%> (2.10)

The general solution for the wavefunction in Region II is given by ;5 = Asva, + Bap,.
We continue the notation that 14, and g, are the normalizable and non-normalizable
solutions respectively.

Matching solutions at each interface
By imposing continuity on the wavefunctions at x = 0, we can derive a quantization condi-
tion on the energy. This restriction can be written in terms of a transfer matrix:

()= (e 7 () o

To solve for the matrix elements, we set 17(0) = 177(0) and get the following equation:

iMg ,—i¢ iMy i iMy iMy
Al ( vl E> + Bl < 1U B > — A2 (1 v E‘> + BQ ( 1 v E> (212)
3t Pl peRaT x5

v v
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The top line of Eq. 2.12 is equivalent to
Ay =e A +e By — By (2.13)

After some uninteresting algebra, Eqs. 2.12-2.13 reduce to

By ~ {Al K—% + %) - G * %)] o [G " %> - G ' %ﬂ(z}m

where the coefficients in front of A1 and B; are the expressions for T»; and Ty respectively.

Note that the A;’s are the coefficients in front of the normalizable solutions in
Regions I and II, while the B;’s are the coefficients of the non-normalizable solutions. A
wavefunction that is normalizable in Region I (ie, By = 0) must also normalizable in Region
IT (B2 = 0). To ensure this, we set the part of By that depends on A; equal to zero: Ty =

0.
1 4F - 1 4F
e T RS -2 (I
<)\+v> € <)\+v> 0

v €2 4 e7i9/2

TIE 092 _ o—id/2

E = £Mjcos % (2.15)
Eq. 2.15 is the main result of this section and gives the energy of the electron state localized
by a change in direction of the magnetization. This result can be substituted into Eqs. 2.7
and 2.10 to find the wavefunctions in each region. They are localized at the origin, with
decay length

5= v

=——.
My sin 5

(2.16)

As a special case, consider the case where the magnetization rotates by 7 across
the interface: M(x) = My [O(x) — O(—=z)]. The expressions for the wavefunctions in each
region can be combined into the following;:

s = e Molal/v (_1Z> i = e Molel/v <1> , (2.17)

7

We focus on 14 since it is the normalizable solution. 4 is localized x = 0, as expected
since this is the location of the discontinuity in M (z). It is also particle-hole symmetric (in
this case the particle-hole operator is o,, and ¢4 is an eigenvector of ¢¥). Therefore the
solution is a zero-energy, particle-hole symmetric wavefunction. Eq. 2.16 shows that this is
the case where the wavefunction is most localized. As ¢ moves away from 7, the energies
of the solutions separate away from 0, and the solutions are less well-localized about the
origin.
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2.2 Superconducting region between Ferromagnetic regions

Now consider the case where a pairing potential is confined to a small region be-
tween ferromagnetic material whose magnetization rotates by ¢ across the superconducting
region:

Mye'® <-L
M(x) _ { 0€ , L

My , x> +L

A —-L<x<L

0 , otherwise

We again start with the expression H = %\I’TH\IJ, but now the presence of the pair potential
means we need a 4-component wavefunction:

T
R CORTIRT Ty (2.18a)

H = —iw0,0°T° + AoO(x + L)O(—x + L)7° (2.18b)
+ My [©(x — L) +cos ¢ O(—x — L)] 0* + Mysin¢ ©(—x — L)o?

where 7¢ are Pauli matrices that act on the 1 and %' blocks. The solution is independent
of the phase of A in this geometry, and we set it to zero for simplicity. In the uniform
case, the bulk energy gap is given by the smaller of |My 4+ Ag|. As in the previous section,
we solve for the wavefunction in each region and impose continuity to derive the allowed
energies.

Region I (z < —L):
H = —iv0,0*7* + My cos ¢ 0” + Mpsin ¢ o (2.19)

Solutions to H1 = Ev are given by:

U
1, iE
z g T + = T g1 0
bay, o, = et o @A jF’\O o |, vp,p, = et lo @A _iMg —i¢ (2.20)
v .
0 Fx—
where B v
A = m . (2.21)
P

The general solution for the wavefunction in Region I is given by ¢y = A194, + B1¢p, +
Ch1vc, + D19p, . In this section we use the notation that 14, and ¢ p, are the normalizable
solutions, while ¢, and v p, are not.

Region IT (-L <z < L):
H = —iv0y0°7% + Ag7” (2.22)
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Solutions:
0 _iAg
. idg . 0
TzZ)A27¢02 = e:t ‘/0 da’ /A 6 5 ¢Bz7¢D2 = ei ']0 da’ /A :l:% i (223)
. v
t1 4+ £ 0
where v
A= (2.24)

VAZ-E?
The general solution for the wavefunction in Region II is given by ¢r; = A4, + BaYp, +
Cove, + Datbp,.

Region III (z > L):

H = —iv0yo*7* + My o* (2.25)
Solutions:
M,
12 v iE 8
x 7 4= + = T g/
Vi the, = T @A EX L g, g, = Tl ALy (2.26)
v
1 YiE
0 -5

The general solution for the wavefunction in Region III is given by ¢ 711 = Asa, + B3yp, +
Csv¥cs + D3top;.

Matching solutions at each interface We impose continuity on the wavefunctions at
each interface to obtain 17 and 75, defined as follows:

As Ay Ay
Bs| By | B
al=m || =nn | (2.27)
Ds Do Dq

Note that A; and B; are the coefficients in front of the normalizable solutions in Regions I
and III, while C; and D; are coefficients of the non-normalizable solutions. The following
restriction, that a wavefunction that is normalizable in Region I must also be normalizable
in Region III, leads to a quantization condition on the energy. This condition is equivalent
to setting the determinant of the lower left 2 x 2 submatrix of 7175 to 0. The algebra to
solve for 17 and 75 is similar to the FM-FM case, so we won’t give the full expressions here.
The condition becomes

: 1 1)\? 1 1)\?
i¢ | ,—4aL/A [ L L aL/n (XL 2
e’ le <>\ A) +e <)\+A> B
1 2 VP 2i¢ ip 1 2 U
=1 E + 32 (14 e*?) +2e = E + 12 (2.28)
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The full solution to Eq. 2.28 is too complicated to solve analytically, so we settle
for an approximation. We are interested in low-energy excitations located well inside the
bulk energy gap, so the energies can be restricted to E <« My, Ag. These energies arise as
the splitting due to weakly interacting Majorana states, which must be widely separated in
order for the energies to be small. Therefore we make the additional approximation that
L> ALO' With these simplifications, Eq. 2.28 becomes

et/ (N + Ag)2E? = A2M? (1 + e%d’) + 26 MEA2

MoAy
My + AO
The penetration depth into the FM regions is given by A = Mo+n¢/2, again indicating that
the best-localized wavefunctions are in systems where the phase changes by .

Let us examine the special case when ¢ = 7 further. The normalizable solutions
are given by

E = +2¢2LAo/v cos % (2.29)

-1
" M 1 T M,
by = et A A o=l | de A fo- 20
—1
1

(2.30)

S T e S SR

11 is localized at « = L, while 1o is localized at © = —L. They also satisfy particle-hole
symmetry: sy = 1, kg = a.

To study the Majorana nature of these solutions, we first construct the corre-
sponding field operators, I'; = UTy;. Because of the redundancy in the way we expressed
v, I' g= FE. Note that both states satisfy FZ = I';, so these are Majorana states. We
have found that coupling QSH edge states to an SC region between two FM regions with
opposite magnetization leads to two mid-gap Majorana fermions. Comparing this result to
the electron solution found in the previous section, the effect of the SC region is to split
the zero-energy electron mode into two Majorana modes with exponentially suppressed
energies.

2.3 Hamiltonian of the chain

To write the Hamiltonian for the Majorana chain, we also need the effective in-
teraction for Majorana modes separated by an FM region, ie the SC-FM-SC geometry.
However this is easily obtained from the result for the FM-SC-FM geometry using a duality
property of the Hamiltonian [65]. If we allow for the pair potential term to have an arbitrary
phase, then the Hamiltonian can be written in a more symmetric way:

H = —iwdyo’t* + Az) - 7+ M(z) - & (2.31)

where M (z) = (Mg cos ¢y, Mo sin ¢p,,0) and A(z) = (Ag cos ¢, Ag sin ¢s,0). The form of
Eq. 2.31 shows that the excitation energies have the same form when M (z) and A(x) are
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Figure 2.1: Nearest-neighbor interactions of the Majorana chain. The value of t9;_12; is
determined by the phases of the SC regions and the sizes of the FM regions, and vice versa

for t2j72j+1.

exchanged. The hybridization energy can be written so that it captures SC-FM-SC as well
as FM-SC-FM pairs:

_orye, Mol Ag;
— 2¢ 2L/t : 2.32
e Mo+ Ag cos — (2.32)
with Ad; = dm; — dm,,, and ¢; = v/Ag describing a FM-SC-FM sequence, and Ag¢y; =
bs; — Ps;.0 and £; = v/My describing a SC-FM-SC sequence.
Since the interaction between Majorana fermions decays exponentially with the
distance, we keep only the nearest-neighbor interactions, so the Hamiltonian of the chain is

tii+1

H= ZZ bijiti ViVit1- (2.33)

(2

In the numbering convention shown in Fig. 2.1, 791 and -9, are separated by an FM region,
while 79; and ;41 are separated by an SC region. The interactions taj_12; (t2;2j+1)
are related to the length of the FM (SC) regions and the phases of the pair potentials
(magnetizations) in the SC (FM) regions.
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Chapter 3

Mapping to the Transverse-Field
Ising Model

In this chapter we study the critical properties of the Majorana fermion chain,
Eq. 2.33, by mapping it to the transverse-field Ising spin chain [13]. An exact mapping be-
tween Majorana operators, which obey anticommutation relations, and spin-1/2 operators,
which obey commutation relations, is possible in 1D. However, the transformation takes
the form of string operators that make the relation highly non-local. In this chapter, we
review a real space renormalization group (RSRG) that was developed to study the random
quantum spin chain and generalize it to study the properties of the random Majorana chain.

The Jordan-Wigner transformation maps the fermion operators to spin operators:

j-1 j-1
. z _ Y z
Yoj—1 = 0F Y0k 2y =0y Y 0% (3.1)
k=1 1

e
Il

where 0 are Pauli matrices that obey the usual commutation relations [0, af | = ieaﬁ”fa}.
Applying this transformation to Eq. 2.33, and renaming the interactions t2;_12; = h; and

toj2j4+1 = J;, we obtain the Hamiltonian for the transverse-field Ising spin chain:

H ==Y hjo; + Jjof07,, (3.2)
J

In the uniform case, h; = h and J; = J, this system has a quantum critical point at
h = J. Therefore the Majorana fermion chain also has a critical point when all the pairwise
interactions to;_12; and tg; 2541 are equal. The uniform Majorana chain can be realized by
requiring all the FM and SC regions be the same size and all second-neighbor FM and SC
regions to have the same relative phase. Such excessive tuning of the FM and SC regions to
reach the uniform critical point does not seem realistic, and we turn now to the non-uniform
case.
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3.1 Random Transverse Field Ising Model

In the random case, the values of h; and J; vary along the chain and occur with
some probability distributions P(J) and R(h). The difficulty in studying such random
systems analytically is that physical quantities such as the magnetization and spin-spin
correlations do not converge to a single value, but rather occur with some probability dis-
tribution. Rare anomalous events may occur with very small probability and yet dominate
disorder-averaged quantities. A systematic way to study the rare anomalous events that
occur at low energy is a real-space RG method [20] developed for the transverse-field Ising
model by Fisher [24]. Each step of this method consists of decimating the highest energy
term in the Hamiltonian and replacing it with effective interactions of longer range.

3.1.1 Decimation of the Highest-Energy Term

For the random transverse-field Ising model, this prescription results in forming
a ferromagnetic cluster if the strongest interaction is a bond J; or decimating a spin if
it is a field h;. For example, if the largest energy is the field at site 2, ho, we make the
approximation that the spin at site 2 remains frozen in the ground state of the hs term of
the Hamiltonian. To first order, quantum fluctuations through the exchange interactions
with neighboring spins have the effect of flipping the spin at site 2 and can be neglected. To
second order, however, two successive spin-flips can leave spin 2 in its ground state while
introducing an effective interaction between spins 1 and 3. A second-order perturbation
theory calculation gives the new exchange term

(3.3)

which is smaller than Jio or Jog. Thus the effect of the RG step is to replace spin 2’s
interactions with its neighbors by a weaker second-neighbor interaction and then decimate
the spin at site 2. If the largest energy is the bond between sites 1 and 2, a similar

process results in spins 1 and 2 frozen together in a ferromagnetic cluster with effective field

5 — hiha
h =352
These recursion relations can also be derived for decimation of Majorana pairs.

We write the Hamiltonian of the Majorana chain in the following away:

H= Zz’hj Yoj—1725 + iJj Y2572j+1 (3.4)
J

Decimating Across Different Dirac fermions

We first find the effective Hamiltonian when the decimated term connects an even to an
odd Majorana: 2 = Jo. It is intuitively easier to convert the Majorana operators into Dirac
operators via ¢; = Y21 + i72; .

Hy =1iJ2 v475
= Jo(coes + czcg — 0203 — cgcg;) (3.5)
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Figure 3.1: Decimation of the term connecting Majoranas forming different Dirac fermions.

In terms of electron operators, the term consists of hopping and pairing between nearest
neighbors. The ground state of Eq. 3.5 is doubly degenerate, and the two states can be
written in terms of the electron/hole vacuum, |0).

|s1) = c5]0) + cf|0) (3.6a)

|52) = [0) — cheb|0) (3.6b)

with ground state energy Es = —Jo. We can simplify the notation in Egs. 3.6a-3.6b by
writing the solutions in terms of the electron occupation number at sites 2 and 3: [s1) =
|10) 4 101) and |s2) = |00) —|11). Note that |s;) and |s2) have odd and even fermion parity
respectively.

The first excited states of Eq. 3.5 are similarly given by

[t1) = =c|0) + o) (3.7a)
[t2) = 10) + el 0) (3.70)
In terms of electron occupation number, the first excited states are:|t;) = —[10) + |01) and

|t2) =100)+]|11), with E; = +J5. We now examine the effects of Hy, the term that connects
the decimated Majorana pair to its nearest neighbors:

Hy = ihyyy s + ihayg st (3.8)
To leading order, Hy moves the system from a ground state into a first excited state:
Hi|s1) = h2(]10) — [01)) + h3(—[10) — |01)) = (h3 — ha)[t1) (3.9)

Hils2) = ha(—=|00) —[01)) + h3(—|10) = [01)) = —(h2 + h3)|t2) (3.10)

In a perturbative expansion in terms of hy/Jy and hg/Jo, the first order-terms thus vanish.
The second-order terms, however, are given by

eff _ N {SalHilti) (il Halsp)
HI =" . —E, (3.11)

i
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In the basis of |s1) and |s2), the effective coupling term becomes

1 ((hg — h3)? 0
eff _ _ _~ 2 3
A =37, < 0 (h24—h3)2> (3.12)

The effective coupling treats the even-parity and odd-parity states differently. In terms of
second-quantized operators, Eq. 3.12 can be written as

B3 hE | hahs
2.J; Jo

h% + h% _hohsg
= — 1
57, +i T, 3 (3.13)

HT = (2¢7¢ - 1)

where we define ¢ = 73 + i7s. The decimation has induced an interaction between the
Majoranas at sites 3 and 6; however these are now nearest neighbors in terms of active
Majoranas remaining in the chain. The RSRG process thus preserves the form of the origi-
nal Hamiltonian with couplings only between nearest neighbors. The first term in Eq. 3.13
represents a small shift in the overall ground state energy, which we can neglect.

