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1 Introduction

1.1 Preface

Electrons are massive, charged, elementary particles with a half-integer
spin, that govern the behavior of most atoms and materials. In condensed
matter physics, quantum mechanics is used to predict their behavior, lead-
ing to remarkable and sometimes counter intuitive phenomena. While free
electrons in vacuum are well understood, in condensed matter systems,
electrons acquire unusual properties from their interaction with the atomic
lattice.

Since the discovery of the mono-layered carbon crystal graphene [1, 2]
we know, that they can behave as massless particles called Dirac and
Weyl fermions. These exist as low energy excitations giving electrons
relativistic behaviour on non-relativistic-scales with a constant velocity
analogous to the speed of light. In other systems where superconductiv-
ity [3] is present electrons can exhibit transport without resistance as a
consequence of a Cooper pair condensate. This allows for exotic Bogoli-
ubov excitations that unlike free electrons are not eigenstates of charge.
Under special circumstances such Bogoliubov excitations can mimic spe-
cial Majorana particles. In these systems electron excitations uniquely
act as their own anti-particles [4]. While such states were first predicted
in particle physics it turns out that they can be realized as elementary
excitations in topological superconductors.

These examples highlight that, despite their apparent simplicity, elec-
trons can exhibit a plethora of fascinating quasi-particle excitations in
condensed matter systems. This thesis will examine the interplay of the
above mentioned phenomena that arise in robust systems as a consequence
of different symmetries as well as topological properties [5]. We will exam-
ine how such massless Dirac, Weyl, and Majorana quasi-particles interact
with the magnetic field giving rise to new and unique phenomena. In par-
ticular, this thesis will examine the formation of zeroth Landau levels in
superconducting systems, find transport signatures in Weyl superconduc-
tors [6, 7], as well as study a new type of delocalized solutions in the Fu-
Kane model [8]. Tt will explore disordered massless systems, finding new
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predictions of localized states as well as unique spectral properties. Fi-
nally, it will study the recently predicted Kramers-Weyl semimetals [9, 10]
and show a new characteristic signature of the magneto-conductance.

While this thesis covers various different realizations of massless sys-
tems, the rest of this chapter will focus on introducing two of the most
relevant and recently discovered systems. After a brief demonstration
how massless fermions can arise in condensed matter system we will firsly
show how the interplay between Dirac states in a topological insulator and
superconductivity [11, 12] can give rise to the so called Fu-Kane model.
This part will describe how such a model can exhibit a transition between
a gapped and a gapless phase, as well as how this transition can inter-
play with the magnetic field to create Majorana excitations. Second, we
will focus on a recent realization of three-dimensional Weyl fermions [13],
demonstrating their special topological protection and discussing their
surface states, which give rise to new characteristic signatures.

1.2 Massless fermions in electronic systems

In the field of condensed matter physics, our focus lies on the study of
electrons far away from the relativistic limit. To predict their dynamics,
we use the well known Schrédinger equation

h2
i, = <v2 +V>\If. (1.1)
2m
The right-hand side consists of two terms, — %V2 represents the kinetic

part, while V' (z) describes the potential felt by the particles. When the
potential term is vanishing, the equation describes free electrons with the
well known quadratic dispersion relation

»?
-z (1.2)
connecting the energy and momentum. When electrons interact with
the environment through the potential V(x), we can no longer write down
such a dispersion relation, as momentum is no longer a good quantum
number. In condensed matter physics, we are mostly interested in the be-
haviour of electrons inside crystal structures. These can be described by a
periodic potential that arises from the atomic structure. As a consequence
of this periodicity, we can define a new quasi-momentum quantum number
that forms a translationally invariant eigenspace.This quasi-momentum is

restricted to the finite Brillouin zone due to the periodic structure of the
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potential. In such basisc we can diagonalize the Hamiltonians of crys-
talline systems and find new quasi-momentum dispersion relations.

For different forms of periodic potentials, the relation between the en-
ergies and quasi-momentum can take diverse forms. While the dispersion
now has to be periodic, in the simplest example, it still remains effec-
tively quadratic around the center of the Brillouin zone. As the quadratic
curvature can change, it can influence low-energy behaviour, altering the
effective mass of the low energy excitations. This can give rise to very
heavy quasi-particles with a flattened dispersionc as well as light excita-
tions with a vanishing effective mass.

Figure 1.1: Example of a single band tight-binding Cosine dispersion. The
dispersion around the minima of the band resembles free electron quadratic
dispersion relation with a renormalized effective mass.

When the effective mass of elementary excitations becomes sufficiently
small, the corresponding quasi-particles need to be described by a rela-
tivistic theory. In this limit, we have to include a spinor degree of freedom
to satisfy the relativistic symmetries. These spinors can arise from the
various orbital degrees of freedom as well as the actual electron spin. In
such systems, we can describe the elementary excitations of electrons,
using the full relativistic Dirac equation. In two-dimensional case, this
reduces to

1hoy U = (’Ufoka + Ufayk'y + Meffaz)\IJ, (1.3)
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where we have assumed an isotropic Fermi velocity v and used o to
denote the two-dimensional Pauli matrices. Such an effective theory de-
scribes two species of quasi-particle excitations with symmetric disper-
sions

Ey = £, /vik2 +vik2 + M. (1.4)

In general, most crystals can exhibit perturbations that keep such an
effective mass term finite. In such systems, the quasi-particle dispersion is
gapped with a quadratic behaviour for small momentum. However, some
crystals exhibit special symmetries that disallow such an effective mass.
In such cases, the two bands of the dispersion cross, resulting in a fully
gapless quasi-particle dispersion

Ey = tuglk|. (1.5)

These special types of quasi-particles, called massless fermions, exhibit
a relativistic linear dispersion. They propagate at a constant velocity vy
mimicking the behaviour of photons. Such massless excitations can be
generalized to different dimensions, giving rise to Majorana, Dirac and
Weyl quasi-particles. While these can arise as a consequence of various
crystalline symmetries, their protection can be understood using topolog-
ical arguments. With these, it is possible to prove the robustness of such
emergent relativistic excitations as well as the universality of their unique
properties.
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a)

k(a.w)

Figure 1.2: (a) Dispersion around an avoided band crossing with a quadratic
behaviour around the band minima. (b) An example of a system where the
band crossing is protected, giving rise to a gapless point in momentum space
with a linear dispersion.

1.3 Dirac fermions to superconducting
Majorana excitations

In condensed matter physics, two dimensional massless fermions are called
Dirac fermions. They can be described by the two dimensional Dirac equa-
tion where a special symmetry prevents the additional mass term. Nature
presents us with various mechanisms that can protect these quasi-particle
excitations. One of the most famous examples is the single layer carbon
crystal graphene where its two gapless Dirac points are protected by an
approximate sublattice symmetry arising from the underlying hexagonal
lattice.

This thesis explores a more recent realization of Dirac fermions, specif-
ically surface excitations of a three-dimensional topological insulator. In
such systems, each surface exhibits a strongly protected Dirac cone due
to time-reversal symmetry. We will examine how the interplay between
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such Dirac states and superconductivity gives rise to the Fu-Kane topo-
logical superconductor. While superconductivity in general gaps out the
Dirac fermions it is well known that in this model strong supercurrent can
be used to restore such gapless points. We have found that such super-
currents can induce another transition in the presence of magnetic field,
where Majorana zero-modes extend into a novel extended superconduct-
ing state resembling a Landau level. To combine all these ingredients we
will first focus on the way the magnetic field affects massless fermions.
We will then examine the proximity effect and the Fu-Kane model and
finally combine all these ingredients to discuss the Majorana zero energy
excitations.

1.3.1 Zeroth Landau level in a 3D topological
insulator

We start by introducing the three-dimensional topological insulator. We
generally define insulators as non-conducting systems characterized by a
large gap around the Fermi energy. Such gapped insulating systems are
classified as trivial if they can be continuously transformed into the atomic
limit and are therefore topologically equivalent to the vacuum. However,
not all insulators can be described in this way. There exists a special type
of insulator that cannot be transformed into the atomic limit without
closing the band-gap. These systems are called topological insulators and
are characterized by special edge states that arise from the gap closing on
the interface between the topologically non-trivial insulating bulk and the
trivial vacuum. In three dimensions, such topological insulators exhibit
two-dimensional surface states, which can be described by the effective
surface model

Hri = o0.ky + To0yky + TIO'()M(E). (1.6)

Each surface of the three-dimensional topological insulator, represented
by Pauli matrices 7, exhibits a single Dirac fermion coupled together by
an effective mass term M (E) The surfaces become fully decoupled when
they are separated from each other. In this limit, each surface exhibits a

single Dirac fermion that is protected by the time-reversal symmetry.
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Figure 1.3: Schematic representation of a three-dimensional topological insu-
lator. Each of the two surfaces (blue) exhibits a massless Dirac fermion.