Decimating within a Dirac fermion
We now consider a decimation of the other kind, when the the two Majoranas in question
belong to the same Dirac fermion: €2 = hs.

Figure 3.2: Decimation of the term connecting Majoranas from the same Dirac fermion.

Ho = ths y374
= hy(2chey — 1) (3.14)
The ground state is 4-fold degenerate, and we again express the states in terms of the

electron occupation number at each site. But first, it is helpful to define the following
states:

|di) =10103) , [d2) = [0113) (3.15a)
d3) = |1103) , |da) =[1113) (3.15b)

where [1713) = C;ECJ“O}, by convention. The ground states are then |s;) = |02) X |d;) with
energy Fs = —hsy. The first excited states are given by |t;) = |12) x |d;) with E; = +ho.
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The terms connecting the decimated Majoranas with their nearest neighbors are
Hy =1iJ1vy3 + iJoyays (3.16)

By calculating the effect of Eq. 3.16 on the ground state manifold, we can again find the
effective coupling induced by decimating this pair:

—(JE+J2)/2 0 0 JiJo
1 0 —(JE+J3)/2 JiJ 0
eff _ L 1 2 142
H™ = ha 0 J1J2 —(Jf +J35)/2 0 (317
J1Jy 0 0 —(JE+J3)/2
2 2
HT = At J2I—|— 102 (cres — CIC;)) + L (CIC:T’) - 0103)

2h2 h2 h2

i+ i

=~ i s (3.18)

In this case, Majoranas 3 and 4 are decimating, inducing a new effective coupling between
Majoranas 2 and 5.

3.1.2 Infinite Randomness Fixed Point

Applying the RG many times lowers the energy of the spin chain and creates
exchange couplings and spin clusters spanning longer and longer distances. It has been
shown [24] that the presence of disorder in the initial system causes the distributions to
flow to the “infinite-randomness fixed point.” Let ) be the strongest coupling term in the
chain at a given point in the RSRG. We can define a flow parameter for the RG process
' = 1InQ;/Q, where Q7 is the strongest term in the original chain. Note that I' = 0 at the
beginning of the RG flow and increases as the strongest term in the chain is lowered. It is
also useful to work in logarithmic energies, (; = InQ2/E;. The critical point was shown to
occur when the probabilities are both equal to the infinitely broad random distribution:

P(Q) = R(Q) = 2" (3.19)
The ground state of the critical random transverse-field Ising spin chain has ferromagnetic
clusters of all length scales, similar to the random-singlet phase of the Heisenberg spin chain.
In terms of fermion operators, this means that the Majorana fermion chain is critical when
the interactions to;_12; and tg; 241 are drawn from essentially the same infinitely broad
random distribution, with Majorana fermions coupled in pairs of all length scales.

3.2 Self-duality

Before looking at the robustness of the disordered critical point, we first discuss
the importance of the pairing convention used to map the Majorana fermions to spins in
Eq. 3.1. As shown in Fig. 3.3, there are two ways to group the Majorana fermions into
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Figure 3.3: The Majorana fermions can be paired to form spins in two inequivalent ways: a
given fermion can be either the left or right member of a pair. The duality of the transverse-
field Ising model ensures that the physical properties of the system are independent of the
pairing convention chosen.

w

pairs. The middle line corresponds to the convention chosen in Eq. 3.1; in the resulting
spin chain, the values of h;(.J;) are determined by the phases of the SC (FM) regions. The
lower line in Fig. 3.3 shows the other possible pairing convention,

Jj—1 Jj—1
I/ 4 I z
Y25 = T; E Tk > V241 =T E Tk (3.20)
k=1 k=1

where we write the Pauli matrices as 7¢ to keep them distinct from the ¢® used above.
Here the h;’s (J;’s) are determined the FM (SC) regions. Switching pairing conventions
seemingly switches the spin chain from the paramagnetic phase to the ferromagnetic phase
and vice versa.

The choice of how to pair the Majorana fermions is only a mathematical con-
vention made in order to implement the Jordan-Wigner transformation, and the physical
properties of the resulting spin chain should be independent of how the mapping is per-
formed. The apparent unphysical consequence of the mapping is resolved by considering the
duality properties of the transverse-field Ising chain. The system has the same properties
when the roles of h and J are exchanged and spins are replaced by domain wall variables
simultaneously. In the transformations given above, if we consider 0;?‘ to be spin variables,
then the 77’s are domain wall variables. This can be shown, for example, by the following
non-local duality transformation relating the two: o = I j Ti » 0; = 7;_47;. Thus the
two pairing conventions are related by switching spins/domain walls and values of h;/J;,
which leads to two representations of the same system.

In addition to resolving the self-consistency problem of the fermion-to-spin map-
ping, this behavior also provides insight into the duality property of the original QSH edge
with respect to the FM and SC regions. The properties of these regions enter the spin
chain as h; and J;, and the duality of the transverse-field Ising model is translated to the
Majorana chain as a duality under interchange of the FM and SC regions.
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3.3 Critical point at 6 = 0

Now we consider the robustness of the infinite-randomness fixed point. To realize
this critical point, the probability distributions of €z;_12; and €241 must both be equal
to the infinitely broad random distribution. Constructing FM and SC regions at the QSH
edge to satisfy this condition — although not as stringent as for the uniform critical point
— is still difficult as it restricts the forms of both distributions. A weaker condition for
criticality parameterizes the distance to the critical point by

Inh — InJ

0= var(ln h) +var(ln J) (3:21)

where the bar denotes averaging. Now the critical point, given by d = 0, occurs whenever
the two distributions have the same log-average. In particular, given any distribution for
say hj;, one can tune the system through the critical point by adjusting the distribution
for J;. The Majorana chain can be made critical for any distribution of the SC regions by
tuning the FM regions to § = 0 or vice versa.

3.4 Robust to Coulomb repulsion

Another potential difficulty to realizing the critical point is Coulomb repulsion
between fermions. While the Majorana fermions themselves are charge-neutral, two neigh-
boring Majorana fermions can combine to form a Dirac fermion that has charge. We model
the short-range Coulomb repulsion between two neighboring Dirac fermions as

H® =" 7079541792 1272) +3- (3.22)
J

Under the Jordan-Wigner transformation, Eq. 3.22 is mapped to a second-neighbor spin
interaction
H® = -3 "J®Ps%07 . (3.23)
J

The interaction term could also have been written as J (2)’}/2j_1’}’2j’}/2j+1’}’2j+2, which corre-
sponds to the second way to group four neighboring Majorana fermions for a given pairing
convention. This term maps to J (2)0]2-0]2- 41, which under a duality transformation goes to
Eq. 3.23. Using the real-space RG methods outlined above, Eq. 3.23 was shown to be an ir-
relevant perturbation to the disordered critical point [16]. Thus the presence of short-range
Coulomb repulsion between Dirac fermions arising from combinations of Majorana degrees
of freedom does not affect the critical properties of the Majorana chain.
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Chapter 4

The RSRG as Unitary
Transformations

The effect of the RSRG on the Majorana chain, by design, is to reduce the chain
to a set of decoupled pairs. However the density of states and transport quantities are
measured by coupling the chain to an STM leads biased at voltage V relative to the chain.
The combined Hamiltonian for the Majorana chain and a probing tip coupled to one end
is:

o0
H=—i Z Liit17ViVi+1 + o (We_iew/h + ﬂ)eiew/h> (4.1)
i=1
where 1) is the annihilation operator of tip electrons [11]. We already know how the first

term in Eq. 4.1 transforms under successive transformation; in this chapter, we derive what
happens to the second term that describes the coupling of the chain at one end to the STM

tip.

4.1 Unitary Transformations

We will use the RSRG to reduce the semi-infinite chain and STM to a problem of
a tip interacting with independent Majorana pairs:

o
Hepp~ —i Z [an%,a <¢Te—ith/h + weith/h) + en%,a%,b] ) (4.2)

n=1

The decoupled Majorana pairs correspond to the so-called random-singlets formation that
was investigated in random Heisenberg chains [23] and in random hopping fermions [42].
The I —V characteristics of this Hamiltonian are as follows: whenever the voltage of the tip
is at resonance with +e, a step appears in the I —V curve, with an amplitude proportional
to the tunneling rate, a2:

% ~ ST @[SV + €n) — B(eV — €] (4.3)
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The two opposite sign delta-functions are due to the special coupling term o< 1) 4 1; if at a
positive resonance, V' = |e,|, ¢ is responsible for a current flowing into the chain, and when
V = —lenl, ¢! will produce the current, which flows out of the chain to the tip.

The measured LDOS, Eq. (4.3), will provide not only the chain’s density of states,
but also the probe’s overlap a, with the edge Majorana. Therefore it reveals both the
energy and spatial structure of the random Majorana chain. We can find both the energy
levels ¢, and the edge overlap, a, using the RSRG method applied as a series of unitary
transformations on Eq. 4.1 [73]. This method has two main advantages: it allows us to keep
track of the evolution of other operators, and provides a straightforward way to reconstruct
the ground-state wave function.

Consider a Hamiltonian H with ground-state solution |¢) and energy Ey: H|¢) =
Ep|y). For the Majorana chain or random transverse-field Ising model, 1)) will be a com-
plicated many-body wave function. We can make progress towards simplifying the solution
by applying a unitary transformation that decouples the strongest term from the rest of the
chain: e"He ™ (¢'|y))) = Ey (¢””[¢)). The transformed Hamiltonian and wave function
can be written as

H = e He ™ (4.4a)
[Vesy) = € ) (4.4b)

Many successive unitary transformations leave the chain in a state whose ground state wave-
function we can write down simply: it is the product of many spin singlets. The ground
state of the original Hamiltonian can be recovered by applying the inverse transformations,
in reverse order, to the product state. The effective form of other operators is similarly
found by applying the unitary transformations: A = ¢S Ae~%.

It will be helpful to decompose the Hamiltonian into three parts: H = Ho+V'+Hj.
Let Hy be the largest-energy term that will be decimated. V' consists of the terms that
connect the decimated Majorana pair to the rest of the chain. H; describes the remainder
of the chain, which should be left unchanged by this step. The unitary transformation
becomes

H=e"He ™ = e (Hy+ V' + Hy) e
1
=Ho+V'+Hi +i[S, Ho+ V' + H] — 5 [S, [S, Ho|] (4.5)

where we have only kept terms up to O(S?). An appropriate generator S can be chosen so
that the first-order terms cancel out: i [S, Hy] = —V’. The second term in the commutator
will give the new effective bond created between the nearest neighbors of the decimated
pair, as well as a shift in the ground state energy due to integrating out the decimated pair.
The third term in the commutator introduces a longer-ranged interaction involving one of
the decimated Majoranas. However this new interaction term can be eliminated by applying
an additional unitary transformation simultaneously. We give a detailed calculation of the
generators of these transformations below.
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4.2 Generators of the Unitary Transformations

As an example, we find the generators for the decimation of the Majorana pair
connected by hi, ie Hy = ihyy1y2. The generators for the decimation of Joyo7ys follow
analogously. The terms connecting this pair to the rest of the chain are V' = iJyyon +
1Ja72y3. These are the nearest-neighbor terms that will be canceled as a result of the unitary
transformation. Consider the generator

J Jk
1,70 ;Y2
Sa Ty 1270 g 0. (4.6)

It is straight-forward to show that i[Sq (1),H0] = —V’, so that after the transformation, the
Hamiltonian does not contain terms connecting the decimated pair to its nearest neighbors.
The second term of the commutator in Eq. 4.5 gives

. Jg+ J3 JoJ
i[S, V'] = iy + i 2y, (4.7)
2hy hi

The first term in Eq. 4.7 represents a small shift in the ground state energy, while the
second term is the new effective interaction between the nearest neighbors of the decimated
Majoranas. Since h; is the strongest term in the chain, the effective interaction J = J;)L—‘IIQ is
weaker than any of the three eliminated terms Jy, hy, or Jo.

We now turn to the final term of commutator in Eq. 4.5. The only non-zero
contributions come from the second-nearest neighbors of the decimated pair:
J2Z_ é: mye =V, (4.8)

Although the transformation decouples Majoranas 1 and 2 from their nearest neighbors,

Eq. 4.8 shows that it also introduces new interactions connecting them to their third-

neighbors. This interaction can be eliminated by applying a second unitary transformation

Séz) such that i[Séz), Hy] = —V". This can be done using the generator

Joh_
2h2

2)

i[SW Hy| =

a

5 —

Johs
YY-1+ iy oz 1 (4.9)

The transformation generated by SIS will also introduce a new type of long-range inter-

. . - . 3 . Joh_1J_ Do
action which we have to eliminate via S((l ) = z%’yz’y_ + ZJQ};;J“ Y175, which in turn
1

(4)

necessitates S, 7, and so on. Briefly, So-type generators connect y1 to odd-numbered Majo-
ranas in a way that straddles the decimated pair, while Sp-type generators do not straddle
the decimated pair.

For the decimation of a general term ¢F;7;v;j4+1, the full expressions for generators
of arbitrary order are given by

k=j—1

5[(1 ) ) H E Vi+17j+1-2n
k=j+1-2n

[ k
+§ H = | ViVi42n (4.10a)
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k=j—1

2 i Ey,
515 " ) - | ViVi—2n
k=j—2n J
. 2n+j
7 E@
t3 H 7. | VY 1en (4.10b)
: j
k=j+1

where Fj is the coupling between Majoranas k and k+ 1. The superscript on S (m) indicates
that the generator is of order m in f—f

4.3 Effective Coupling Term

We are now ready to calculate the effect of a unitary transformation, with gener-
ators given by Eqs. 4.10a-4.10b, on the Majorana coupled to the probe, Eq. 4.1:

Ti = ePye™
. 1
=y +i[S,m] - 5[57 (S, 1] (4.11)
§=3" 51 4 52 (4.12)

The edge Majorana operator will be transformed to a linear combination of odd-numbered
Majorana operators, with coefficients that in general decrease with distance from the edge.
Before writing expressions for the evolution of the coefficients, let us look at how
the decimation proceeds. In a typical chain, the first decimation will most likely be in the
bulk, say J;. At this point, the only Majorana connected to the probe is v;. According to
Eq. 4.11, a change in the coupling coefficients is caused by generators that don’t commute
with 71, 7e those that contain 7. The transformation that eliminates J; has generators
that connect 7; or ;41 to the rest of the chain. Therefore there is only one generator we
need to worry about: the one between ;1 and v;. The edge Majorana transforms as

Jj—1 E
=7+ (H 7k> Vj+1 (4.13)
k=1 "7

The probe is now coupled to 7,11 as well as to the edge, but ;41 is part of the
decimated Majorana pair and drops out of the chain. Its coupling coefficient remains the
same as the RG proceeds. The same story holds for successive bulk decimations: the probe
becomes coupled to a bulk Majorana that then drops out of the chain.