When massless Dirac fermions are subjected to a magnetic field, they
exhibit a unique type of energy spectrum. In classical mechanics, charged
particles experience a Lorentz force that causes them to move in circular
trajectories known as cyclotron orbits. While this intuition can hold down
all the way to the quantum level, in quantum mechanics not all such orbits
allowed. We call this discrete set of possible states in a magnetic field
Landau levels[14]. These levels can be calculated by incorporating the
magnetic field into the free particle Schrodinger equation, resulting in a
quantized energy spectrum

E, = hw, (n + ), (1.7)

where w, = % is the cyclotron frequency and n is a non-negative integer
number. When we study massless fermions, the quantization condition
changes into

EEL s = QnHer]%, (1.8)

where vy represents the Fermi velocity. The Landau levels are no longer
equally spaced and allow for a new type of cyclotron orbits that are bound
to exactly zero energy. These states are called zeroth Landau levels.
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k(a.w) ( k(a.u)

Figure 1.4: The dispersion Landau levels (red) compared to their initial disper-
sion (gray) for (a) massive and (b) massless particles compared to their initial
dispersion.

1.3.2 Proximity effect and the Fu-Kane model

We can now explore what happens to the Dirac surface states under the
effect of superconductivity. While there are a number of materials that
can exhibit inherent superconducting properties at low temperatures, they
usually belong to the class of trivial superconductors. Alternatively, it
turns out that creating an interface between a superconducting and non-
superconducting material can allow Cooper pair tunneling. This process
is called the proximity effect and can induce an effective superconducting
pairing. Such proximitized systems can be described by the Bogoliubov-
De Gennes Hamiltonian

H(k A
Hpac = < A(T) —TH(E)T)’ (1.9)

where A denotes the superconducting pairing and 7T represents the
time-reversal symmetry. This method allows us to describe the mean-field
superconducting Hamiltonian by doubling the degrees of freedom. In par-
ticular, we artificially add hole-like degrees of freedom to the electronic
Hamiltonian and couple them together with a superconducting pairing
term A. Although superconducting states are not eigenstates of the elec-
tron number, this doubling allows us to introduce effective single-particle
excitations called the Bogoliubov quasi-particles.

This thesis focuses on a special model of a topological superconductor
called the Fu-Kane model. Such systems arise when we create an inter-
face between a three-dimensional topological insulator and a conventional
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superconductor. In this case, the Bogoliubov De-Gennes doubling cre-
ates an additional hole-like Dirac fermion on each surface. The pair of
Dirac fermions can now couple through superconducting pairing without
violating the time-reversal symmetry. Such coupling gives us the gapped
dispersion of the Fu-Kane model.

One of the characteristic signatures of superconductors is a dissipation-
less current called the supercurrent. This current can be interpreted as
the momentum of Cooper pairs. Such a current can split the electron-like
and hole-like states in the Brillouin zone. In the particular case of the Fu-
Kane heterostructure, this can separate the Dirac fermions in momentum
space. We can see this in the Bogoliubov de-Gennes Hamiltonian

(E—I?>'U A

AT (i +R)o (1.10)

Hpgg =

in which the supercurrent momentum K acts as a constant vector po-
tential. It turns out that such separation slowly decouples the two Dirac
fermions. It was shown a sufficient super-current can fully counteract the
superconducting pairing creating a transition, restoring the gapless Dirac

kx kx

Figure 1.5: Dispersion of a Fu-Kane model with increasing suppercurrent
strength (left to right), showing the transition from gapped massive Dirac fer-
mions in a Fu-Kane model to the gapless Dirac states.

1.3.3 Majorana zero-modes in a topological
superconductor

In our research, we investigated the effect of a magnetic field on the gap
closing transition in the Fu-Kane model. As this is a superconducting sys-
tem, the effects of a magnetic field can be very different. It is important to
note that superconductors exhibit a specific property called the Meissner
effect, whereby they expel the effects of magnetic fields. This phenomenon
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implies that the effects of a magnetic field cannot penetrate a supercon-
ductor beyond a certain depth, known as the London penetration length.
If we are interested in the effects of a magnetic field on bulk superconduc-
tors, we must focus on a specific group of superconductors called type-II
superconductors. In this case, the magnetic field penetrates the super-
conductor in the form of localized defects called Abrikosov vortices[15].
These vortices are strong defects that carry exactly one quantum of mag-
netic flux, denoted as &y = h/(2¢). The size of the defects is characterized
by the superconducting coherence length, denoted as &, which is approxi-
mately equal to 1/Ag, while they carry the flux ®y with circulating super-
currents that persist on a larger scale of the London penetration depth.
At the level of wavefunctions, the Abrikosov vortices induce a winding of
the superconducting phase parameter around their core by 2.

Superconductor

Figure 1.6: Schematic representation of a type-II superconductor in a magnetic
field. The figure shows the magnetic flux-lines penetrating the superconducting
sample through vortices. Each vortex carries a single ¢o flux quanta and exhibits
a circulating supercurrent flow vs.

In the gapped regime of the Fu-Kane model, vortex defects trap a spe-
cial type of zero-energy excitation called Majorana zero-modes. These
quasi-particles are unique in that they are their own antiparticles. Al-
though they were originally predicted in particle physics to describe neu-
trinos, they can also appear in condensed matter systems as a consequence
of particle-hole symmetry. This is an anti-unitary symmetry that anti-
commutes with the Hamiltonian, resulting in eigenstates of a Bogoliubov-

10
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de Gennes Hamiltonian that are symmetric around zero energy. While
eigenstates will generally occur in pairs around zero energy, a single zero-
energy excitation cannot be gapped as long as the symmetry is preserved,
resulting in isolated zero-energy excitations known as Majorana quasi-
particles. These quasi-particles are eigenstates of the particle-hole sym-
metry and appear as equal superpositions of electrons and holes. To form
a complete basis, such states always appear in pairs. Although this may
appear to nullify their protection, they can be strongly spatially separated,
allowing for protection against splitting from E=0 symmetrically in pairs.
Majorana operators can be defined from their fermionic counterparts as

Because these operators are their own Hermitian conjugates, they ex-
hibit a special commutation relation

When these properties are combined, it turns out that Majorana zero-
energy excitations exhibit non-abelian exchange statistics. This means
that, unlike fermions and bosons, an exchange of Majoranas can fully
change the quantum state. This unique property, combined with their
strong protection, can be used in quantum computation to generate stable
topological qubits that are protected from all local decoherence effects.
Therefore, it is crucial to explore and discover viable new systems where
Majorana zero-energy excitations can appear.

In the case of the Fu-Kane model, these Majorana states are bound to
the vortex cores. Each vortex binds an exponentially localized zero-energy
solution. These states appear in the presence of a magnetic field inside
the superconducting gap, with a degeneracy equal to the number of flux
quanta, N = ¢/do.

11



1 Introduction

2
¥ ()]

0.00015 1.0

08
0.00010 ="

a~ 04

=

0.2 0%l Y2

0.00005 0.0

0 50 100 150 200 250 300
r

Figure 1.7: Probabilty density for zero mode solutions in a Fu-Kane supercon-
ductors. Majorana zero-modes are bound to the vortices of a superconductor
with a characteristic exponential decay.

While these are the characteristic excitations in the gapped regime, it is
known that the Fu-Kane superconductor becomes gapless in the presence
of a strong supercurrent. We have shown that such gapless points exhibit
a special type of zero-energy Landau levels. However, it turns out that
this is not always the case for superconducting systems. Even though
the magnetic field can become almost homogeneous in a sufficiently dense
vortex lattice, the vortices still act as scatterers, which generally broadens
the predicted zeroth Landau level[16].

In this thesis, we will present an example where a special symmetry
prevents this broadening. We will demonstrate that the Fu-Kane model
exhibits a unique type of symmetry called chiral symmetry. This is a local
unitary symmetry that anti-commutes with the Hamiltonian. It allows us
to write the Hamiltonian in a distinctive off-diagonal form described by

0 =
Hchiral = <ET O) (114)

This special form of the Hamiltonian enables us to invoke a theorem
known as the Index theorem [17]. This theorem tells us that chiral Hamil-
tonians exhibit a unique integer value known as the index. This index
can be calculated from the matrices = and Z' by looking at their cor-
responding kernels. While the dimensionality of the kernels (number of
zero modes) of each of these two matrices can vary strongly, it turns out
that their difference is very robust. This difference then defines the index,
a topological invariant that cannot change under smooth local perturba-
tion. Moreover, this invariant directly corresponds to the total number of

12
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zero-modes in the system. Therefore, as long as the chiral symmetry is
preserved, the number of zero-modes is conserved by a special topological
protection. In this thesis, we will demonstrate that this invariant can not
only predict the Majorana zero-modes, but remains unchanged when the
Fu-Kane model transitions to the gapless regime. We will show how this
leads to a new zero-energy superconducting state, where Majorana states
delocalize into an extended Landau level state.

1.4 Weyl fermions in Kramers-Weyl
semimetals

The concept of massless fermions can be extended to three dimensions,
where they are known as Weyl fermions. These are found in specific
systems called Weyl semimetals [13]. In a two-band theory of a three-
dimensional crystal, there are no possible perturbations that could gap out
a Weyl cone. This is due to the fact that a three-dimensional Dirac equa-
tion requires a four-dimensional representation to describe massive par-
ticles. Thus, the protection of the gapless Weyl points is much stronger,
as they can only couple in pairs with opposite chirality. As we will later
see, they are protected by a topological number directly related to the
chirality of the Weyl fermion. This means that systems exhibiting Weyl
fermions, unlike Dirac systems, do not require an additional symmetry;
they only require pairs of Weyl fermions to be well separated. Such pairs
are then reconnected on the surface of Weyl semimetals with a special
class of two-dimensional surface states called Fermi arcs.

As Weyl cones in nature always appear in pairs of opposite chirality,
Weyl semimetals need to either break time-reversal or inversion symme-
try. This allows pairs of Weyl cones in momentum space to be split so that
gapless points do not overlap. While there are many different realizations
of Weyl fermions in nature, this thesis will focus on newly described sys-
tems that exhibit Kramers-Weyl fermions [9, 10]. These occur in crystals
with preserved time-reversal symmetry but broken inversion symmetry.
We have found new unique signatures of these novel states, specifically a
new type of magneto-oscillations that arise as a consequence of charac-
teristic long Fermi arcs as well as unique spectral statistics. To introduce
this work, we will first discuss the general protection of three-dimensional
gapless Weyl nodes. We will then focus on the specific form of Kramers-
Weyl systems. Finally, we will explain the idea of Fermi arcs as one of
the characteristic signatures of three-dimensional massless fermions and

13
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explain their special extended form inside Kramers-Weyl semimetals.

1.4.1 Topological protection

As previously mentioned, the protection of Weyl points, unlike Dirac
cones, does not require additional symmetries. This can be easily under-
stood by examining the Weyl Hamiltonian, which shows that any pertur-
bation that maintains translation symmetry will simply shift the Weyl
cones in momentum space, while keeping a linear dispersion Ewey &
V (ke — V)2 + (ky — V)2 + (k, — V,,)? without introducing an effective
mass.

1.0 T T T 1.0z —

0.0+ 0.0

E(a.u)
E (a.u.)

~10 0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0

k, (a.u.) k, (a.u.)

Figure 1.8: Gapless dispersion of a Weyl fermion. Left panel shows a Weyl
cone in the center of the Brillouoin zone while the right panel shows a cone
shifted in momentum space by a V.o, perturbation.

This type of protection is indeed very strong and quite peculiar, as we
know that there must exist an atomic limit in which any system becomes
strongly gapped. It is possible to achieve such a limit by coupling together
two Weyl fermions, as is done in a four-dimensional representation of the
Dirac equation. This process is naturally resolved in nature, as Weyl
fermions can only appear in pairs. This allows the Weyl point to gap out,

giving us a fully gapped dispersion Epassive = :I:\/ k2 + k2 + k2 + M? that

arises from the four-band Hamiltonian

H\assive = Tz<5! : k) + 7M. (115)

Here the 7 Pauli matrices describe the different Weyl cones, with 7,
representing two Weyl fermions with opposite chiralities, which plays an
important role in the gap opening mechanism.

We can rewrite this argument independently of the exact form of the
Hamiltonian by defining a topological invariant that characterizes each
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1.4 Weyl fermions in Kramers-Weyl semimetals

Weyl cone and its protection. To do so, we must examine the behavior of
the Berry curvature

Q. (k) = Vi x A, (R), (1.16)

which takes the form of a quasi-magnetic field arising from the Berry
connection A,,. Such quasi-magnetic field defined by the Berry curvature
acts as a magnetic monopole around the Weyl points, with the charge of
such a monopole depending on the chirality of the Weyl fermion. As this
charge takes discrete values, we know that no perturbation can remove it
in a continuous manner. This charge therefore defines a topological invari-
ant that tells us that such a Weyl point cannot be removed by itself. The
only way to cancel out the monopole of the Berry curvature is to combine
it with an additional monopole of opposite charge. This argument agrees
with our previous prediction but is less reliant on the exact shape of the
Hamiltonian. It tells us that as long as our system exhibits such unmerged
monopoles in the Berry connection, the corresponding Weyl points will
remain protected.

To summarize, the protection of Weyl points does not require additional
symmetries, and it is a strong and peculiar type of protection. Coupling
together two Weyl fermions can lead to a fully gapped dispersion, while
the behavior of the Berry curvature provides a topological invariant that
characterizes the protection of each Weyl cone.

Figure 1.9: A schematic of the reconnection of two opposite monopoles of the
Berry connection around the Weyl points.

1.4.2 Kramers-Weyl semimetal

We will now focus on a specific realization of Weyl fermions that occurs
in Kramers-Weyl semimetals. Such systems are very exciting as they can
not only provide a new approach to discovering materials described by

15
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Weyl physics but also exhibit new characteristic behavior that is absent
in conventional Weyl semimetals. This new type of massless excitation
arises as a consequence of the preserved time-reversal symmetry. Specif-
ically, we know that time-reversal symmetric systems exhibit a special
degeneracy at time-reversal invariant points known as the Kramers de-
generacy. This means that we can find gapless points at each corner of
the three-dimensional Brillouin zone. As most crystals are invariant under
inversion symmetry, which relates E;(k) = E4+(—k), the expansion around
the gapless form must be even in momentum. This usually results in fully
doubly degenerate bands around corners of the Brillouin zone with an
effective quadratic dispersion.

However, we can focus on special chiral crystals that break inversion
symmetry while still preserving time-reversal symmetry. These systems
still have Kramers doublets at all the corners of the Brillouin zone but
now exhibit a linear &- 6k expansion that describes Weyl excitations. This
implies that all effective two-band models with time-reversal symmetry
that break inversion symmetry will exhibit Weyl fermions at all the time-
reversal invariant points in the Brillouin zone.

While this statement seems very robust, it turns out that while these
Weyl cones are guaranteed to exist, they may not be easy to observe. This
is because of two additional properties of such systems. First, the Weyl
nodes can be strongly spread out in energies and can be quite far away
from the Fermi surface. Second, our arguments arise from the expansion
of the Hamiltonian for small momentum around the special degenerate
points. While this expansion is generally linear, nothing forbids the ap-
pearance of higher-order quadratic terms. This means that the Kramers-
Weyl cones are well-defined on the momentum scale where the linear term
remains the governing part of the expansion. In reality, this tells us that
we must consider systems that exhibit strong spin-orbit coupling in ad-
dition to the given prescription to study this novel realization of Weyl
fermions.
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Figure 1.10: A schematic example of a generic two band dispersion for a)
preserved, b) broken inversion symmetry. ¢) Schematic of the Kramers-Weyl
Brillouin zone, identifying the time-reversal invariant momenta and their core-
sponding Weyl cones.