Things become complex when the decimated Majorana is the one on the edge. All
orders of generators of this decimation contain a Majorana coupled to the probe (in this
case, the edge Majorana). So the transformed edge Majorana will contain terms from all
the bulk Majoranas, though the coefficients for Majoranas farther away are higher in order:

2n—2

N
E
Mmoot E < H h_f> Von—1 (4.14)
n=2

k
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After the decimation, y; drops out of the chain, leaving the probe coupled to all odd-
numbered Majoranas. For subsequent decimations, we have to consider the commutations
of the generators with every odd-numbered Majorana.

We now examine how the coupling coefficients change under a generic decimation
of the term Fj;. Assuming there has already been at least one edge decimation, the probe
is coupled to all odd-numbered Majoranas:

’)71 = Z ;- (4.15)

i odd

Substituting Eq. 4.15 for 7 into Eq. 4.11 gives the effective coupling coefficients.

j—1 E
1<J: di:ai—l—ajHEk‘ (4.16a)
k=i 7

j—lE
t=7: dj:aj—l_zai(HFk.)
J

i<j k=i
i—1 E
k
+ Za H 7, (4.16b)
i>7 k=j+1
i—1
E
i>j: a;=a;+a H Fk (4.16¢)
k=j+1 "7

When j is odd (ie, the decimated energy is h;), v; picks up some complicated factor and
drops out of the chain. All the other odd-numbered Majoranas pick up a simpler factor, and
we must keep following their evolution. If j is even, it is vj11 (the odd-numbered member
of the decimated pair) that picks up a complicated coupling coefficient.
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Chapter 5

Single Lead: Energy Levels and
Coupling

In this chapter, we consider a semi-infinite Majorana chain coupled to an STM
probe at one end. As shown in the previous chapter, at low energies the Majorana chain
decouples into a series of Majorana pairs, each of which is coupled to the probe. We
compute the joint probability distribution for a Majorana pair to have energy splitting Fj,
and coupling to the probe a. The main result is that the tunneling dI/dV has strong
spikes corresponding to decimations of Majorana pairs on the edge, between which bulk
decimations yield additional weaker spikes.

5.1 Probability distribution calculation

In this section we calculate the probability distribution for the energy of decimated
Majorana pairs, as well as their coupling to the probe. A chain initially coupled to an STM
probe at the left end develops couplings to all odd-numbered Majoranas under the RG
flow. As seen in the previous chapter, the magnitude of the coupling decreases sharply with
distance along the chain, and we expect edge decimations to be the dominant processes. As
a check, this will be proven explicitly below.

Define u, (7,¢;T") as the probability that after n edge decimations, the Majorana
currently on the edge is located a distance ¢ from the probe with a coupling a = e™7 at
RG scale I'. The integer n marks how many previous edge decimations occurred before the
edge ended up at the Majorana we’re looking at now. This counting scheme doesn’t include
decimations within the bulk; rather, the decimation process is divided into “eras” separated
by edge decimations. The evolution of bulk couplings can be accounted for from the edge
decimations in a controlled way. The flow equation for u, is given by:

duy,

- == /dﬁlP(O,El)un (7,4;T) (5.1)

+ /dﬁldﬁgdﬂdT’ngP (0,61) P (Coy ba) i1 (7', 5T) 6 (1 = 7/ — G2) 6 (£ — € — £y — )

Eq. 5.1 accounts for two ways the probability can change: 1) The Majorana is on the edge
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and gets decimated. This is the first term on the RHS: the probability is reduced if the edge
is decimated. 2) The Majorana is in the second-to-last pair, and the edge pair is decimated,
leaving the Majorana in question at the new edge. This source term is the second term on
the RHS: the distance from the probe to the edge shifts to the position of the new edge
Majorana, and its coupling is calculated from the old edge’s coupling. Here P((,¢) is the
critical probability distribution of nearest-neighbor log-energies, (.

Before continuing with the calculation of du,, /dI", we note some useful facts about
P((,0) from the study of the transverse-field Ising model. It will be easier to carry out the
calculation in the Laplace conjugate of £ and 7, which we define to be y and A respectively.
The bond probability distribution becomes

sinh (\/ﬂl“)
It will be useful later to evaluate this function at y = 0:
lim i - l
y—0 smh(\/ﬂf) r
P(¢,y=0)=1/T. (5.3)

After carrying out the Laplace transform in 7, the probability distribution becomes

P = /dCP((,y)e‘)‘C - sinh\(/\g/gf) A+ ﬂcéth(\/gf)' (5:4)

11T (5:5)

To make progress on simplifying the flow equation, we carry out a Laplace trans-
form on Eq. 5.1 in £ and 7. The LHS of Eq. 5.1 becomes

du, (1,4;T) duyn (AN, y; T)
yl AT s Ly R
/dEdTe e =

The first term on the RHS of Eq. 5.1 becomes

- [ 40P 0)un (A5 T) = =P = 0.y = Oun (A, i) (5.6)
The second term on the RHS of Eq. 5.1 is given by
/ dlydlydl dGydr’ e VTR TANTHE) P(C = 0,01) P(C, b un—1 (7, £;T)

= tun—1(A, 4; D) P(C = 0,9)P(X,y) (5.7)
Combining Egs. 5.6-5.7, the flow equation becomes

duy,
%:—P(C:O,y:mun + P(C:07y)P()‘7y)un—l (Aay;r) (58)

1 Upy—
=, + Yy n—1

r sinh?(,/yl') A + /y coth(y/y')
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where in Eq. 5.9, we have substituted in the appropriate forms of the probability distribu-
tions. The problem of solving for u,, is made simpler by the following two substitutions for
the variables  and w:

x = /y coth(/yl') (5.10a)
dx Y
dU— sinb?(,/gT)

wy, = Tuy, (5.10b)
dup, 1 dw, 1
a0 T dr 12"
Now the flow equation, Eq. 5.9 becomes

dwy, de 1

ar A o1
This has the solution r A
0 o
= 0qyn 5.12
w o + A ( :

Summing over the edge decimations n, and switching variables back to u, we arrive at an
expression for the probability distribution of energy and coupling:
B F(] Ty + A

u(A,z;T) = S (5.13)

This is the main result of this section: u,, gives the probability that after n edge decimations,
the Majorana currently at the edge is at a distance ¢ to the probe, with coupling e~7. Note
getting the 7- and ¢-dependence requires doing an inverse Laplace transform on Eq. 5.13.
Below, we use this result to calculate joint probability distributions involving coupling to
one or two probes.

5.2 Single-Lead geometry

To find the energies of the chain, we consider an STM lead that allows electrons to
tunnel into one end of the chain. The single-lead case is equivalent to a semi-infinite chain,
where the length of the chain is not an important parameter. To find the energies of the
Majorana pairs, or equivalently the RG scales at which Majorana pairs were decimated, we
need a joint probability describing the coupling and energy. Consider

45" (7;1)

T = P(¢ = 0)un(r,y = 0;T), (5.14)
Tyl (A+1/T,

We don’t need to worry about the effective length of the chain, related to ¢, in the semi-
infinite chain, so set y = 0 here. dJ,/dI" is the the probability density that a Majorana
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survived n edge decimations, then got decimated at the edge at I with coupling e~7. Note
that this is a density, not a probability, since P({ = 0) gives the probability density that
the Majorana is decimated. For fixed n, the probability density first increases with I', as
expected since the Majorana survived the first n — 1 decimations. The probability density
reaches a peak at some value of I', then decreases as a subsequent edge decimation reduces
the chance of the Majorana’s survival.

The discussion so far has involved successive edge decimations, but in between edge
decimations there are bulk pairs decimations as well. Let danulk /dI’ be the probability
density that after n edge decimations, a bulk Majorana pair is decimated while coupled to
the probe with e™”. We can calculate its frozen coupling from the coupling of the edge and
the values of the bonds in between:

(bulk) 0o
de—F@’F) -y / AT dCo...dCm 1Al dlme™ € un (7€) (5.16)

- P(Gm = 0,£m)P(Co,0)---P(Cm1,bm—1) <T -7 - Z g,) (00

We saw in Eq. 4.16¢ that the coupling picks up multiplicative factors of the energies between
the edge and the decimated Majorana. The delta function in 7 in Eq. 5.16 reflects the fact
that the logarithmic couplings pick up additive factors of the log energies. Evaluating the
integrals gives

(bulk) 00
WD) S (g D= 0.9 = 0Py = 0)" (5.17)

m=1

Using the fact that the first two factors in Eq. 5.17 are equal to the edge probability density,
and carrying out the sum over sites m,

bulk edge)
dJ"™ (D) dledse) > P y=0"

dr - dr A~
1 oo
1
= gty =0). (5.18)

5.2.1 Aside on Laplace Transform tricks

In the previous section, we have found the Laplace transforms of various probability
densities. Calculating average or typical values seems to require the tedious matter of inverse
Laplace transforming, followed by integrating over relevant terms. However we review here
some ways to get around the inverse Laplace transform.

1. For quantities involving only the energy, without regard to coupling, we use
the marginal distribution for dJ/dI’ with 7 integrated out. Rather than inverse Laplace
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transforming d.J(\;T")/dI" and then integrating over 7, it is equivalent to substitute A = 0
into the Laplace transform:

dr’

e dimn)
—/0 dr T ¢ Ia=0

dJ(T) /°° deJ(T;F)
0

_dJ(\T)
=T x=0 (5.19)

2. For the average value of e~ 27, which is useful for average couplings to the probe,
we evaluate the Laplace transform at A = 2:

)= [t
0

dar
dJ(\T)
=) 2
I (520)
3. As we describe below, it is sometimes necessary to average 7 rather than e=2".
To do this, we differentiate and then set A = 0:
d [ dJ(m;T) _.\
- dr—2 2L o=TA|
M=)y T ¢ e
d dJ(\T)

5.2.2 Location of edge peaks

We can use Eq. 5.15 to find the RG scales, or equivalently the energies, where edge
decimations occur. Here we are interested only in the I'-dependence, and the coupling can
be integrated out by setting A = 0. First it is instructive to check the normalization. A
Majorana that becomes the edge after n edge decimations can itself be eliminated only as
an edge decimation, ie with probability 1.

[0S0y L (L
I dr’ ~Jr, ToT2%n! To

0
° 1
= dze*e 2% ="
0 n'

=1

where we have used the substitution z = In(I'/Ty). As expected, this to be normalized to
one.

The quantity we’d most reasonably be interested in, the average value of I' for a
given n, doesn’t converge. Let’s instead average z = In(I'/Ty) and then exponentiate:

L _ > —Zi n+1
<ln<F0>>_/0 dle n!€

=n+1
I'n(av) = Toe™ ™! (5.22)
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dJ/dr

- In(In(1/E))

Figure 5.1: Marginal distribution of edge energies for n = 1-4. The n’th peak has a maximum
at In(In(1/E)) = n/2. dI/dV thus has peaks at regular intervals in In(In(1/V")).

Alternatively, the most probable location of the n-th peak is found by differentiating
dJ%) Jar:

(edge) (y _
200 sl (D) Bt ()

dr dr 3! Iy) IBn—-1 To

T, (mp) = Doe/? (5.23)

Either way, we see that InT), scales as n. The corresponding energy, E, ~ e ',

then scales as e~10¢". On a plot of STM tunneling data, strong peaks in dI /dV will appear

at these values of V', corresponding to Majorana pairs decimated at the edge. Plotting the
data against In(In(1/V)) rather than V gives peaks at regular intervals (Fig. 5.1).

5.2.3 Strength of peaks

One immediate question is, what about peaks from bulk decimations? The edge
decimations are the dominant ones since they have much stronger coupling to the probe, but
we’d like to show that the bulk contributions can be neglected. For this, we need average
or typical values of the coupling. The typical values are more experimentally feasible,
since average values require measurements on a large number of samples. The dI/dV curve
depends on the coupling, therefore the relevant quantity to consider is not (7) but e (7).

n-th Edge decimation

The typical and average coupling of an edge peak, a = e~ 7, are given by e 2(7)

and (e~?7) respectively. The distinction between these two expressions is rather subtle and
relies on the fact that disorder-averages are dominated by rare events. In most realizations
of disorder the bulk pairs, which make up the majority of decimated pairs, will be very
weakly coupled to the probe. A small value of the coupling a is equivalent to a large value
of 7 = —Ina. The average coupling ((e~27)) is dominated by terms with small 7: most of
the terms in the sum are vanishingly small, and rare terms with strong coupling will have
a large effect. On the other hand, calculating e=%" reverses the order of operations by
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finding the average of 7 first and then exponentiating. Unlike the average coupling, e~2(")

protects against domination by rare anomalous terms because the sum is over 7 itself rather
than e~27. Most terms are enormous, and the rare cases with strong coupling/small 7 get
washed out in the sum. So this is the expression that gives a typical value of coupling.

Arygp = €~ X7 (5.24a)

gy = (€727) (5.24b)

Lastly, the average 7 at a particular value of I is calculated given that an edge decimation
took place at I'. The conditional is necessary to separate out the effect of where the

decimations occur in the first place. To calculate e=2(") | we use the trick outlined in
Eq. 5.21 of differentiating and setting A = 0:
1 d dg® n
(edge) _ — Zn o= ———(Ty—T 5.25
() dJardn dr ="~ g o~ ) (5.25)

This result says typical values of 7 increase with I', ie Majorana pairs decimated later in the
RG flow have smaller couplings to the probe. Physically, this is because as the decimations
proceed, the couplings have longer to accumulate higher order coefficients, each of which is
less than unity. Using the result from Eq. 5.23, T' ~ €™/2 for a typical edge decimation, the
typical coupling of the n-th decimated edge pair scales as

o2 —4Toen/? (5.26)

All bulk contributions

We now address bulk decimations and their contributions to the I'V curve, which
— unlike dI/dV — shows represents the integrated sum of all peaks up to a certain energy
scale. We show here that the sum of all bulk contributions in a particular era between two
edge decimations is negligible compared to the edge peak and can safely be neglected.

The probability density for a bulk decimation at position m in the chain following
n bulk decimations is given by

dJ™ /dD = dJ99) JdT P(A\)™ 1 [1 4+ P())] (5.27)
The typical correlation of a bulk decimation is found to be

2R 2 | —(2m—1)loen/? (5.28)
The typical strength of a peak coming from the m-th site along the chain after n edge
decimations is suppressed compared to the n-th edge peak by a factor of ~ e~ (2m—1)Toe” .
For a given n, the bulk peaks from further along the chain get strongly suppressed.