Now that we have understood the mechanisms responsible for the emer-
gence of Kramers-Weyl fermions, it is important to explore the distin-
guishing features of these systems as compared to conventional Weyl semi-
metals. As we have already mentioned, Weyl fermions can only appear
in pairs of opposite chiralities in nature. In contrast to a conventional
three-dimensional semimetal, which typically hosts one or two pairs of
massless fermions, Kramers-Weyl semimetals always exhibit four pairs of
Weyl fermions with alternating chiralities. Since all these cones are pre-
cisely located at time-reversal-invariant momenta, they are guaranteed
to have a strong separation in momentum space. This not only confers
them with unusual robustness but is also quite distinct, as it is generally
difficult to strongly pair Weyl fermions in the Brillouin zone. The large
separation of the cones is responsible for unique signatures, as it forces
the Fermi arc surface states that connect the Weyl cones to span over the
entire Brillouin zone.

1.4.3 Fermi arcs

We have demonstrated that each Weyl point carries a topological invari-
ant representing the monopole charge of the Berry connection. In the
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bulk, such a monopole can only annihilate with its opposite partner, pro-
viding a mechanism for continuously transforming the Weyl system into
the atomic limit where the system is fully gapped. Alternatively, we can
consider a sharp interface where we truncate the Weyl semimetal, creat-
ing a contact with the surrounding vacuum. As the Weyl system exhibits
pairs of monopoles and the vacuum does not, these monopoles have to
recombine on the interface during the transition from the Weyl semimetal
to the vacuum. As a consequence, Weyl semimetals have to exhibit spe-
cial types of surface states that connect Weyl cones of opposite chiralities
and annihilate the monopole charges. These states are called Fermi arcs,
as they form special two-dimensional Fermi surfaces. They are massless
states with linear dispersion and are one of the characteristic signatures
of Weyl semimetals.
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Figure 1.11: Left panel: Schematic representation of the Fermi arc surface
states reconnecting the Bulk Weyl cones. Right panel: A dispersion of a
Kramers-Weyl semimetal in a slab geometry showing the characteristic long
Fermi arcs spanning the whole Brillouin zone.

The signature of such surface states is directly related to the separation
of Weyl cones, as the Fermi arcs exhibit a higher density of states when
they span over a larger region of the Brillouin zone. For this reason,
Kramers-Weyl semimetals can be a good platform for their study, as they
guarantee a large momentum space separation. Additionally, it turns out
that unlike in conventional Weyl semimetals, Fermi arcs in Kramers-Weyl
materials create a new type of periodic Fermi surface structure, where
open orbits can form, giving us a completely unique magnetic behavior.
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1.5 Outline of this thesis

1.5 Outline of this thesis

This thesis covers a diverse range of massless electronic systems, which can
be broadly divided into three parts. The first part focuses on the study of
Dirac fermions and their properties. The second part focuses on the three-
dimensional crystals and the signatures of Weyl physics. Finally, the thesis
concludes with the last two chapters that concentrate on superconducting
Majorana excitations.

1.5.1 Part 1

This part delves into the localization properties of two-dimensional mass-
less fermions. We explore various condensed matter systems that exhibit
Dirac fermions and propose a novel technique for the study of Anderson
localization.

Chapter 2: Localization landscape of Dirac fermions

Non-interacting systems under the presence of random disorder exhibit
universal behavior called Anderson localization. This means that elec-
tronic wave functions become strongly localized, impairing transport prop-
erties in the system. While it is generally impossible to find all the local-
ization centers without diagonalization, it turns out that it is possible to
define a special function that is strongly sensitive to the localized behavior
of low-energy states. This function is called the Localization landscape
and it can be efficiently calculated for a Schrodinger equation of spinless
electrons with a positive definite Hamiltonian. In this chapter, we have
extended this idea to spinful systems described by the Dirac equation. In
particular, we have concentrated on systems with strong spin-orbit cou-
pling to be able to study localization in graphene, topological insulators,
and superconductors. We use the Ostrowski comparison matrix to treat
systems that are not positive definite and extend the localization land-
scape bound to their comparison matrix. This defines a new landscape
that can be efficiently calculated by solving the Hu(r) = 1 differential
equation, where H is the comparison matrix of a chosen Dirac Hamil-
tonian. As the comparison matrix is only sensitive to real Hamiltonian
elements, we were able to define a new equivalence class for Anderson lo-
calization. This allows us to find equivalent Hermitian and non-Hermitian
Hamiltonians that share the same localization properties.
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Figure 1.12: Localization centers of a disordered Dirac system (left) compared
to the comparison matrix Localization landscape predictions (right).

1.5.2 Part 2

The second part of this thesis focuses on the behavior of Weyl fermions
in the presence of a magnetic field. Specifically, we will investigate two
systems and examine new signatures of Kramers-Weyl fermions as pre-
viously described in the introduction. Additionally, we will explore the
transport properties of Landau levels in Weyl superconductors.

Chapter 3: Magnetic breakdown spectrum of a Kramers-Weyl
semimetal

Kramers-Weyl semimetals exhibit four widely separated pairs of Weyl fer-
mions at time reversal invariant points. In a finite sample, they give rise to
unique extended Fermi arcs that span through the whole Brillouin zone.
This chapter will focus on the consequences of the interplay between such
characteristic surface states and a magnetic field. In particular, we show
that the long Fermi arcs can form open orbits in momentum space. In the
presence of a magnetic field, these can interact and couple with the Lan-
dau levels formed from the closed orbits in the bulk, thereby broadening
their dispersion relation. We can use an effective model to describe this
behavior in terms of a one-dimensional superlattice induced by the mag-
netic breakdown. Such a model can predict resonant behaviors when the
dynamics are dominated by either open or closed orbits. This resonant
behavior can be observed in terms of 1/B periodic magneto-oscillations,
which are fully unique to the Kramers-Weyl semimetals compared to the
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usual Shubnikov-de Haas oscillations that arise from Landau level quan-
tization.
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Figure 1.13: Figure shows the characteristic Fermi surface of a Kramers-Weyl
semimetal in a slab geometry, focused around a single Weyl cone. Such Fermi-
surface exhibits both open and closed orbits in the momentum space.

Chapter 4: Supercell symmetry modified spectral statistics of
Kramers-Weyl fermions

In this chapter, we continue to investigate the unique signatures of Kramers-
Weyl fermions. Using the predictions of random matrix theory, we ex-
plore the spectral statistics of a Kramers-Weyl toy model given by H =
vy, Oasinka+tog Y cosk, in achaotic quantum dot. We find a hidden
symmetry in the limit of small ¢ that mimics a spinless time-reversal sym-
metry. This is a consequence of a special supercell symmetry that holds
exactly when ¢t = 0. We examine the consequences of this additional sym-
metry by observing the level spacing distribution P(as?), where we find
that the calculated spectral statistic for small ¢ truly obeys the orthogonal
[ = 1 ensemble instead of the expected symplectic ensemble § = 4. While
this hidden symmetry is quickly broken for any realistic values of ¢, we
find that signatures of the transition can still be detected. In particular,
we show that this transition happens much slower when we observe the
transition from weak localization to weak antilocalization, providing us
with a new probe to detect the Kramers-Weyl fermions.
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Figure 1.14: Two limiting examples of the spacing distribution comparing the
orthogonal behaviour at small ¢ and symplectic behaviour for large .

Chapter 5: Chiral charge transfer along magnetic field lines in
a Weyl superconductor

A heterostructure consisting of alternating layers of a Weyl semimetal and
a conventional superconductor creates a gapless superconducting system
called a Weyl superconductor. It was recently shown that, unlike conven-
tional gapless superconductors, these systems exhibit a protected zeroth
Landau level in the presence of a magnetic field. This chapter follows up
on the recent study of the conductance signatures of these superconduct-
ing Landau levels. We have found a new conductance signature where the
conductance depends on the direction of the magnetic field compared to
the chiralities of the Weyl cones. This gives us a novel signature that can
directly probe the chiralities of superconducting Weyl fermions.
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Figure 1.15: Dispersion relation of the superconducting zeroth landau level in
the direction parallel to the magnetic field.