In summing up the bulk contributions, we must again decide which order to expo-
nentiate Tand sum over sites along the chain. Adding up all the bulk values of 7 will make it
diverge since the bulk couplings typically very small. On the other hand, the average value
of bulk couplings a does not diverge because it is dominated by the rare events when some
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r In(In(1/V))

Figure 5.2: Typical IV curve obtained by integrating dI/dV from high voltage down to V.
A sharp rise in current occurs at values of V' corresponding to typical energies of edge pairs.

bulk pairs have anomalously strong coupling. The latter is also the experimentally relevant
order of operations: between edge decimations, the IV curve shows the coupling of each
bulk decimation, summed over sites along the chain. We take this to be the appropriate
order of operations for this step and find the typical bulk contributions to be

Z 6_2(T>£zm) ~ e_2<7>’(16d96)e_3roen/2 (5.29)

m even

This result shows that the contribution from the peaks due to all the bulk decimations
between two successive edge decimations is suppressed compared the edge contributions by
a factor of 6_36%"/2, and thus can safely be neglected.

Fig. 5.2 shows the predicted current plotted vs. In(In(1/V)). Each time the voltage
crosses an edge peak from above, there is a sharp rise in the current as the probe couples
to a decimated Majorana pair. For higher n, i.e., edge decimations at lower energies, the
typical coupling and current jumps decrease sharply.
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Chapter 6

Two-Lead Transport
Measurements

At low energies the random Majorana chain behaves like a set of decoupled Ma-
jorana pairs. Physical properties can be calculated from contributions from each pair,
weighted by an appropriate probability distribution. In this chapter, we consider a finite
chain with each end coupled to an STM probe. The two-lead geometry is useful for studying
electrical and thermal transport, and we calculate these quantities below.

6.1 2-Lead Scattering Matrix

In this section, we set up the calculation of conductance as a scattering problem:
incoming electrons from two leads scatter off the Majorana pair to produce outgoing elec-
trons and holes. We examine the case where both leads are biased at the same voltage
V', with the superconducting region grounded. The scattering matrix is written in the ba-
sis (te,1,%e,2,¥n,1,%n2) of electron and hole states in the leads. Following the derivation
in [65], the scattering matrix can be written as

S(E) =14 2miWT(Hy — E — inWWH ™1 (6.1)

where H); is the Hamiltonian for the Majorana splitting, and W is the coupling between
the Majoranas and the leads:

B 0 By
HM = < —iEM 0 ) 5 (6.2&)
. w1 0 w{ 0
W= < 0 w 0w > . (6.2b)

FE)s is the coupling between Majoranas, and a; = 27Twl-2 give the coupling to each lead.
Substituting these forms for Hy; and W into Eq. 6.1 gives

5(E):<1;A 1fA> (6.3)
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where
A= i ia1(E + iaz) —FEyy/aras (6.4)
7 EM\/alag iag(E+ia1) ’

and Z = B2, — (E +ia1)(E + iaz).
S(F) must be a unitary matrix, which given the form of Eq. 6.3, imposes the
following constraint on the matrix A:

A+ AT +24AT = 0. (6.5)

It is straightforward to show that the expression for A found in Eq. 6.4 satisfies this con-
straint. The matrix elements of the scattering matrix must also reflect the symmetries of
the system, which in this case is only particle-hole symmetry. This imposes the follow-
ing constraint on the reflection and transmission coefficients r and ¢, which are in general
functions of energy:

ree(B) = 1hu(=E) , ren(B) = h(~E) (6.63)

tee(B) = ti4(=E) . ten(B) = t}.(~E) (6.6b)

Our choice of basis means that the scattering matrix can be expressed as

Tee the The the
te@ Tée th@ rhe
S = y o (6.7)
Teh lep Thh Ulpp
!/
ten Ten thh Tnh

Comparing Eqgs. 6.7 and 6.3, we see that r.. = 1 + Aj;. The expression for Ay; found in
Eq, 6.4 satisfies A11(E) = Aj;(—FE), which implies that re.(E) = r}.(—F). Finally we use
the fact that rpp, = 14+ A1p = ree to get i (—FE) = rpn(E), as required by particle-hole
symmetry. The same argument holds for the other matrix elements.

6.2 Electrical Current

6.2.1 Single Majorana Pair

We derive an expression for the current at arbitrary voltage and temperature. At
zero-temperature and very low voltage, this expression agrees with previously found results.
In addition, we show that the expression can be evaluated exactly when the voltage is much
higher than the Majorana coupling. In this limit, the current is proportional to the sum of
the STM couplings to the pair.

Following Ref. [7], the charge current in each lead is given by

e oo
I = E/o dE f(B) (1 = [recl® = |teel® + [renl® + [te[) (6.8a)

e [e.e]
=g [ dB F(B) (1= P = ol + rLa P+ fenP) (6:3b)
0
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where f(F) = (1 + ¢®=V)/EsT)=1 1In the T = 0 limit, the expression simplifies to

\%4
I = E/ dE (1 —detr — dett’) (6.9)
0

where the last line follows from particle-hole symmetry. Alternatively, we can simplify
Eq. 6.8a using unitarity, which requires |ree|* + [ren|? + [the|? + [t,]? = 1. This allows the
current to be written as

2¢ [ ,
I, = f/o dE f(E) (|renl® + [tLul?) (6.10)

At zero temperature, when the voltage difference between the left and right leads
is V, the expression for current becomes
2¢ [V E2a% + alag(Eﬁ + ajag)
L =— dE 5
h Jo (E2 — EM — a1a2)2 + Ez(al + a2)2

(6.11)

We can find the current at non-zero values of temperature by restoring the factor of f(E)
in the integrand.

Previous works have examined the current in the low-voltage, strong-coupling
limit: Ej; > eV, a; [65, 55]. In this case, the integrand in Eq. 6.11 is greatly reduced to
ajaz/ E%/[, and the current is simply

(6.12)

This agrees with previously found expressions [65].

It is also interesting to consider the high-voltage regime, which as far as we know
has not been previously investigated. dI/dV, given by the integrand of Eq. 6.11, reaches
a maximum at F = FE);, leading to a sharp rise in the current as the voltage is ramped
through the Majorana splitting strength. At this voltage, electrons from either lead can
tunnel resonantly through the Majorana pair by populating the effective electron state
formed from the two Majorana states. When V > Fj;, the integral in Eq. 6.11 can be

evaluated analytically to give
_2em

=73
The current flowing into the superconductor, I = Iy + I, is therefore proportional to the
sum of the couplings a; + as.

I; (6.13)

6.2.2 Extending to Majorana Chain

Since the current due to a single Majorana pair depends on the sum of the cou-
plings, a dominant contribution occurs when either coupling is strong. We make use of the
fact that edge decimations are coupled much more strongly to the lead than decimations
occurring in the bulk of the chain, so that only edge contributions to the current need to
be considered.
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Figure 6.1: Typical distribution of Majorana splitting and coupling to the two leads (see
explanation in text). The coupling is shown here as a fraction of the original coupling to
the chain. The chain in this figure has five edge decimations, three of which are visible as
strong coupling to a lead.

A decimation on, say the left edge, results in a large value for a; and a negligible
value for as. In the high-voltage regime, where the current is proportional to a; + as, this
leads to a dominant contribution to the current. By contrast, in the low-voltage limit the
current is proportional to ajas. In this case, dominant contributions arise from decimations
with non-trivial values of both a; and as, ie bulk pairs. We assume that the two edges are
independent, which is reasonable for the earlier eras that have the strongest couplings.

We study the current numerically with a chain of 20 Majorana fermions. The
nearest neighbor bonds are taken randomly from a log-normal distribution, and a metallic
lead is coupled to the Majorana at each end. The effect of the RSRG described in Chp. 4
is to transform this system to a set of 10 Majorana pairs, each coupled to the two leads.
Fig. 6.1 shows the calculated distribution for the Majorana splitting as well as the coupling
to each lead for one particular realization of disorder. The horizontal axis indicates the
Majorana splitting. At each value of energy where a Majorana pair was decimated, there
are two data points. The blue square represents the odd-numbered Majorana of the pair,
with the vertical position indicating its coupling to the left lead. The purple circle indicates
the coupling of the even-numbered Majorana in the pair to the right lead.

The evolution of the chain with the RG flow is found by starting at the high energy
or right end of the plot and reading leftward. In the previous chapter, we found analytically
that Majorana pairs decimated at the active edge of the chain have the strongest coupling
to the leads. This particular chain has five left edge decimations occurring at splittings
of 7.6, 2.4, 2.2, 2.1, and 1.5. The pair with splitting 1.5 is the last pair to be decimated
and also represents the only right edge decimation for this chain. Fig. 6.1 shows that the
majority of Majoranas are very weakly coupled to a lead; however the pairs at 7.6, 2.4, and
1.5 have non-trivial coupling. As predicted, these pairs that were decimated while on the
edge have strong coupling to a lead, while bulk decimations result in weaker coupling.

Given the splitting and couplings of each of the 10 Majorana pairs, we compute
the total current due to the chain by evaluating Eq. 6.11 for each pair and then summing.
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Current asfunction of voltage

Figure 6.2: Typical IV-curve for the Majorana chain connected to two leads. Sharp increases
occur at the Majorana splitting energies of the decimated pairs, with the strength of the
jump determined by the coupling to the leads.

The result is shown in Fig. 6.11. The current shows a sharp increase each time the voltage is
ramped through a Majorana splitting, with an amplitude given by the sum of the couplings
to the leads. The biggest jumps occur at 2.4 and 7.6, corresponding to the Majorana pairs
most strongly coupled to the left lead, while smaller jumps at 3.8, 6.2, and 9.5 are due to
bulk decimations between successive edge decimations.

6.3 Heat Current

6.3.1 Single Majorana Pair

We derive an expression for the heat current in terms of the transmission eigenval-
ues found above. The main difference from the electrical current is that the contributions
from the electrons and holes have the same sign [19].

= /OO iE B’ <_—8f> (1= [reel = ren?)
0

hT oE
T— T2 oo 9 —af /9 ;19
ap B2 (220 e o
" nr /0 < OF ( ‘ ee‘ ’ eh’ )
AT o0 E2
e 75 teel* + ltenl? 6.14
hT /0 2k, T cosh? % (Iteel” + ltenl®) (6.14)

where AT = T, —T7. We evaluate this expression by substituting the following form of the
transmission coeflicients,
2E%4a1a2

g2 = 6.15
‘ ee’ + ’ eh’ E4 + E2(a% + CL% — 2E12\/[) + (E]2\4 + a1a2)2 ( )

Numerical evaluation of the heat current shows that it reaches a maximum at T~ 0.4FE),,
where the peaks of Tr tt' and the derivative of the Fermi-Dirac distribution are equal.
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Figure 6.3: Typical heat current of the chain as a function of temperature. The current dis-
plays a peak each time the temperature is increased through 0.4 times a Majorana splitting;
however, separate peaks are difficult to distinguish unless at very low temperatures.

For very low temperatures (I’ < 0.05 Eypf), Tr tt'(E) can be replaced by Tr ttf(0) and

the thermal conductance @Q1/T becomes constant. We find that the thermal conductance
2 2

reaches a maximum value of kbg;zr when E%"b = ajag. It can also be shown that for this

relation between the Majorana splitting and the couplings to the leads, det r = 0, This

result is in agreement with a previous result that the thermal conductance is quantized at

this value when detr = 0 [2].

6.3.2 Extending to Majorana Chain

We again consider a chain of 20 Majorana fermions with nearest neighbors chosen
from a log-normal distribution and two couplings to a metallic lead at either end. Similar
to the calculation in Sec. 6.2.2, we first implement the RSRG to reduce the chain to a
set of 10 Majorana pairs. This gives the splittings of each Majorana pair as well as its
couplings to the leads. The heat current is found by evaluating Eqs. 6.14- 6.15 for each
pair and then summing the contributions. Fig. 6.3 shows the result for a typical chain as a
function of temperature. We expect peaks located at T' =~ 0.4F); for each of the decimated
Majorana pairs, although thermal broadening makes the contributions from different pairs
much harder to distinguish than in the electrical current. For the chain shown in Fig. 6.3,
the heat current mainly comes from the Majorana pairs with splitting 1.2, 2.4, and 2.7, but
these contributions merge into the single large peak shown in the figure. Distinct peaks
may occur if the splittings are well separated from one another, as seen with the feature at
low temperature that is due to a Majorana pair with splitting 0.32.

In the previous section, the charge current was found to mainly arise from edge
decimations. In contrast, the biggest contributions to the thermal current come from pairs
decimated near the midpoint of the chain. The thermal current shown in Fig. 6.3 is mainly
due to Majorana pairs at splittings 1.2, 2.4, and 2.7, which are all bulk decimations. This
suggests that the heat current is proportional to the product of the couplings — rather than
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Figure 6.4: Contributions of each Majorana pair to the heat current, plotted against the
distance from the center of the chain. Dominant contributions are due to Majorana pairs
decimated near the effective center of the chain.
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Figure 6.5: Size of the contributing region as a function of the effective chain length. A fit
of the points to the function aL? yielded a = 0.87 and b = 0.42, hence at least 0.995 of the
current comes from a central region of size L?4? for this particular chain.

the sum, as for the electrical current. Fig. 6.4 shows the heat current due to each Majorana
pair as a function of its distance to the effective chain center when decimated.

We hypothesize that at any stage of the RSRG with effective chain length L, only
a fraction 1/L%4 centered about the middle is responsible for 0.995 of the thermal current.
To determine this, we study how the size of the contributing region scales with the effective
length of the chain. Only the pairs whose thermal current is greater than 0.001 of the total
are included in the plot, and we set an upper estimate of the contribution from remaining
pairs at 0.005 of the total current. Fig. 6.5 shows the distance of a contributing pair from
the center as a function of the effective length of the chain. For this particular chain, we
find that the size of the central region scales as L%®%. This implies that the fraction of the
chain contributing to the heat current scales as L°%2. Similar studies of several different
realizations of disorder show a typical scaling of L?46. In addition the average scaling may
deviate from the typical scaling found here, though this requires some knowledge of the
probability distribution of these quantities and is still being investigated.

It is important to note that this method underestimates the size of the contributing
region since we are only studying it through the pairs that were decimated. In practice, there
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may have been more distant pairs which could have contributed but were not decimated in
this particular realization of disorder.



Part 11

Bulk-Boundary Correspondence
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Chapter 7

Edge State and Bulk-boundary
Theorems

7.1 Edge Modes and Topological Invariants

In light of recent interest in topological insulators and superconductors, it would
be useful to formalize the relation between bulk topological quantities and properties of mid-
gap edge states. This connection has been proven specifically for IQH states on a square
lattice by deriving a winding number for the edge states. [37] Another approach using
twisted boundary conditions has the advantage of including interactions and disorder, but
cannot prove that the states exist at an open boundary. [68]

There has also been recent progress on analytic solutions of edge states in topologi-
cal insulators [59, 97, 82] and topological superconductors. [78] These calculations are based
on models using a specific Dirac Hamiltonian. Dirac systems are ubiquitous in condensed
matter and particle physics systems and give rise to many exotic states. For example,
every single-particle topologically ordered system can be realized with a Dirac Hamilto-
nian. [52, 76] They are used to model a variety of systems including polyacetylene, graphene,
topological insulators and superconductors, etc. [44, 86, 34, 48, 71, 31, 17]

In this part we deepen the understanding of surface states by deriving their dis-
persion, effective theory, and chiral properties in terms of bulk quantities. Our work applies
specifically to tight-binding Dirac Hamiltonians with nearest-layer interaction. For these
systems we present a prescription for the edge states spectrum and prove the bulk-boundary
correspondence. In addition, we derive a simple geometric method to calculate the energies
and penetration depth of the edge states analytically.