1.5.3 Part 3

The final section of this thesis will concentrate on the emergence of Majo-
rana fermions. Specifically, we will investigate the Fu-Kane heterostruc-
ture introduced earlier and study how the interaction between the mag-
netic field and supercurrent can displace Majorana fermions away from
the vortex cores.

Chapter 6: Deconfinement of Majorana vortex modes produces
a superconducting Landau level

Shared contribution with Michatl Pacholski; I was responsible for the numerical simulations.

A Fu-Kane superconductor in the presence of a magnetic field binds Ma-
jorana zero-energy excitations to the cores of the magnetic vortices. These
are strongly localized excitations, topologically protected because of their
exponentially small overlaps. This chapter examines how such protected
states behave in the presence of a strong supercurrent, whichﬁcan be inter-
preted as a spatially oscillating pair potential A(7) = Age? & ™ describing
Cooper pairs with momentum K. We show that such a supercurrent
induces a delocalization transition when K > Ag/hv, extending the Ma-
jorana modes into a new fully delocalized state with a unique oscillatory
pattern. Using the index theorem, we prove that at p = 0, these states
surprisingly remain gapless despite their strong overlaps. In fact, they
form a dispersionless superconducting Landau level that is fully protected
from broadening by the inter-vortex scattering. We then find an exact

analytical solution for this new superconducting state and calculate the
characteristic wave vector as \/K? — (Ag/hv). We show that this striped
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pattern can be used to measure the chirality of Majorana fermions and
propose a local density of states measurement to investigate such states
experimentally.
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Figure 1.16: Two plots show the transition in the local density of states, in-
duced by the supercurrent, for a Fu-Kane model with a vortex lattice. The first
image is showing the strongly localized Majorana solutions at small supercur-
rent momentum Ao < K/iv while the second image shows the new strongly
oscillating extended states at Ag > K/hv.

Chapter 7: Magnus effect on a Majorana zero-mode

In the last chapter, we will continue studying the newly discovered de-
localization transition of Majorana zero-modes in the Fu-Kane model.
Specifically, we will examine how the dynamics of delocalization can man-
ifest as a manifestation of the Magnus effect. In our system, this effect
arises from the coupling between the superflow and the velocity profile
inside the vortex core. This effect induces an acceleration on the Majo-
rana vortex modes perpendicular to the superflow. As the supercurrent
velocity profile around the vortex core depends on the chirality, if the su-
percurrent is strong enough, it can induce a full escape where the localized
Majorana modes propagate away from the vortex core in the form of a
localized wave-packet with a constant velocity. This effect is extremely
surprising as, unlike the magnetic field, it is actually inducing a force
on chargeless Majorana states that do not feel the conventional Lorentz
force. We demonstrate this effect numerically by simulating a quench of
the superflow. Furthermore, we find a semiclassical description for the
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wave packet that allows us to predict and match the final velocity of this
escape regime.
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Figure 1.17: The escape behaviour of the chragless Majorana zero-modes under
the influence of a strong superflow. The figure shows the propagation of the wave
packet in a straight trajectory defined by chirality in the plane perpendicular
to the superflow.
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2 Localization landscape for
Dirac fermions

2.1 Introduction

The localization landscape is a new tool in the study of Anderson lo-
calization, pioneered in 2012 by Filoche and Mayboroda [18], which has
since stimulated much computational and conceptual progress [19-28].
The “landscape” of a Hamiltonian H is a function u(r) that provides an
upper bound for eigenstates 1 at energy E > 0:

[P/ [$lmax < Eu(r), |lmax = maxp|¢(r)]. (2.1)

This inequality implies that a localized state is confined to spatial regions
where u 2 1/E. Extensive numerical simulations [26] confirm the expec-
tation that higher and higher peaks in u identify the location of states at
smaller and smaller F.

Such a predictive power would be unremarkable for particles confined to
potential wells (deeper and deeper wells trap particles at lower and lower
energies). But Anderson localization happens because of wave interfer-
ence in a random “white noise” potential, and inspection of the potential
landscape V' (7) gives no information on the localization landscape u(r).

Filoche and Mayboroda considered the localization of scalar waves, or
equivalently of spinless electrons, governed by the Schrodinger Hamilto-
nian H = —V? + V. They used the maximum principle for elliptic partial
differential equations to derive [18] that the inequality (2.1) holdsif V' > 0
and u is the solution of

V2 + V(r)u(r) = 1. (2.2)

Our objective here is to generalize this to spinful electrons, to include the
effects of spin-orbit coupling and study localization of Dirac fermions.
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2.2 Construction of the landscape function

Our key innovation is to use Ostrowski’s comparison matrix [29-32] as a
general framework for the construction of a localization landscape on a
lattice. By definition, the comparison matrix H of a complex matrix H
has elements

g Hnn if == 3
nm — | | 1 " " (23)
—|Hpm| if n#m.
In our context the index n = 1,2, ... labels both the discrete space coordi-

nates as well as any internal (spinor) degrees of freedom. The comparison
theorem [29] states that if the comparison matrix is positive-definite, then
1

HY <H™, (2.4)

where both the absolute value and the inequality is taken elementwise.
We apply Eq. (2.4) to an eigenstate ¥ of H at energy E,

BN, = [(H0),| < S [(H ), ||
< W lnax o (Y, (2.5)

with |U|max = maxy, |¥,|. We now define a landscape function u with
elements u,, in terms of a set of linear equations with coefficients given by
the comparison matrix:

Hu=1<Y, Hymtm=1, n=1,2,...N, (2.6)
which implies that
Y om (H‘l)nm = Up. (2.7)
Substitution into Eq. (2.5) thus gives the desired inequality
001/ e < [t (2.8)
As a sanity check, we make contact with the original landscape function
[18] for the Schrédinger Hamiltonian Hg = p?/2m + V, with V' > 0. The

Laplacian is discretized in terms of nearest-neighbor hoppings on a lattice.
For each dimension

p? = (h/a)*(2 — 2coska) =
(HS)nm = t0(25nm - 5n71,m - 5n+1,m) + Vn(snm;

IThe comparison inequality (2.4) does not require a Hermitian H. More generally,

(2.9)

if H is not Hermitian and H has complex eigenvalues the requirement of positive-
definiteness is that all eigenvalues have positive real part. We give a general proof
of Eq. (2.4) in the Appendix (supplemental material).
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2.3 Rashba Hamiltonian

with lattice constant a and hopping matrix element tq = h?/2ma?. The
comparison matrix Hg is equal to Hg and is positive-definite, so that Eq.

(2.6) is a discretized version of the original landscape equation Hgu = 1
[18, 33].

2.3 Rashba Hamiltonian

Our first novel application is to introduce spin-orbit coupling of the Rashba
form,
Hg = Hs + ${\, pz}oy — 3{\, py}os. (2.10)

(The anticommutator {---} enforces Hermiticity when A is spatially de-
pendent.) The comparison matrix is now no longer equal to the Hamilto-
nian, in 1D one has

— h
(Hr)ij = (Hs)ij — @P\i + Ajl(0i-1,5 + 6it1,5) 0 (2.11)

The 4, j, indices label the spatial positions, the spinor indices are implicit
in the Pauli matrix.

As a test, to isolate the effect of spin-orbit coupling, we place all the
disorder in the Rashba strength A, which fluctuates randomly from site to
site, uniformly in the interval (A — 8\, A4 dX). The electrostatic potential
is a constant offset Vj, chosen sufficiently large that Hp is positive-definite
2. Examples in 1D and in 2D are shown in Figs. 2.1 and 2.2. The highest
peaks in the landscape function match well with the lowest eigenfunctions.