7.2 Characterization of the nearest-layer Hamiltonian

To study a system with edges, consider a 2D/3D crystal that terminates on a
line/surface. Translational symmetry is thus broken in the direction normal to the edges.
However, we assume it is unbroken parallel to the surface, and the corresponding momentum
k| is a good quantum number. In this way, any higher dimensional system can be decoupled
into a family of one-dimension (1D) problems parameterized by k;.
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The Dirac Hamiltonian in momentum space H (k) can always be expressed as a
linear combination of g gamma matrices, H(k) = h(k)-I'. Here I is a vector of the hermitian
gamma matrices (independent of k) which satisfy the Clifford algebra IV + IV = 26%.
h is a real vector that maps the Brillouin zone to a closed curve in a g-dimensional vector
space. Squaring the Hamiltonian gives H2 = (h-T')* = |h|?. The eigenvalues of H, given
by E(k) = +|h(k)|, can be thought of as the distance of the vector h to the origin. If H (k)
describes a band insulator with a bulk gap, then the locus of points traced by h(k) never
intersects the origin.

Let us consider Dirac Hamiltonians with coupling between neighboring layers:

H= 0 T bW + b0+ b W | (7.1)
K|

where n labels the layers. Both b and b? are dependent on k| but we will not write this
dependence explicitly. \I/n,ku is a vector of quasiparticle annihilation operators at layer
n that captures all the degrees of freedom (i.e. spin, pseudospin) at every site. Fourier
transforming (n — k) in the direction away from the edge, the bulk Hamiltonian becomes

H= Y ¥f[hk) T]¥, (7.2)
kLK

with

h(k) = be ™%+ 4 b? + bei*+
= b’ +2b" cosk, + 2bisink,, (7.3)

where b” and b’ are the real and imaginary components of the vector b respectively. We
point out that b and b® are independent of k|

The curve traced out by h(k) for fixed k| is an ellipse living in the plane spanned
by b” and b’. b? can be decomposed into a component b(i that is normal to this plane,
and b that lies within it. bO| shifts the ellipse within the plane, while b(j_ lifts it uniformly.
It will be useful to define

h(k) = bﬁ +2b" cos k + 2b’sink (7.4)

as the projection of h(k) on to the 2D plane spanned by b” and b’. Note that this plane
contains the origin, while the plane containing h is offset from the origin by the vector b(j_.
Since h maps the Brillouin zone to closed curves, it can be divided into two classes: ellipses
that enclose the origin, and ellipses that do not.

As we shall see in the following section, the behavior of h(k,) completely deter-
mines the topological nature of the system and holds the key to understanding the relation
between existence of edge states and bulk topological invariants. This section contains the
main result of the paper, where we prove two theorems, one relating the spectrum of edge
states to h, the other connecting h to a bulk topological invariant.
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Figure 7.1: An illustration of Theorem 1. The gray ellipse is traced out by h(k;) =
b®+2b" cos k; +2b’sink for a fixed parallel momentum k| [Eq. (7.3)]. The dotted ellipse
(h”) is h projected on to the plane spanned by b” and b*. The displacement of the ellipse h
from the dotted ellipse hy is given by b(i, the component of b? perpendicular to this plane.
Theorem 1 says that an edge state exists if and only if the dotted ellipse encloses the origin

(which holds true for the diagram above), and its energy is determined by the displacement
b} .

7.3 Edge state energy
Theorem la. The system has mid-gap edge states if and only if hy (k1) encloses

the origin.
Theorem 1b. The energies of the edge states are given by the distance from the

origin to the plane containing h, i.e. Es = :|:|b |. When the gamma matrices are the
Pauli matrices, the energy of the left edge state (semi-infinite slab with n > 0) is given by:
— po. bxb
o [b” xb?|

Here we only sketch the main ideas behind two equivalent proofs of the theorem,
leaving the full details to the Appendices. We present two approaches to this problem: a
proof utilizing Green’s functions [33] (c.f. Chp. 9) and a proof via transfer matrices [56] (c.f.
Chp. 10). In this chapter, we consider one block of the decoupled system corresponding to
fixed k”

We begin by writing the Green’s function of the system without edges, where the
full translational invariance makes a momentum space representation possible. A system
with edges is then created from the fully periodic system by deleting the couplings between
one pair of neighboring sites. The poles in the Green’s function G(E) at mid-gap energies
FE indicate the presence of edge states.

The bulk Green’s function is given by

where i sums over the energy eigenstates of H(k ). Since we are interested in a boundary
localized in real space, it is necessary to Fourier transform the bulk Green’s function. For
a system of size L this results in a L x L block matrix Go(E;y;,y;), where each block
corresponds to mixing between the lattice sites y; and y;.

Next we write an expression V for the terms in the Hamiltonian that create the
boundary by subtracting the hopping terms between sites yef; and yyight. For models with
nearest neighbor interactions, the only non-zero matrix elements of V' are those between yje;
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and Yrigne- The Dyson equation gives an exact expression for the open boundary Green’s
function G in terms of the bulk Green’s function Gy and the cuts V needed to take the
system from one geometry to the other:

G(E) = (I = Go(E)V) ™ Go(E). (7.6)

The poles of G(E) occur when the edge state energy satisfies Det [I — Go(E)V] = 0. If an
edge state exists with wavefunction wu, it must satisfy (I — GoV)u = 0. We note that this
is the same as the Schrédinger equation (E — Hy — V)u = 0. The benefit of the Green’s
function formalism is that it reduces the problem to only edge degrees of freedom and
enables an analytic solution. This implies the following two statements:

/ dic, h”2 — 0, (7.7a)
by |

s L LA, (7.7h)
by [2

These conditions are satisfied if and only if h)| encloses the origin, and the edge mode energy
is given by &|b{ |, where the sign is given by the orientation of hy.

To prove Thm. 1 using transfer matrices, we consider a semi-infinite system with
unit cells labeled by n = 1,2, 3, etc. We seek a solution 1), to the single-particle Schrédinger
equation:

b Ttp_1+ b’ Tty +b* - Tihpyy = By (7.8)

for n > 1. At the edge site n = 1, we have b? - 'Yy + b* - I'tyy = E1);. This condition is
enforced by applying Eq. (7.8) for n = 1 but stipulating that ¢y = 0. The recursion relation
(7.8) relates v¢p4+1 to ¥, and 1,_1. Hence given vy (and 1y = 0), we can recursively
calculate all of v, and construct the wavefunction.

An edge state requires v, to be exponentially decaying as n increases, hence the
solution ¥ takes the form:

Un = Ug Ay, + UpA} (7.9)

where u, = —up, and A4, Ay are complex with ||, |Ap| < 1. Algebraically, this is equivalent
to having F = £|b} | and finding two roots within the unit circle of the functions L()) or

L(\), defined as

LO) = By (i) (914 93) 10

L(A) =h(=iln ) - (V1 —iVa),
where V1, Vg are two orthonormal vectors that live in the plane of h. When A = ekl lies
on the unit circle, L(\) and L(\) trace out the ellipse h(k ) in the complex plane clockwise
and counterclockwise, respectively. Because of this property, the number of times h(k )
wraps the origin determines the number of zeroes of L(A) and whether the two solutions
Aap in (7.9) exists. In Chp. 10, we provide the full details bridging these steps, and also
compute the sign of the edge state energy as well as their penetration depth.
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7.4 Bulk Chern number and chiral edge correspondence

In this section we prove Theorem 2, relating the bulk Chern number v with the
number of chiral edge modes for 2 x 2 Hamiltonians.

Theorem 2. A chiral edge mode exists for a 2D bulk insulator if the bulk has
a non-zero Chern number, i.e. h(k) wraps the origin. The number of chiral edge modes,
counterclockwise minus clockwise, is given precisely by the Chern number.

When the irreducible representation of I' are 4 x 4 or larger, it can be shown that
the Chern number is always zero. The edge states of any surface always appear in pairs with
energy +Fs and —F; and so the number of clockwise and counterclockwise chiral modes
are always equal. We are particularly interested in 2 x 2 Hamiltonians because they can
have nonzero Chern numbers and support chiral modes.

Consider an insulator in two dimensions whose Hamiltonian is written as a 2 x 2
traceless matrix: H(ky, ky) = h(ks, ky)-o. Because the bulk gap of an insulator is non-zero,
h is non-zero at all points in the Brillouin zone. Hence H (k) is a map from the Brillouin
zone (torus) to a set of non-zero vectors with 3 components (sphere), and such maps can be
characterized by a v € Z topological invariant, known as the Chern number. ! Hamiltonians
with different Chern numbers v cannot be deformed into one another without closing the
bulk gap. In this context, the invariant v determines the number of times the torus h(k)
wraps around the origin.

To examine the edge states for an arbitrary edge, say one parallel to g, we analyze
the spectrum as a function of k| = k,. The torus h(k) can be divided into a family of
loops h(ky)|k,, each at a fixed value of k, and giving information of the edge state at that
momentum.

Before proceeding to the technical proof, we present a geometric argument with
the aid of Fig. 7.2, which shows an example of a bulk insulator with Chern number v = 1.
The important loops of fixed k, are highlighted in black. Since v is nonzero and the torus
wraps the origin, it is always possible to find two loops that are coplanar with the origin,
one of which encloses the origin and one that does not. In this example, the latter case
occurs at k, = 0, indicating no mid-gap edge states at this k,. As we scan through different
values of k,, the loop moves out of this plane. At some critical momentum k. (given by
7 in Fig. 7.2), the projection of the loop onto this plane intersects the origin and an edge
state emerges from the bulk conduction bands. At k, = 7, the loop is coplanar with the
origin and encloses the origin, indicating zero-energy edge states at this value of k,. As the
plane of the loop passes through the origin, the energy of the edge state changes sign. The
presence of edge modes for this range of momentum is shown as orange shading in Fig. 7.2.
Eventually at some critical momentum k&, (given here by %”), the loop moves away from
the origin and the edge state disappears in to the bulk valence band. Since the edge state
energies at k, and k. have opposite signs, the edge band connects the bulk valence and the
bulk conduction bands.

!Technically the Chern number is not defined for the map h : T2 — R3 — {0}. However, we can compose
h with the deformation retract r : R® — {0} — S? = CP' and the inclusion map i : CP* — CP* to make
the Chern number (first Chern class) well defined: ¢ = ioroh : T? — CP*. What it boils down to is
that we are calling the induced map between the cohomology classes h* : H*(R —{0}) — H?(T?) the Chern
number.
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(a) (b)

Figure 7.2: Illustration of bulk-boundary correspondence. Figure 7.2(a) shows the torus
traced out by h(k,,k,) for a bulk insulator with Chern number v = 1. Each black loop
maps out h(k;)x, for fixed values of k,, the thick black lines guiding the eye to important
loops. Setting k, = 7 gives the black loop on the right that encloses the origin, meaning
there are zero-energy edge modes at this value of k,. At k, = 0, the black loop on the left
lies in the plane of the origin without containing it, indicating no edge mode at k, = 0.
The black loops on the top and bottom (k, = %’T, ke = %) have projections which intersect
the origin, indicating the values of k, where the edge band merges with the bulk bands.
Figure 7.2(b) shows the band structure of the system with the edge mode drawn in orange.
The model presented here is a p+ip superconductor described in section 8.2 (see Eq. (8.4))
with parameters: t =1,A¢g =3, = 1.

Formally, we can describe each loop h(kz)|r, by the Berry phase ¢(k,) living in a
circle [0,27] with 0 ~ 27. [10] The Berry phase can be formulated in various ways

2m
¢(ky) = _/ dky Aw(kxaky) (7.11&)
0
ky 2m
/ /
:/0 K, | dho Bk, k) (7.11b)
1
= 5{U(h), (7.11c)

where A;(k) = (¢x|i0j]i)k) is the Berry connection of the filled energy states of H(k),
F = 0,A, — 0yA, is the Berry curvature. Geometrically, ¢ is half the oriented solid angle
Q(h) subtended by the loop h(k,) as seen from the origin. The integral of 5 F over the
entire Brillouin zone gives the Chern number: % fBZF = v. Both ¢ and k, live on a circle,
and from Eq. (7.11b), ¢(ky) is a map S' — S! with winding number v.

At the values of ¢(ky) = 0 or 7, the origin is in the plane of the ellipse h(k;)|,,
and lies outside or inside the ellipse respectively. Hence there is a zero energy edge state
when ¢(k,) = 7, and no edge state if ¢(k,) = 0 (or 27). The family of loops as k, is varied
connects these two special cases smoothly. For example, the upper critical momentum k.
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has Berry phase 0 < ¢(k.) < m, while the lower critical momentum k, has Berry phase
m < ¢(ky) < 2m. Thm. 1b says that if an edge state exists, 0 < ¢ < w implies it has energy
E; > 0, and 7 < ¢ < 27 implies E; < 0. Therefore in between k. < ky; < k,, a gapless
(counterclockwise) chiral mode must exist connecting the bulk bands.

For an insulator with Chern number v, the Berry phase ¢(k,) goes from 0 to
2nv as ky is varied from 0 to 27. Each time the phase ¢(k,) winds around the circle,
2o — 2m(a + 1), a pair of critical momenta (keq, kyo) defines a range in which a chiral
mode connects the bulk valence and conduction band, k., < ky < kyo. This chiral mode is
counterclockwise as the phase ¢ increases by 27. Similarly, there is a clockwise chiral mode
as ¢ decreases by 27. Therefore, the total number of chiral edge modes (counterclockwise
— clockwise) is given by the Chern number of the bulk Hamiltonian.

7.5 Discussion

Theorem 1 gives a simple way to compute the spectrum of edge states from prop-
erties of the bulk Hamiltonian. The existence of zero-energy edge states is determined by
whether or not the ellipse traced by h)| encloses the origin. Intuitively, the size of the ellipse
is a measure of the coupling strength b between neighboring layers, while the in-plane dis-
placement of the ellipse b{ is a measure of coupling within the layers. From this perspective,
Thm. la says that an edge state exists if the nearest-layer coupling is ‘stronger’ than the
intra-layer coupling. This is a straightforward extension of the edge states of polyacetylene,
a 1D chain with alternating bond strengths ¢ # ¢/, which supports an edge state if the chain
terminates on the weaker bond. [86]

The geometric argument presented above can also be used to calculate the pene-
tration depth £ of the surface states:

a

$= T/

(7.12)

a is the distance between layers, A is the characteristic decay parameter such that the
wavefunction decays as 1, ~ A" in the bulk. |A| is the larger of |\,|,|\p| [defined in
Eq. (7.9)]. |A| is always less than one and is determined by the location of the origin inside
the ellipse h (k1). When the origin touches the edge of the ellipse, A has unit modulus and
¢ tends to infinity, indicating a bulk propagating mode. At this point the surface spectrum
ends and merges with the bulk bands. Figure 7.3 explains how |A| may be computed from
properties of the ellipse hy (k).
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m

— =

M

Figure 7.3: Determining the penetration depth from the ellipse h. The distances from
the foci of the ellipse h”(k; 1) to the origin determine the characteristic decay parameter A,
which in turns gives the penetration depth { = —a/2In[A[. In the case where hy traces a
circle, |[\| = d/r, where d is the distance of the origin to the center of the circle, and r is

/12 _ £2
the radius of the circle. In the general case h|| traces an ellipse, [A\| = %, where M

and m are the major and minor diameters, f = v/ M2 — m? is the distance between the foci
|F1F»|, and [ is the sum of distances from the origin to the two foci |OF;| + |OF5|.
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Chapter 8

Applications of Theorem 1

In this chapter, we illustrate how Theorem 1 may be used the edge state dispersion
in various systems.