2.4 Dirac Hamiltonian
We next turn to Dirac fermions, first in 1D. The Dirac Hamiltonian

Hp = vppro: + Voo + o, (212)

contains a scalar potential V proportional to the 2 x 2 unit matrix og and
a staggered potential y proportional to o, acting on the two-component

2A sufficient condition for a positive-definite comparison matrix 'H is that H is di-
agonally dominant, meaning |Hyn| > Zm;ﬁn |Hypm| for each n. For the Rashba

Hamiltonian (2.10) this implies Vp > d X (A+6)) on a d-dimensional square lattice.
A necessary and sufficient condition [32] for positive-definiteness of H is that there

exists a vector v with positive elements such that (ﬁv)n > 0 for all n. For the
sufficient condition of diagonal dominance one would take v = (1,1,...1,1).
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Figure 2.1: Landscape function u(z) (red) and normalized wave function profile
[¥(z)|/E|¥max| (blue) for the 6 lowest (twofold degenerate) eigenstates of the
disordered 1D Rashba Hamiltonian (2.11) (parameters Vo = 4tg, A = 0, 6\ =
3h/a, hard-wall boundary conditions). The 1D array has n = 1,2,...200 sites,
in the plot x = n shows the first spinor component and x = n + 1/2 shows the
second spinor component. The wave functions are labeled by the corresponding
energy levels {E1,... Es} = {3.273,3.3371, 3.414, 3.446, 3.508, 3.516} (in units
Of to).

wave function ¥ = (14,9 p). This would apply to a graphene nanorib-
bon on a substrate such as hexagonal boron nitride, which differentiates
between the two carbon atoms in the unit cell without causing intervalley
scattering [34].

The symmetric discretization 0, ¥ — (1/2a)[¥(z+a)— ¥ (x —a)] suffers
from fermion doubling [35, 36] — it corresponds to a sin ka dispersion with
a second species of massless Dirac fermions at the edge of the Brillouin
zone (k = m/a). To avoid this, and restrict ourselves to a single valley, we
use a staggered-fermion discretization a la Susskind [37, 38]:

: Vp(r) — Yp(z—a)
Pe0e W — (—ih/a) < wi (z +a)§ W(x)). (2.13)
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Figure 2.2: Same comparison as in Fig. 2.1, but now for the 2D Rashba
Hamiltonian, discretized on a 100 x 100 square lattice (parameters Vo = 6to,
X = 26\ = 2h/a, periodic boundary conditions).The left panel shows the spinor
norm |¥,(r)| for the 10 lowest (twofold degenerate) eigenstates of Hr. The
right panel shows the localization landscape. The black contours (computed at
10% of the peak height of |¥|) identify the location of the 10 eigenstates — to
show the close correspondence with the local maxima of u(r).

The corresponding dispersion 3

E(k) = +t1vV2 — 2coska, t; = hvr/a, (2.14)

has massless fermions only at the center of the Brillouin zone (k = 0).
The comparison matrix takes the form

= N [Vi + 1i|0i; —t1(8i5 + 0it1,5)
(Hp)ij = <—t1(5z‘j +0i-1,5) Vi — pildiy )" (2.15)

We take random V(z) € (V — 6V, V + V) and p(z) € (i — Sp, i + dp),
chosen independently and uniformly at e'a_qh lattice site. The condition
|V; & wi| > 21 ensures a positive-definite Hp. As shown in Figs. 2.3 and

3The staggered discretization (2.13) corresponds to the tight-binding Hamiltonian
H = (hvp/a)og sinka + (hvp/a)(1 — coska)oy + Voo + po., which gives the dis-
persion relation (2.14) when V = p = 0.
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2.4, the landscape function computed from ?I‘Du = 1 again accurately
identifies the locations of the low-lying eigenfunctions (near the band edge
in Fig. 2.3 and near the gap in Fig. 2.4).

For the 2D Dirac equation we consider a chiral p-wave superconductor,
with Bogoliubov-De Gennes Hamiltonian [39]

Hpag = A(pz0s + pyoy) + (V + p2/2m)02. (2.16)

The Pauli matrices act on the electron-hole degree of freedom of a Bogoli-
ubov quasiparticle, and the Hamiltonian is constrained by particle-hole
symmetry: oy,Hpago, = —Hpq. (A scalar offset o« o¢ is thus forbid-
den.) The pair potential A opens a gap in the spectrum in the entire
Brillouin zone, provided that the electrostatic potential V' is nonzero.
The gap-closing transition at V' = 0 is a topological phase transition [40].

We take a uniform real A (no vortices) and a disordered V(z, y), fluctu-
ating randomly from site to site in the interval (V+36V, V —§V). Positive V
ensures we do not cross the gap-closing transition, so we will not be intro-
ducing Majorana zero-modes [41] (the levels are Andreev bound states).
Unlike in the case of graphene we can use the symmetric discretization
p + sin ka — there is no need for a staggered discretization because the
kinetic energy p? — 2 — 2cos ka prevents fermion doubling at k = 7/a.
Results are shown in Fig. 2.5.

Equivalence classes — In the final part of this chapter we move be-
yond applications to address a conceptual implication of the theory. Two
complex matrices A, B are called equimodular if |A,,,,| = |Bnm| By the
construction (2.3), they have the same comparison matrix, A = B, and
therefore the same landscape function us = upg, uniquely determmed by
the same equation ZuA =1= 'EuB. We thus obtain an equivalence
class for Anderson localization: Equimodular Hamiltonians have localized
states at the same position, identified by peaks in the landscape function.

We have checked this for the 2D Rashba Hamiltonian (2.10): Randomly
varying the sign of the coefficient A\(r) from site to site shifts the energy
levels around, but the states remain localized at the same positions. More
generally, one could try to vary the coefficients over the complex plane,
preserving the norm. This would produce a non-Hermitian eigenvalue
problem, and one might wonder whether the whole approach breaks down.
It does not, as we will now demonstrate.

The non-Hermitian Anderson Hamiltonian [42, 43]

H =V +Vi(r) +iVa(r) (2.17)

has been studied in the context of a random laser [44]: a disordered optical
lattice with randomly varying absorption and amplication rates, described
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by a complex dielectric function V3 + iV5. On a d-dimensional square
lattice (lattice constant a), the discretization of —V? — a2 2521(2 -
2 cos k;a) produces a spectral band width of Wy = 4d/a?.

The Hermitian Hamiltonian

Heﬂ-: _v2+‘/eﬁa Vveff: ‘%WO"‘Vl +Z‘/2|_ %WOa (218)

is positive-definite if Veg(r) > 0 for all . The transformation from
complex V to real Vg does not change the landscape function, because
H = 'ﬁeg = H.g. The localization landscapes are therefore the same and
we would expect the eigenstates 4 of H and H.g to appear at the same
positions, provided that Vg > 0. This works out, as shown in Fig. 2.6.

2.5 Conclusion and outlook

We have shown that the comparison matrix H provides a route to the
landscape function for Hamiltonians that are not of the Schrodinger form
H = —V? +V. We have explored Hamiltonians for massive or mass-
less Dirac fermions, with or without superconducting pairing. The broad
generality of the approach is highlighted by the application to the non-
Hermitian Anderson Hamiltonian.

The localization landscape can be used as a tool to quickly and effi-
ciently find low-lying localized states in a disordered medium, since the
landscape function u(r) is obtained from a single differential equation
Hu=1. These applications have been demonstrated for the Schrédinger
Hamiltonian [22-25], and we anticipate similar applications for the Dirac
Hamiltonian in the context of graphene or of topological insulators.

The comparison matrix offers a conceptual insight as well: Since equimod-
ular Hamiltonians have the same comparison matrix, they form an equiv-
alence class that localizes at the same spatial positions. This notion is
distinct from the familiar notion of “universality classes” of Anderson lo-
calization [45], which refers to ensemble-averaged properties. The equiv-
alence class, instead, refers to sample-specific properties.

As an outlook to future research, it would be interesting to extend the
approach from wave functions to energy levels. This has been recently
demonstrated for the Schrédinger Hamiltonian [26], where the peak height
of the localization function predicts the energy of the localized state. The

4Because Ht = H*, the left and right eigenvectors are each others complex conjugate
and we do not need to distinguish between these when plotting the absolute value
in Fig. 2.6Db.
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2 Localization landscape for Dirac fermions

correlation between peak heights and energy levels evident in Fig. 2.1
suggests that the comparison matrix has this predictive power as well.
Another direction to investigate is to see if the comparison matrix would
make it possible to incorporate spin degrees of freedom in the many-body
localization landscape introduced recently [46].
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potential u(z) (black) for the 1D Dirac Hamiltonian (2.12) (parameters V' = 3t1,
iz =0,0V = du = t1, hard-wall boundary conditions). Panel b): Corresponding
localization landscape (red) and eigenfunctions of the 12 lowest energy levels

(blue), at energies E, near the band edge plotted in the inset (panel c).

The

peaks in the localization landscape are not correlated in any obvious way with
the random potentials, but they accurately predict the location of the low-lying

modes.
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Figure 2.4: Same as Fig. 2.3b, but now for a gapped system (V = §V = 0,
i =3.5t1, du = 1.5t1). The eigenfunctions of the 20 levels closest to the gap are
shown (blue, 2.3t < |En| < 2.5¢1). There are only 10 distinct peaks, because
of an approximate +F symmetry. The landscape function (red, rescaled by a
factor 1/4) accurately identifies the location of the states near the gap.
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2.5 Conclusion and outlook

Figure 2.5: Comparison of the landscape function (2D color scale plot) with
wave function amplitudes (3D profile) of the chiral p-wave superconductor
with Hamiltonian (2.16) (parameters A = 1, V = 6, §V = 4, in units of
to = 1i*/2ma?). The wave functions show the five Andreev levels with small-
est B, > 0 (E1, Ea,...Es = 3.763,3.799, 3.875, 3.882,3.893). (The charge-
conjugate states at —FE, have the same spinor amplitude |¥|.) The colors of
the wave function profile correspond to the landscape function, so a red wave

function peak indicates that u(z,y) peaks at the same position.
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2 Localization landscape for Dirac fermions
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Figure 2.6: Energy levels (panel a) and localized eigenstates (panels b,¢) of the
non-Hermitian Hamiltonian H from Eq. (2.17) and its Hermitian counterpart
Heg from Eq. (2.18). The calculations are performed on a 2D square lattice
(lattice constant a = 1, band width Wy = 8, periodic boundary conditions) for
potentials V4 and V2 randomly and independently chosen at each site, uniformly
in the interval (—1,1). A constant offset Vo = 1 was added to Vi in order to
ensure a positive Veg. The mapping from H to Heg preserves the spatial location
of the localized states, while the ordering of the energy levels |E,| in absolute
value is changed. Panels b,c show the eigenstates of the five lowest energy levels
of Hes and the corresponding eigenstates of H. The locations are preserved but
E5 of H is pushed to higher absolute values.
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Appendices

2.A Derivation of the comparison inequality

The comparison inequality (2.4) is derived by Ostrowski [29]. Here we
give an alternative derivation, to make the chapter self-contained.

In the most general case the matrix H is a complex matrix, not nec-
essarily Hermitian. We will initially assume that the diagonal elements
H,,, are real > 0 and relax that assumption at the end.

Decompose H = A — L, with A > max,, H,,, so that the diagonal
elements of L are all positive. If we denote by |L| the elementwise absolute
value of the matrix L, one has

A —|L| =H, (2.19)

under the assumption that H,,, > 0.
Consider the Euclidean propagator et for ¢t > 0, and start from the

inequality
|Zm (e_Ht)nm\IJm’ < ZTn| (e_Ht)nm‘ |\Pm‘ (220)

We expand e~ in a Taylor series,

oo
[(e™) l = €7 Z Ym (2.21)
—)\tz |L|p — e M(elBl) (e—'ﬁt) .
Substitution into Eq. (2.20) gives
(S (€)1 | € (e, [ (222
This may also be written more compactly as
e~ 1| < T, (2.23)

with the understanding that the absolute value and inequality is taken
elementwise.
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2 Localization landscape for Dirac fermions

If we now assume that all eigenvalues of H have a positive real part,

—Ht ~Ht

then we may integrate both e and e over t from 0 to co. On the

one hand we have,

/ e Hidt = H 1, (2.24)
0

and on the other hand, in view of Eq. (2.23), we have

/ thdt‘g/ \e*Ht|dt§/ e Htg = [ -1, (2.25)
0

0 0

We thus arrive at the desired comparison inequality (2.4),
\H-'|<H . (2.26)

The assumption that H,, is real > 0 can be removed my multiplying
H with the diagonal matrix

Dppn = 8y ¢ 2238 Hun (2.27)

(setting Dy, = 1 if Hyy, = 0). This matrix multiplication changes neither

the comparison matrix, DH = ﬁ, nor the absolute value of the inverse,
|(DH)™Y| = |H'D7'| = |H™!|, hence Eq. (2.26) still holds. Only the
assumption of positive-definite H remains.
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3 Magnetic breakdown
spectrum of a Kramers-Weyl
semimetal

3.1 Introduction

Kramers-Weyl fermions are massless low-energy excitations that may ap-
pear in the Brillouin zone near time-reversally invariant momenta (TRIM).
Their gapless nature is protected by Kramers degeneracy, which enforces
a band crossing at the TRIM. Crystals that support Kramers-Weyl fer-
mions have strong spin-orbit coupling and belong to one of the chiral point
groups, without reflection or mirror symmetry, to allow for a linear rather
than quadratic band splitting away from the TRIM. The materials are
called topological chiral crystals or Kramers-Weyl semimetals — to be
distinguished from generic Weyl semimetals where Kramers degeneracy
plays no role. Several candidates were predicted theoretically [9, 10] and
some have been realized in the laboratory [48-52].

These recent developments have motivated the search for observables
that would distinguish Kramers-Weyl fermions from generic Weyl fer-
mions [53-55]. Here we report on the fundamentally different Landau
level spectrum when the semimetal is confined to a thin slab in a perpen-
dicular magnetic field.

Generically, Landau levels are dispersionless: The energy does not de-
pend on the momentum in the plane perpendicular to the magnetic field
B. In contrast, we have found that the Landau levels of a Kramers-Weyl
semimetal are broadened into a Landau band. The band width oscillates
periodically in 1/B, producing an oscillatory contribution to the magne-
toconductance.

The phenomenology is similar to that encountered in a semiconductor
2D electron gas in a superlattice potential [56-60]. In that system the
dispersion is due to the drift velocity of cyclotron orbits in perpendicular
electric and magnetic fields. Here the surface Fermi arcs provide for open
orbits, connected to closed orbits by magnetic breakdown at Weyl points

41



3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal
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Figure 3.1: Electron orbits in a thin slab geometry perpendicular to a magnetic
field (along the z-axis), for a generic Weyl semimetal [61, 62] (at the left) and
for a Kramers-Weyl semimetal (at the right). In each case we show separately
a front view (in the z—y plane, to show how the orbits switch between top and
bottom surfaces of the slab) and a top view (in the y—z plane, to indicate the
magnetic flux enclosed by the orbits). The Kramers-Weyl semimetal combines
open orbits (red arrows) with closed orbits enclosing either a large flux ® or
a small flux §®. Open and closed orbits are coupled by a periodic chain of
magnetic breakdown events, spaced by 12, /ao (with ao the lattice constant and
lm = y/h/eB the magnetic length). The open orbits broaden the Landau levels
into a band, the band width varies from minimal to maximal when d® is in-
cremented by h/e. Because 6® o BI2, « 1/B, the band width oscillations are
periodic in 1/B.

(see Fig. 3.1).

No open orbits appear in a generic Weyl semimetal [61, 62], because
the Weyl points are closely separated inside the first Brillouin zone, so
the Fermi arcs are short and do not cross the Brillouin zone boundaries
(a prerequisite for open orbits). The Landau band dispersion therefore
directly ties into a defining property [9] of a Kramers-Weyl semimetal:
surface Fermi arcs that span the entire Brillouin zone because they connect
TRIM at zone boundaries.

In the next two sections 3.2 and 3.3 we first compute the spectrum of a
Kramers-Weyl semimetal slab in zero magnetic field, to obtain the equi-
energy contours that govern the orbits when we apply a perpendicular
field. The resonant tunneling between open and closed orbits via magnetic
breakdown is studied in Sec. 3.4. With these preparations we are ready
to calculate the dispersive Landau bands and the magnetoconductance
oscillations in Secs. 3.5 and 3.6. The analytical calculations are then
compared with the numerical solution of a tight-binding model in Secs.
3.7 and 6.A. We conclude in Sec. 7.6.
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3.2 Boundary condition for Kramers-Weyl fermions

3.2 Boundary condition for Kramers-Weyl
fermions

The first step in our analysis is to characterize the surface Fermi arcs in a
Kramers-Weyl semimetal, which requires a determination of the boundary
condition for Kramers-Weyl fermions. This is more strongly constrained
by time-reversal symmetry than the familiar boundary condition on the
Dirac equation [63]. In that case the confinement by a Dirac mass V,, =
u(ny - o) generates a boundary condition

\IJZ(TALJ_ X’fL”)-O'\I/. (3.1)

The unit vectors i) and i are parallel and perpendicular to the bound-
ary, respectively.