8.1 Example: graphene

As an illustration of how Thm. 1 can be used to calculate edge state energies, we
examine the zigzag edge of graphene. Because the bulk energy bands are degenerate at two
inequivalent points in the Brillouin zone, there is no well-defined topological invariant and
Thm. 2 does not apply.

Consider the tight-binding model for graphene on a honeycomb lattice with prim-
itive translational vectors a; and as taken to be 120° apart. The zigzag boundary parallel
to either a; or as is known to support edge modes, while the armchair boundary parallel to
a; — ao has no edge modes. Using the reciprocal space coordinates k1 = k- aj, ko = k - ag,
the tight-binding Hamiltonian takes the form

0 1+ ekt 4 ik

H=t 1+ et 4 gik2 0 ’

(8.1)
written in the (A, B) basis, where A and B are the inequivalent sublattices. The Hamilto-
nian can be written in terms of the Pauli matrices as H = h - o with

h(k) = t(1 + cos kj + cos kg, —sin k1 + sin kg, 0). (8.2)

For a zigzag edge parallel to a;, we examine the curves traced by h for fixed k;. ' The
ko-dependent terms in h are written as

2b" cos ko = (t,0,0) cos ks,
2b' sin ky = (0, ¢, 0) sin ko,

'Despite our notation, the basis vector a corresponding to k; doesn’t have to be perpendicular to the
surface, it just has to be a displacement that takes one layer parallel to the surface to the next.
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while the remaining ko-independent terms become
bﬁ = (t +tcosky, —tsink;,0), bl =0.

h lies in the plane spanned by b" and b?, and for this system is a circle in the xy-plane.
It encloses the origin only if the magnitude of b is less than ¢, i.e. when |1 + e**1| < 1 or
equivalently when 2(1 + cosk;) < 1. Thus for %’T <k < %’r, h) encloses the origin and the
system has mid-gap edge modes. According to Thm. 1b, the energies of these edge modes
are given by :|:|b(i|, which is zero. We have shown that the zigzag boundary supports zero
energy edge states when %’T <k < 4%, in agreement with previous work. [1, 17]

To see why such edge modes do not exist at armchair boundaries, consider the edge
parallel to a; — as. By rewriting the Hamiltonian in terms of k” =k — ko and k| = kq, we
can again examine the behavior of h)| at fixed kj. In this case, it is possible to show that
h) never encloses the origin, and thus never satisfies the condition for mid-gap edge states.

8.2 Example: p + ip superconductor

We study a p + ip system, which in the weak-pairing phase is characterized by
chiral Majorana modes at the edge. [71] We consider a model on a square lattice with p-
wave pairing between spinless electrons, shown in Fig. 7.2. The bulk Hamiltonian is given
by

| —2t(cosky +cosky) —p  Ag(sinky + isin k)
H(k) = Ag(sink, —isink,)  2t(cosky + cosky) + p|’ (8:3)
where H is written in the (¢, cT_k)T basis. The pair potential is given by Ag(sin k, —isin k),

where Ag is real. Eq. (8.3) can be expressed as H = h - T for
h(ky, ky) = (Agsink,, —Agsink;, —2t cos k, — 2t cos ky — p). (8.4)

For a system with edges parallel to &, we examine the ellipses traced by h(k,) for fixed
values of k;. Following Eq. (7.3), the k,-dependence of h is decomposed as

2b" cos ky = (0,0, —2t) cos ky,
2b’ sin ky = (Ao, 0,0) sin k.
The remaining k,-independent term is decomposed as
bﬁ = (0,0, -2t cos ky — ),
bl = (0, —Agsin kg, 0).
For this model h||(l<:y), which lies the plane spanned by b” and b', is an ellipse in the xz-
plane. The condition for the ellipse to enclose the origin is |2t cos k, + u| < |2t|, which is

only possible for the range of chemical potential |u| < 4[t|. According to Theorem 1, when
this condition is satisfied, the system has mid-gap states at the left edge with energy

b" x b’ .
Eszb(i'mzb(i'(—y)

= Agsin k,,
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assuming tAg > 0. The right edge state energy is given by —Fs; = —Agsink,. The two
edge states can become degenerate at E; = 0 at either k, = 0 or 7 for an appropriate range
of u: the degeneracy occurs at k, = 0 when —4 < u/t < 0, and at k, = 7 when 0 < pu/t < 4.
The bulk gap closes and there is a transition at pu/t =0 or +4.

8.3 Example: 3D topological insulator

In this section we show that the surface states of a strong topological insulator
have an odd number of Dirac cones, and derive an effective surface theory. As an example
of a topological insulator, we use a model on a cubic lattice: [40]

H= UTZ(ZU“ sin ku) + (M — tz cos ku) T (8.5)
n 1

for u = z,y,z. In the basis of Dirac matrices I' = (7707, 7%0¥,7%0*,7%), we can write
H =h T, with
h(k) = (vsinky, vsin ky, vsin k., m(k)), (8.6)

where the “mass” is given by m(k) = M —t ) cosk,. (The ‘fifth’ Dirac matrix is 79, but
it is never used in this model.) For the (001) surface parallel to Z and ¢, we solve for the
edge states as a function of k., ky:

h(k:)

= (vsink,,vsink,,0, M —tcosk, —tcosk
Y Y

kaky
+ (0,0,0, —t) cos k, + (0,0, v,0) sin k.

which lies on the 34-plane (in I' space) displaced by v(sin k,sink,) from the origin. An
edge state exists if and only if [M — tcosk, — tcosk,| < [t| with Dirac cone spectrum

E, = +v \/sin2 k, + sin? ky.

The ellipse hy(k.)|, , has one of its diameters stretching from m(k,k,,0) to
m(kz, ky,7) along the I'" axis. This ellipse encloses the origin if and only if the two end-
points straddles the origin; equivalently, a Dirac cone appears at the surface time-reversal
invariant momenta (TRIM) (k;,k,) if the mass in the bulk Hamiltonian changes sign:
m(kz, ky, 0)m(ky, ky, m) < 0. [87]

In this basis the time-reversal operator has the form © = —io¥KC, where K is the
complex conjugation operator. The spatial inversion operator is II = I'¥ = 7%. At the eight
bulk TRIM, the Hamiltonian commutes with the inversion operator: [H (krrm),II] = 0.
In fact, H is a multiple of II:

H(kTRIM) = m(kTRIM)H. (87)

Hence, the sign of the mass determines the parity eigenvalue of the pair of filled states. The
strong Zs topological invariant is the product of the parity eigenvalues at these TRIM, and
hence vy = [[rppysgnm(k). [29] It is clear that the bulk Zy invariant dictates whether
there are an even or odd number of Dirac cones on the surface. [31, 87|
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Generically, all TRI topological insulators written in 4 x 4 Dirac matrices take
on a similar form to (8.5), and most importantly they satisfy (8.7) at the eight TRIM
points. Hence it is straightforward to establish the bulk-boundary correspondence for 3D
TRI topological insulators.

We now proceed to examine the surface eigenstates following the derivation from
Sec. 10.7. When 1 < m/t < 3, the model is in the strong topological insulating phase with a
single Dirac cone at (ky, ky) = (0,0). The surface Hamiltonian is of the form Hy = (b} -T') P,
where P is the projector of the two surface states: Py = $(1 —i(—T")['®) = (1 + 7¥0?).
To examine the Hamiltonian in the reduced vector space, it is useful to apply a unitary
transformation H = UHU ! where U = exp(—i37%). The projector becomes diagonal in
the new basis

_ 1
P,=UPU'= 5(1 + 7%07),

projecting onto the first and last row. The “edge energy” term b(i - T transforms as
VP =U®) -T)YU ! = —vr¥ (0" sink, + o¥sink,)
~ —vTY(0%k, + 0¥ky).

Since P; is diagonal with entries (1,0,0,1), it suffices to examine only the four corners of
Vf. The effective surface Hamiltonian can be computed: 2

7 0B 0 ky + iky
He=Vibs=vlp ik, 0

=v(o xk)- 2. (8.8)

The basis of the surface Hamiltonian Hy is, in terms of the basis of H, (1,0,4,0)” /+/2 and
(0,1,0,4)T //2 (The first and last columns of UT). The spin degrees of freedom (o) and the
orbital degree of freedom (7) are entangled in the surface states.

8.4 Continuum Hamiltonians quadratic in momentum

The bulk-edge correspondence stated in Sec. 7.2 may also be extended to Hamil-
tonians in the continuum. Given a translationally invariant Dirac Hamiltonian quadratic
in momentum p = —iV, of the form:

H(p;py) = C°(p) + C'(p)p + C*(p))p°
= [(p)) + ' (p))p + < (p))p°] - T (8.9)

where p|| and p are, respectively, the momentum parallel and perpendicular to the edge/surface.
For a fixed momentum p, the vector

h(p)‘1DH =c +clp+ c%p? (8.10)

2The Rashba coupling results from our choice of U. It is also possible to arrive at the surface Hamiltonian
of the form o - k.
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traces a parabola. This parabola lies on some 2D plane spanned by ¢! and c¢?, and we can
always decompose ¢’ and h into in-plane and out-of-plane components: ¢’ = c(i + cﬁ and

h(p) = ¢} +hy(p). In this section we state the main theorem:

Theorem 3a. An edge state (with zero Dirichlet or Neumann boundary condition)
exists if and only if the origin is within the concave side of the parabola hy(p).

Theorem 3b. The energy of the edge state is given by the distance of the plane

to the origin, i.e. Ey = i]c(i]. When the gamma matrices are the Pauli matrices, the left

clxc?

[elxe2|”

edge (semi-infinite slab with n > 0) energy is given by: Es = c° -
The proof of Theorem 3 is given in Section 10.8.

8.4.1 Discussion

The proof of Thm. 3 uses the ansatz 1 (x) = uge™*® + upe™® and derives the
condition when Im kg, > 0 for edge states. Physically, ¢ = (Im x)~! gives the penetration
depth of the edge modes. We may think of the continuum as a limiting case of the lattice
as the lattice spacing a goes to zero. The ellipse h becomes a parabola for vanishing a
as the quantities c® = bY 4+ 2b", ¢! = 2b'a, ¢® = b"a? are held constant. Theorem 2 also
extends to the continuum case as the paraboloid h(k, k,) determines the number of chiral
edge states.

In addition to Dirichlet and Neumann boundary conditions, there is also a mixed
type with ¢/(0) = n1(0) for a positive number 7. The origin of this boundary condition
comes from requiring the wavefunction outside (x < 0) to satisty Hyae = W+%, where W >
E is the work function. Our analysis and result holds even for this boundary condition.

Notice that the quadratic term C?p? is crucial for the existence of edge states.
Without it, the polynomial (10.21) will be quadratic and there can only be one solution for
x in the upper half plane. The form of the solution 1) = ue’*® makes it impossible to satisfy
either type of boundary condition.

In the lattice model, we can compute the edge spectrum only for certain surfaces
because of the nearest-layer requirement. For example, we can only compute the {100},
{110} and {111} surface dispersion of the TT model on a cubic lattice. In the continuum
case when the Hamiltonian is bilinear in momentum, any surface cut will still yield a Hamil-
tonian quadratic in p| . Consequently, we can compute the surface excitation spectrum and
wavefunctions of the Hamiltonian for all linear surfaces.

8.4.2 Example: p + ip superconductor

We use the simplest model of a p + ip superconductor: [71]

p? iy
H(pe,py) = | 277 F Bolps — ipy)| (8.11)
Ao(pe +ipy) 1 — gow

Equivalently, with H(p) = h(p)-7, where 7 are the Pauli matrices in Bogoliubov-de Gennes
(BdAG) space:

2
h(p) = <A0px7 Aopy, 2p—m* - u) - (8.12)
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This model is isotropic, and without loss of generality, we take a semi-infinite plane x > 0
with ¢ parallel to the edge. At a fixed py, the h vector becomes:

2

which lies in the zz-plane with y = Agp,. The parabola is concave towards the +2 direction,

2
and hence an edge state exists if and only if 2‘?3* — 1 < 0. Edge states can only exist when
14 18 positive, or in other words in the ‘weak pairing phase’ of p + ip superconductors.

The edge state energy dispersion is given by Thm. 3b.

c! x c?

E.=c. — 2~
sTC lc! x ¢2|
= Aopyz?'(f X 2)

= —Aopy-

Referring to Eq. (10.17), the edge state wavefunction is given by the projector Ps = %(1 —
iTtT?) = %(1 — 7Y). Hence the edge states parallel to the y-axis are eigenstates of 7Y.

8.5 Outlook

In this part, we provided two main results. Theorem 1 gives a general prescription
for finding edge states of Dirac Hamiltonians (with nearest-layer coupling) on a lattice.
Its range of applicability includes “accidental edge states” which may not be topologically
protected, such as boron nitride. Theorem 2 relates the bulk Chern number of a 2D insulator
to the number of chiral edge modes. This establishes the bulk-boundary correspondence for
a class of quantum Hall insulators.

For 3D time-reversal invariant insulators, we demonstrated in Sec. 8.3 how the Zs
strong topological invariant determines whether there is an odd or even number of Dirac
cones in the surface spectrum. Although we have used a specific TI model in the example,
the argument is easily generalizable for all TRI Dirac Hamiltonians.

This work can be extended beyond quantum Hall insulators (class A) and TRI
topological insulators (class AII) to other insulators within the Altand and Zirnbauer clas-
sification. [6, 38] The periodic table of topological insulators and superconductors provide
an exhaustive topological classification of non-interacting electronic systems. [79, 52| As
there are model Dirac Hamiltonians [47, 31, 40, 76] in each class, our work provides the
machinery to relate the bulk topological invariants [52] to the surface properties [79] of these
systems.
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Chapter 9

Proof by Green’s functions

It is difficult to study a system with edges because of the broken translational in-
variance. We begin by writing the Green’s function for an easier problem: a periodic system
with no boundary. [33] The full translational invariance allows us to work in momentum
space, reducing the dimension of the Hamiltonian in momentum space. Next, the geometry
of the system is changed from a periodic to an open system by subtracting all interactions
between a particular pair of nearest neighbors. We use the Dyson equation to calculate the
Green’s function for the open geometry and show that there are poles — and thus bound
states — at mid-gap energies. The form of the potential required to cut the periodic system
greatly reduces the degrees of freedom in the problem and enables an analytic solution.

We prove Theorem 1 for the case of 2 x 2 Dirac Hamiltonians, which can be
decomposed in terms of the Pauli matrices ¢'. For higher dimensional Hamiltonians, it
is always possible to find three gamma matrices I' that whose sub-blocks are the Pauli
matrices, e.g. 7°0%, 7*c¥, 7%0%. A suitable unitary transformation rotates the Hamiltonian
so that it is a linear combination of these three gamma matrices, and the arguments of this
section apply to each sub-block.

9.1 Bulk Green’s function

We prove Theorem 1 for 2 x 2 Hamiltonians, which can be expressed in the following
form:

cosf sinfe
H(k) = Ej sinfe® —cosf

Decomposing H into the Pauli matrices o gives H = h - o for

h = E},(sin 6 cos ¢, sin 0 sin ¢, cos 6) (9.2)
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The eigenstates are given by

s 0
_ sins
[¥-) <— cos geld’>

0
_ COS 5
¥4 (sin ¢ em)

To express h in terms of the parameters defined in Section 7.2, we assume b” and b’ lie
along z and gy respectively, with bOl along Z. The Hamiltonian takes the form

(9.3)

Eysinfcos¢ & = 2b" cosk + (b” z)
Ejsinfsin¢ § = 2b'sink + (b” “9) U (9.4)
Ejcosf 2 =bY
Here hj lies in the zy-plane. For the remainder of this section, we will use the notation
b, = |b"| and b; = |b’|. Note that any Hamiltonian may be brought to this form by an
appropriate gauge transformation.
The first step in calculating the edge mode energies is to write the Green’s function
for the fully periodic system. Utilizing the full translational invariance, we work for now

in the momentum representation. The af matrix element of the bulk Green’s function is
given by

GSP (E;k) Z‘ w"ﬁ (9.5)

where ¢ sums over the energy eigenstates of H. The four matrix elements are given by

FE + Ej, cosf

FE — Ej cosf
Gg? (E;k) = ng’ (9.6b)
12 /1y 1 Sin@cos@ —isinfsing
GO (E; k«') =F E2 — Eg , (96C)
G2 (B k) = Eksinﬁcosmﬁ + isinfsin ¢ (9.6d)

E? — E2

In order to include the effects of a boundary that is localized in real space, the
bulk Green’s function is written in real space via a Fourier transformation.

(B Bt ... B
B B° Bf
Go(E;y)=|: B B Bf (9.7)
B BY
B
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for
dk dk .
0 _ ; . — ik .
B —/27T2G0(E,k), B /2716 Go(E; k). (9.8)

There are of course more non-zero matrix elements, corresponding to the mixing of matrix
elements separated by more than one lattice constant. However, for systems with nearest-
neighbor interaction, the matrix elements contained in BY and B are the only ones needed
to prove the existence of zero energy states.

9.2 Green’s function of the open system

Next we write an expression V that deletes the coupling terms to create a system
with edges. In a system with nearest-layer interactions, the only non-zero matrix elements
are those between a single pair of neighboring layers:

0o .- Vi

v 0
V, = —b - T, and for the Hamiltonian described in Eq. (9.4) takes the form

0 —b, — b;

Vo = —b, + b 0

(9.10)

We are now ready to compute the Green’s function for the open system. The

Dyson equation gives an exact expression for the open Green’s function G in terms of the

periodic Green’s function Gy and the cuts V needed to take the system from one geometry
to the other:

G(E;y) = (I = Go(E;y)V) ™ Go(E; y). (9.11)

Substituting Eq. (9.9) and (9.7) into Eq. (9.11) gives the following condition for an edge

state wavevector u:

[T — BV, ~ BV}, ]
I
(1-GoV)u= : : u=0. (9.12)

| BV, I - B,

The ellipses indicate the only non-zero sub-blocks: the first and last columns, and copies of
the identity along the diagonal.
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9.3 Existence and spectrum of edge modes

Since an edge state wavevector u has non-zero components in the sub-block corre-
sponding to one of the edges, Eq. (9.12) can be satisfied in two ways. There is an edge mode
on the left edge when the first two columns of Eq. (9.12) are linearly dependent, and on
the right edge when the last two columns are linearly dependent. Recalling the expressions
for the bulk Green’s functions, Eq. (9.6), we introduce some notation for the open Green’s

function:
ao:/%%ﬂ%’ (9.13a)
ag = / %L};n_eg%w, (9.13b)
a, = / %7&}? ;n_ezig‘b, (9.13¢)
a :/%]EE;%OSE%' (9.13d)
co = g—ieik Ef 7k and similar for c;,c,, and c,. Let us first examine the conditions

required for a left edge mode. Collapsing Eq. (9.12) to the subspace corresponding to the
two edges, the first two columns can be written as

1+ (b +bi)(ce — icy)]
(by + bi)(co — ¢z)

b (br + bi)(a; —ia,) |’ (9.14)

(br + bi)(ao — az)

(by — bi)(co + ¢z)
14 (by — b;)(cy +icy)
(by — b;)(ap + az)
| (b — bi) (s +iay) |

Now we examine the conditions required for the system to have a left edge state,
.. when the columns L; and Lo are linearly dependent. This is done by writing L; and
Lo as a 4 x 2 matrix M and requiring that the determinant of any 2 x 2 sub-block vanish.
This constraint takes on the following form for the sub-blocks of M created by the bottom
two rows, the top two rows, and the second and fourth rows, respectively:

Ly = (9.15)

0= (b — b7)(as + ay — af + a2), (9.16a)
0 =14 2(bycy — ibicy)

+(0F = b)) (G + 6 — g+ &), (9.16b)
0= (b} = b7)(co — ¢)(az +iay)

— (b} = b})(ca + icy) (a0 — az) — (by + bi)(ao — az). (9.16c¢)

The conditions are equivalent to BOVE)TU r=0and (I — BVJ)uL = 0, which together require
Det [BO] = 0. To see this, note that although the first condition is satisfied when either

Det [B°] =0 or VbTuL = 0, the second case cannot satisfy (I — BVbT)uL =0.
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9.4 Constraints on h” and E?
We begin by showing that

Det [B°] = a§ — a2 — a?/ —a? (9.17)

is zero if and only if h) encloses the origin and the edge state energy is given by ' = i]b |.
For a geometric view of the variables ag, a1, etc., note that Fy(sin 0 cos ¢, sin sin ¢) are the
(z,y) coordinates of hy, and Ej, cos § = bf - 2. Ek is given by |b} [*+|hy|?, and E* - E} < 0
for a mid-gap state. We examine two cases, when h|| encloses the origin and when it does
not.

Suppose the ellipse does not enclose the origin. Let hﬂ“m be the point on the ellipse
h) closest to the origin. Because the ellipse is convex and does not contain the origin, it

must lie in the half of the plane (spanned by b", b) for which r - hﬂ“m is positive. In other

words, h (k) - ﬂ“m is positive definite. Moreover, h (k) -h mm > ]hmm 2 from its definition.
The Cauchy-Schwarz inequality says that

(azZ + ayg) - hy min hmln (9.18)
therefore
L dk by - b
‘axx + a’yy‘ > ‘hmin’ Qﬂ. E2 E2
dk |hm1n 2
mm 2 _ 2 (919)
] o E;
This sets an upper bound to Det [BO]:
ad —a? —a? — a?/ < (E? — b4 |*) 17 |hﬂ“in|212, (9.20)
where 7 = [d& E2 . Since |bY |? + \hﬂ“inlz > FE?, the expression is always negative and

never zero. Hence no edge states can exist when the ellipse h fails to enclose the origin.
Now we consider the case when the ellipse h encloses the origin and show that
an edge state exists only when E? = |b |2 First, when E? = |bJ |?, the integrals a, and
a, are both zero. Because E = |bY |, a3 — a? = 0 and the determinant is zero.
To see why a, = a, = 0 in this case, note that the denominator of Z becomes
|h|||2, and we can express the conditions geometrically. Here we use Gauss’s law in 2D

to show that [ dkﬁ is zero if and only if h| encloses the origin. We can visualize the

expression from an electrostatics point of view: for a charged ellipse in 2D with a charge
distribution [dk é(r — hy)), the electric field (o 1 in 2D) at the origin is given by fdk:“?#
Analogous to a uniformly charged circle, the charges are distributed such that the electric
field is vanishing in the interior but nonzero in the exterior:

h
[y |2

%i+%g:—/ﬂ: = 0. (9.21)
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Now we show that Det [BO] = 0 is not satisfied for any other value of E2. If
E? < |b%|? then |E| < |bY | = |E)sin@sin ¢|. It follows that a3 — a2 = (E* — |b% |*)Z% < 0,
hence there are no edge states.

If E? > |b} |7, we let E? = €% + |b |?, such that E} — E* = [hy|* —¢* > 0. ag and
a, can be written as:

dk E
= / %’11”‘27_627 (9.22a)
dk |b}
= / %|h||’|27—’627 (9.22b)
which combine to give:
ad —a? = (|E* - b P12 = &1°. (9.22¢)
For a, and a,, we use the manipulation
1 1 €2

hy2—e2  |hy2  (Jhy2 - e2)/hy]2

to get:

—agd — ayfj = /dk e (9.22d)
T (g P g |

By the triangle inequality: ! Jdk u(k:)‘ < [dk|u(k)|, we can put an upper bound

laz? + ay | <6/% ’hll‘e
Y= ) 2w (|2 — €2)[hy

/dk €
= € _——
27 (|hy|? — €2) [y

<e/%71
2m (\h”]2 — )

= €T. (9.23)

We have used the fact that |hj| > € to go from the second to third line. This implies
a2 + a; < e*I* and sets a lower bound to Eq. (9.17): a§ — a2 — a} — a; > 0 for |E| > [bY|.
Hence we have shown that Det [B°] = 0 if and only if E2 |b0 | and the ellipse
h)| encloses the origin.
Turning now to the second constraint, Eq. (9.16b), we note that £ = =£|bJ|

implies that ¢ = c2. In the following, we use the fact that ¢, = —ic,. Substituting this
into Eq. (9.16b) gives the constraint 1+ 2(b,c; — ib;jcy) = 0, which may be expressed as
dk by - b
1-2 etk =0. 9.24
/ 2" Thy P2 (524

In order to satisfy Eq. (9.16a) and Eq. (9.16b) simultaneously, Eq. (9.24) must be true if
and only if h) encloses the origin. This can be shown for an arbitrary ellipse centered at
bﬁ and with semimajor and semiminor axes given by 2b” and 2b’.
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9.5 Sign of the energy

The final constraint, Eq. (9.16¢), determines the sign of the edge state energy.
Note that the first two terms vanish because a, = a, = 0 and ¢, = —ic,. Getting rid of the
remaining term requires choosing a particular sign for the energy. The condition is satisfied
with the choice ag = a.

The constraints for the left edge can be summarized as

la. E=+4bY -2
Ib. 1+ 2(byc, — ibicy) = 0.

A similar calculation for the right edge, using the last two columns of Eq. (9.12),
gives the following conditions:

2a. E=-bY -2
2b. 14 2(bycy + ibicy) = 0.

dk —ik hyb o
Ze = 0. Hence it is also sat-
21 |hH\2

isfied when h) encloses the origin, but with opposite orientation as for the left edge. The
conditions for edge modes are now equivalent to two statements:

Condition 2b. can be expressed as 1 — 2 f

1. The function h must enclose the origin,

2. The energy is given by F = j:b(i - Z, with the sign determined by the orientation of
IOOp h”

We have succeeded in analytically deriving the condition for the 2L x 2L matrix
representing the Hamiltonian for an open system to have zero eigenvalues. The power of
the method lies in the fact that V' has non-zero matrix elements only in the 4 x 4 subspace
of electron operators at the two edges. Thus the effect of the boundary can be seen by
examining the 4 x 4 subspace, which can be handled analytically.
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Chapter 10

Proof by transfer matrices

In this section, we prove Theorem 1 for a hard-edge at a fixed k. We begin by
defining a new function B (which is like a complex extension of h), and the form of our
edge states.

In the Hamiltonian (7.1), b-T',b% - T',b* - T' are the hopping matrices from the
previous, same, and next layers respectively. We consider a semi-infinite system where the
layers are labeled by positive integers with n = 1 denoting the layer at the surface. Hence
we ignore the terms \I'J{\I/O and \I/J{)\Ill in considering our semi-infinite system. Consequently,
an excitation T = > W)tp, of the Hamiltonian (7.1) satisfies the following properties:

b -T¢p_1 + b’ T, +b* - Ty = Eify, n>1, (10.1a)
b = 0. (10.1b)

An edge state v is one for which v, is exponentially decreasing as a function of n. Due to
the translational invariance in the bulk, we use the ansatz

U= upy (10.2)
I

in our solutions. [56] ! An edge solution requires that |\,| < 1 for all y and that Uy = 0.

For each decaying mode (A, u) we have: 2

ABAN)-T'—Elu=0, (10.3)
where we have defined
B(A) = A7'b + b% 4+ Ab*. (10.4)

Notice that when A has unit modulus, we recover the Bloch equation for the bulk (propa-
gating) modes of the system:

3 (a’u) — h(k.). (10.5)

A solution of the form uun)\ﬁfl is also possible, when A, is a double root of (10.6). In such situation,
we can tackle the problem as a limiting case of two roots approaching each other: X}, — A,.
*We cannot cross off A on both sides because A = 0 is a valid solution when Bu, = 0.




74

Hence we need to find an energy E and a set of \’s all within the unit circle, such that their
corresponding “null vector” w defined by (10.3) sum to zero [Eq. (10.1b)].

The outline of the proof is as follows. First, we will derive the particle-hole rela-
tionship between left edge and right edge modes. Second, we will establish the algebraic
relations between the A’s and E of an edge state [Eq. (10.8)]. Third, we find complex func-
tions L, L which represents the ellipse traced out by B(eik). Next, we will show (assuming
an edge state exists) that the energy of an edge state is given by the displacement of the
plane of ellipse. We then proceed to prove Thm. la, the condition which governs the ex-
istence of an edge state (i.e. when all |\,| < 1). Finally, we will compute the edge states
projectors [Eq. (10.15)] and determine the sign of the edge state energies, which completes
the proof for Thm. 1b.

10.1 Relation between left-right boundaries

Lemma. For every left edge state with energy E, there is a corresponding right
edge state with energy —FE, and vice versa.

The recursion relation (10.1a) and boundary condition (10.1b) describe a semi-
infinite system with a “left” edge. We can write a similar system for the “right” edge simply
changing the condition in (10.1a) to n < —1 xor swapping b with b* in the equation. The
first transformation amounts to finding a set of \’s outside the unit circle, i.e. |\, > 1,
such that the edge wavefunction ,, decays with decreasing n. The second transformation is
equivalent to taking the complex conjugate of b, and the two transformation are the same
owing to the fact that B*(\) = B(1/A*).

When the gamma matrices are the Pauli matrices, there is a charge conjugation
operator C' = —io¥/C which takes b- o — —b* - o, where K is the complex conjugation
operator. Since CA(\)-o0C~! = —3*(\*) - o, C turns a left edge state with energy E into
a right edge state with energy —F and vice versa.

When the Dirac matrices are larger then 2 x 2, such a C operator still exists, as it
is always possible to find an antiunitary operator which flips the sign of three of the gamma
matrices. This operator C will depend on what b and b® are, meaning that C is a function
of k||, making it a non-local operator. However, the conclusion remains the same.

For the remainder of the proof, we will only be focused on left edge states.

10.2 Algebraic relation between \,, \;, and F

For any E, there are (at most) four possible \’s satisfying (10.3), evident from
squaring AB(A) - T' to get the quartic equation

AB(A) - AB(N) — E2\2 = 0. (10.6)

Note that if A is a root to this equation, then so is 1/\*. Hence there can be at most two
solutions of for A within the unit circle, which we call A, and A.

The edge wavefunction takes the form v, = u, Ay +upA} with u, = —u;, to satisfy
the hard-edge boundary condition (10.1b), where the coefficient w, is a (right) null vector of
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the matrix A, (B(\,)-T' — E) and similarly for up. It follows that the matrices A, (B(N\,) — E)
and A\y(B(Ap) — F) must share a non-zero null vector, or equivalently, any linear combinations
of the two matrices must be non-invertible. In other words, an edge state at energy F exists

only if the following conditions 3 are satisfied:
Det [A\s(B(As) - T — E)] =0, (10.7a)
Det [M\p(B(Np) - T — E)] =0, (10.7b)
Det [caAa(B(Aa) - T — E) + apMp(B(Ny) - T'— E)] =0, (10.7¢)

for arbitrary cq, ¢, and for |A,|, |A\s| < 1. The converse statement is also true, as (10.7a) and
(10.7b) implies that the ranks of the matrices A\, 5(B(Aap) - T' — E) are at most half their
dimension (a property of gamma matrices). The last equation (10.7c) means that the two
matrices must share a right null vector or a left null vector. In the former case we have a
left edge state at energy F, and in the latter case we have a right edge state at energy F,
which by our lemma implies a left edge state at energy —F.

We may rewrite the equations in a more useful form:

ME? = X28(\) - B(\), (10.8a)
NE? = ﬂw B(N), (10.8b)
Ao E?2 = A MB(Na) - B(Np). (10.8c¢)

10.3 Introducing functions L, L

Similar to b® = bﬁ—l—b(i and h = h +b0l, we decompose 3 into components parallel

and perpendicular to the 2D plane (1D if the ellipse is degenerate) spanned by {bT %
B(A) = By (A) +bY Keep in mind that while bY is a real vector, B(A) = A™'b + b|| + Ab*
is generally a complex vector, unless A = e’* has unit modulus.

We want to find complex functions which trace out the same ellipse as B”(eik ) in
the complex plane. We first choose two real orthogonal unit vectors vi, vy as a coordinate
basis? of the 2D plane. Let

LX) = Bj(A) - ¥1 +iB)(N) - ¥2

— o ) (10.9)
LX) = By(A) - v1 —iBy(A) - V2.

The loci L(e**) and L(e?*) both trace out the ellipse in the complex plane identical to
B”(eik ), but with different orientations. In general, L()\) and L()) are not conjugate pairs
unless A lies on the unit circle. Expanding their definitions, we can see that both AL(\)
and AL()\) are quadratic polynomials in A:

L) =g\ +w+pAL,

- 10.10
L) =p* A +w* + ¢ At ( )

$Equations (10.7a), (10.7b) are redundant, but useful to be written out explicitly.
4\717 V2 are a real coordinate basis such that we can always write ,8” = x1V1 + x2V2, where x1 and x2 are
complex numbers.
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where p =b - (V1 + V), w = bﬁ (V1 +1iV9) and ¢ = b* - (V1 +iV3).
It is straightforward to show from (10.9) that B (Aa) - B)(As) = $(LaLy + LaLy),
where L(),) is abbreviated as L,, etc. Equations (10.8) become

M(E? — A?) = \2L, L, (10.11a)
MNA(E? — A?) = N LyLy, (10.11b)
Aap(E? — A?) = 2ad (1 T + Ly L), (10.11c)

where A = |bY |.

10.4 Edge state energy

In this portion, we show that the existence of an edge state requires: F = +A,
|Aap| <1, and either L, = Ly =0 or L, = Ly = 0. The converse statement is trivially true
by inspecting Eq. (10.11). Hence if an edge state of the semi-infinite chain exists, we show
here that it must have energy F = +|bY|. (First half of Thm. 1b.)

Assuming that neither A\, or A\, are zero, then

E?* - A% =L,L,, (10.12a)
E? — A? = LyLy, (10.12b)
E? — A* = H(LoLy + LyLy,). (10.12¢)
which we can combine to get
(Lo — Lp)(Lq — Lp) = 0. (10.13)

Equations (10.12) and (10.13) are simply reformulations of the recursion relation (10.1a)
and boundary condition (10.1b). We now proceed to show that £ = +£A.

Proof by contradiction Suppose that E? — A% # 0. Then L, Ly, Lo, Ly, are all
non-zero. Eq. (10.13) implies that L, = Ly, or L, = Ly. Eq. (10.12a) and (10.12b) together
means that one equality implies the other, and hence L, = Lj, and L, = L; are both true.
Here we have two polynomials with roots A\, and \p:

g\ + (w— Ly)A+p =0,
p*)\2 + (w* — L)X+ ¢* =0,

which means that p/q = ¢*/p* = A\ \p. However, since [\ A\y| < 1, we have a contradiction
as |p/q| cannot be less than one and greater than one at the same time. Hence we have
shown, should an edge state exist, it must have energy £ = £A. Now (10.12a) tells us that
either L, or L, is zero which combined with (10.13) leads to the desired result.

If one of Ay, Ny is zero, say A\, = 0 (which happens when the ellipse is a circle),
then the expressions simplify as A\yLy = p and ALy = ¢*. From (10.11b), either A\yLp or
Ay Ly is zero. From (10.11c) we have either L, = Ly = 0 or L, = L = 0, and in either case,
(10.11a) implies that E? — A% = 0.



7

If both A\, and A, are zero (which happens when the circle is centered on the
origin), then A = 0 must be a double root to the polynomial (10.6). In this case, we have a
flat band, and it is much easier to refer back to (10.1) and solve the system directly. One
easily finds that the statement about edge states holds.

10.5 Existence of edge states

Finally, we use the fact that |A,|,|A\s] < 1 to determine when an edge mode is
present. Recall that there are four zeroes (and two poles) to the equation L(\)L()\) = 0,
and that at most two of the roots have modulus less than one. An edge mode exists if either
L(A) or L()\) has both roots A within the unit circle. (No edge mode exists if each function
L, L has one root within the unit circle.)

We can compute the number of zeroes (inside the unit circle) of the function L by
o7 LL((ZZ))
minus number of poles within the unit circle. As L(\) has one pole (at A = 0), L(\) has
two zeroes if and only if the ellipse L(e**) wraps around the origin counterclockwise, leading
to an edge state. On the other hand, if L wraps around the origin clockwise, then E(eik)
wraps around the origin counterclockwise, and there are two zeroes for L(\) within the unit
circle which also leads to an edge state. In the case where the ellipse 3 does not wrap
the origin, then neither L or L has two roots within the unit circle, and an exponentially
decaying solution to the semi-infinite system does not exist.

This completes the proof for Theorem 1a, which relates the presence of edge states
to the properties of the ellipse B(e’*) = h(k).

the contour integral dz along the unit circle, which computes the number of zeroes

10.6 Sign of edge state energy

In this section, we will determine whether the left edge state energy is +A or —A,
where A = |bY | > 0. This will complete the final statement of Thm. 1b.

Define v | as the unit vector parallel to bOl (assume A > 0). Recall that v, vV,
are unit vectors used in the definitions of L, L, and so the three unit vectors are mutually
orthogonal. Define the corresponding gamma matrices I' = v -I',TY = ¥, - I', T+ =¥ - T,
which pairwise anticommute. As B - V1 = (L + L) and By - Ve = +(L — L),

AL(N) AL())

MB(\)-T —E)) =\NA' — F) + T(Fx —4TY) 4 T(Fx +ilY). (10.14)

The first term annihilates the projector %(1 + %F 1) while the second and third terms

annihilate (1 +4I%I'Y) and (1 + i[*T¥) respectively.
By inspection, the projector P = > uu' on to the edge state depends on whether
L or L has two zeroes inside the unit circle, as well as the energy E:

L+ —4r*ry) L,=L,=0
i:{i( J(1 —il*T?) b (10.15)

HAETHA+4I°TY) Lo=Ly=0"

where P1 projects on to the edge states with energy £ = +A.
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When the irreducible representations of I' are 2 x 2, the product i['*T'Y must equal
either T or —T't, hence either P, or P_ must be zero. This implies that an edge state
occurs only at A or —A but not both. For example, when I'*I'Y = iI'" and L = 0, then
P, = %(1 +T't), P_ = 0 and there is exactly one edge state at energy A. In general, we
can determine F via the orientation of the ellipse h:

b" x b
E=pY. — 10.1
|br X bl|7 ( 0 6)
where the cross product is defined from the commutation algebra b” x b’ = —ﬁ' Tr{o[b"-

o,bt. a]}. This result gives us Theorem 1b.

When the irreducible representations of I' are 2" x 2™ with m > 2, there are edge
states at both A and —A. As Py + P_ = (1 F4I'°I"Y), there are a total of 2™~ left edge
states. Notice that the projectors Py and P_ are related by the similarity transformation
Py =T"P_T%, where I'¥ anticommutes with I'*'% 1 and so there must be 2™~2 edge states
at each energy.

10.7 Effective surface Hamiltonian

We can use the edge state projector to construct the effective surface Hamiltonian.
The operator

Py =P, +P_ = (1 —il"TY) (10.17)

projects on to the edge states (assuming v; and vy are chosen such that L = 0). Notice
that it only depends on b - I',; the nearest-neighbor coupling and not the on-site potential:

. 1 [b"-T,b* T
g ey =2 (10—~ 4
z(1—iTTY) =5 “ob" x bi]

1 b-T,b* T
=5 <1 + 1 ) ) (10.18)

Area of ellipse)
The effective surface Hamiltonian is

H, = EP, — EP_ + Ex(1 - P,)
= Pi(b} - T) + Exo(1 — Py, (10.19)

where E,, — oo such that the low energy theory describes the surface states.

10.8 Proof for Continuum Hamiltonians

The proof of Theorem 3 is very similar to the proof of Theorem 1 using transfer
matrices, and so we present here a condensed version of the proof.

Consider a semi-infinite system with = > 0, and either ¥(0) = 0 (Dirichlet) or
1'(0) = 0 (Neumann) boundary condition. The momentum parallel to the surface is a good
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quantum number, and so we fix p| to get an effective 1D problem. We seek a solution of
the form® v (z) = > €y, with Im sy, > 0. Each pair (s, u) satisfies:

(C'+C'h+C*2 —FE)u= (h(k) - T — E)u=0. (10.20)
Squaring h - IT" gives us the quartic equation
h(k) -h(k) — E*=0 (10.21)

with real coefficients. Hence if  is a root, then «* is also a root. Once again, we have at
most two solutions for s in the upper half of the complex plane, and so the wavefunction
must take the form ¢ (x) = ugee® +upe'®. With either Dirichlet (u, = —u) or Neumann
(Kquq = —Kpuyp) boundary condition, we have u, o up and so h(k,)-I'—FE and h(k)-I'— F
share a null vector. By a similar argument to that in Sec. 10.2, the existence of an edge
state is equivalent to

Det [¢q(h(kq) - T — E) + cp(h(kp) - T — E)] =0, (10.22a)
for all ¢4, ¢y and Im Ky, Im Kk > 0. Equivalently, we have

E? = h(k,) - h(ka) = h(ky) - h(kp) = h(kg) - h(kp). (10.23)

(10.24)

where v1,Vy form an orthonormal coordinate basis in the plane spanned by ¢! and c?.
L(k), L(k) are quadratic polynomials in x:

L(rk) = () + icg) + (L + Z'C;)/i + (2 + icz)mz

L(k) = () —icy) + (e}, — icy)k + (3 —icy)k™.

(10.25)

When x = p is real, L(p) and L(p) trace out the parabola h(p) in the complex plane with
opposite orientations. Using the relation hy(x,) - hy(kp) = $(LoLy + Lo Ly), where L(k,) is
abbreviated as L, etc., Eq. (10.23) become

FE? — A? = LyL,, (10.26a)
E% — A? = LyLy, (10.26b)
E? — A* = J(LoLy + LyLy,), (10.26¢)

where A = |cY |. The equations combine to get

(Lo — Ly)(La — Lp) =0, (10.27)

A summand of the form se’ is also permissible, provided & is a double root of the polynomial (10.21).
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Equations (10.26a), (10.26b) and (10.27) together with Imk,, > 0 are true if and only if
an edge state exists at energy +F.

We construct a proof by contradiction showing that £ = +A2. Suppose E? # A2,
then all of L, Ly, Lo, Ly, are nonzero. Equating (10.26a) and (10.26b) gives L,/Ly = Lo/ Ly,
and combining with (10.27) implies L, = Ly and L, = L;. Hence the polynomials L(x)— L,
and L(k) — L, have identical roots (r, and k). The sum of the roots x, + &, must lie in the

upper half plane, and it is equal to (c. —I—ic};)/(cg +ic§) and (cl —icé)/(ci —icz) from (10.25).

This leads to a contradiction as the expressions are complex conjugate pairs. Therefore, an
edge state requires ¥ = +A and either L, = L, =0 or L, = L, = 0.
Finally we impose the condition that Im k., Im x; > 0. There are no poles in the

function L(k), and so the number of zeroes in the upper half plane is given by ﬁ f LL/((ZZ)) dz,

integrated along the real line from —R to R and closed on the upper half plane Re® for
0 < 6 < 7, where R is taken to infinity. Assuming that c¢? is non-zero and so L is a
quadratic function of z, the contour of L(z) for z = Re? always wraps the origin by 27
radians counterclockwise.

Hence L(k) has two roots in the upper half plane if and only if the parabola L(p)
wounds around the origin counterclockwise. Similarly, L(x) has zero roots (so L(x) has
two roots) in the upper half plane if the parabola wounds around the origin clockwise. An
edge state exists in both these cases, which occur when the origin lies in the concave side of
hy (p). If the origin is not in the concave side of the parabola h(p), then L(x) and L() only
have one root in the upper half plane and the system has no edge states. This completes
the proof for Theorem 3a.

To determine the sign of the edge states, we construct the projectors for £ = £A.
The projectors in the continuum case is identical to that of the lattice case (10.15), hence
by the same argument used for Thm. 1b, we can prove Theorem 3b.

o clxc?

E=c (10.28)

lct x ¢2|’
In addition, one may also derive the effective surface Hamiltonian:

H,=EP; — EP_ + E,(1 - P,)
= Py(cY -T) + E(1 - Py), (10.29)
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