Although o — —o upon time reversal, the Dirac mass may still preserve
time-reversal symmetry if the Weyl fermions are not at a time-reversally
invariant momentum (TRIM). For example, in graphene a Dirac mass +u
at the K-point in the Brillouin zone and a Dirac mass —pu at the K'-point
preserves time-reversal symmetry. In contrast, for Kramers-Weyl fermions
at a TRIM the V), term in the Hamiltonian is incompatible with time-
reversal symmetry. To preserve time-reversal symmetry the boundary
condition must couple two Weyl cones, it cannot be of the single-cone
form (3.1).

In App. 3.A we demonstrate that, indeed, pairs of Weyl cones at a TRIM
are coupled at the boundary of a Kramers-Weyl semimetal. Relying on
that result, we derive in this section the time-reversal invariant boundary
condition for Kramers-Weyl fermions.

We consider a Kramers-Weyl semimetal in a slab geometry, confined to
the y—z plane by boundaries at © = 0 and x = W. In a minimal description
we account for the coupling of two Weyl cones at the boundary. To first
order in momentum k, measured from a Weyl point, the Hamiltonian of
the uncoupled Weyl cones is

Hy(k) + 0
Hi(k) :( 0 0 c :‘:Ho(k)—é‘)’

Ho(k) =3 \—sy VakaOa-

(3.2)

The =+ sign indicates whether the two Weyl cones have the same chirality
(4+) or the opposite chirality (—). The two Weyl points need not be at
the same energy, we allow for an offset . We also allow for anisotropy in
the velocity components v,,.

43



3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal

The o0, ’s are Pauli matrices acting on the spin degree of freedom. We
will also use 7, Pauli matrices that act on the Weyl cone index, with oy
and 7y the corresponding 2 x 2 unit matrix. We can then write

H, = Hyrp+e7,, H. = HoT, +e7,. (3.3)

The current operator in the z-direction is j; = v,0,7 for H; and j_ =
V50, T, for H_. The time-reversal operation 7 does not couple Weyl cones
at a TRIM, it only inverts the spin and momentum:

THL (k)T ' =0, Hi(~k)o, = Hy(k). (3.4)

An energy-independent boundary condition on the wave function ¥ has
the general form [63]

U=M U, My=ML, M?=1, (3.5)

in terms of a Hermitian and unitary matrix M. The matrix My an-
ticommutes with the current operator ji perpendicular to the surface,
to ensure current conservation. Time-reversal symmetry further requires
that

oyMioy = M. (3.6)
These restrictions reduce M4 to the single-parameter form

M,y (¢) = tyoy cos ¢ + Tyo, sin ¢,

M_(¢) = 1,00 c0S ¢ + Ty, sin @. (37)

The angle ¢ has a simple physical interpretation in the case H ., M,
case of two coupled Weyl cones of the same chirality: It determines the
direction of propagation of the helical surface states (the Fermi arcs). We
will take ¢ =0 at x =0 and ¢ = 7w at x = W. This produces a surface
state that is an eigenstate of 7,0, with eigenvalue 41 on one surface and
eigenvalue —1 on the opposite surface, so a circulating surface state in the
+y-direction. (Alternatively, if we would take ¢ = +m/2 the state would
circulate in the +z-direction.)

Notice that these are helical rather than chiral surface states: The eigen-
states ¥ of 7,0, with eigenvalue +1 contain both right-movers (o, ¥ =
+U) and left-movers (0, ¥ = —W). This is the key distinction with sur-
face states in a magnetic Weyl semimetal, which circulate unidirectionally
around the slab [13, 64-66].

In the case H_, M_ that the coupled Weyl cones have the opposite
chirality there are no helical surface states and the physical interpretation
of the angle ¢ in Eq. (3.7) is less obvious. Since our interest here is in the
Fermi arcs, we will not consider that case further in what follows.
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3.3 Fermi surface of Kramers-Weyl fermions in a slab

3.3 Fermi surface of Kramers-Weyl fermions
in a slab

3.3.1 Dispersion relation

We calculate the energy spectrum of H; with boundary condition M,
from Eq. (3.7) along the lines of Ref. 67. Integration in the z-direction
of the wave equation H. ¥ = EV with k, = —ihd/0z relates the wave
amplitudes at the top and bottom surface via W(W) = e*=¥(0), with

(1]

= thxar(E —vykyo, — v k.0, —eT,). (3.8)

As discussed in Sec. 3.2 we impose the boundary condition ¥ = M, (0)¥
on the x = 0 surface and ¥ = M, (7)¥ on the x = W surface.
The round-trip evolution

U(0) = M4 (0)e =M, (7)e=T(0) (3.9)
then gives the determinantal equation
Det (14 ryo e =1 0,e"=) =0, (3.10)
which evaluates to

[E? = 2 + (0:k)? = (0,ky)) ———F

q-q+
=14 cosw_ coswy, (3.11)
with the definitions
2 2 2 2 W
gt = (Exe)” — (vyky)” — (vik.)°, we = ﬁqi' (3.12)

In the zero-offset limit ¢ = 0 Eq. (3.11) reduces to the more compact
expression

2
<”Zkz tan Wq) =1, ¢ = E%— (vyky)? — (v:k2)2, (3.13)
q hvg
which is a squared Weiss equation [67, 68].

The dispersion relation E(k,, k) which follows from Eq. (3.11) is plot-
ted in Fig. 3.2. The surface states (indicated in red) are nearly flat as
function of k., so they propagate mainly in the +y direction. In the limit
€ — 0 the bands cross at k, = 0, this crossing is removed by the energy
offset.
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal
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Figure 3.2: Dispersion relation F(ky, k.) as a function of k. for fixed k, = 1/W
(left panel) and as a function of k, for fixed k. = 1/W (right panel), calculated
from Eq. (3.11) for v; = vy = v, = vr and € = fivp/W. The surface states
are indicated in red. The avoided crossings at k, = 0 become real crossings for
e=0.

3.3.2 Fermi surface topology

The equi-energy contours E(k,, k,) = Ep are plotted in Fig. 3.3 for several
values of W. The topology of the Fermi surface changes at a critical width

™ hvy,
2 Er

We = + O(e). (3.14)

At W = W, the surface bands from upper and lower surface touch at the
Weyl point k, = k., = 0, and for larger widths the upper and lower surface
bands decouple from a bulk band, in the interior of the slab.

For e = 0 the surface and bulk bands intersect at k, = 0 when W > W_.
The gap ¢k, which opens up for nonzero ¢ is

4
5k, = H'E‘ +0(?), W >W.. (3.15)
Y

For later use we also record the area Sy enclosed by the bulk band,

So = TV2AW/W, = 1)k + O(W/W, = 1)> + O(e),  (3.16)
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3.4 Resonant tunneling between open and closed orbits in a magnetic field
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Figure 3.3: Solid curves: equi-energy contours E(ky,k.) = Er for e = 0 at
three values of W (in units of ivr/Er with Er > 0): W = 7/2 = W, (red curve
in left panel), W = 1.4 < W, (blue curve in left panel), and W = 1.8 > W,
(blue curve in right panel). The calculations are based on Eq. (3.11) with
vz = vy = v; = vr. The red dashed curve in the right panel shows the effect
of a nonzero ¢ = 0.1 Er: The intersecting contours break up into two open
and one closed contour, separated at k., = 0 by a gap dky. The dotted arrows,
perpendicular to the equi-energy contours, point into the direction of motion in
real space. The assignment of the bands to the upper and lower surface is in
accord with the time-reversal symmetry requirement that a band stays on the
same surface when (ky, k.) — —(ky, k2).

where we have defined the 2D Fermi wave vector of the Weyl fermions via

EF = hk:p\/vyvz. (3.17)

3.4 Resonant tunneling between open and
closed orbits in a magnetic field

Upon application of a magnetic field B in the z-direction, perpendicular
to the slab, the Lorentz force causes a wave packet to drift along an equi-
energy contour. Because k = er x B the orbit in real space is obtained
from the orbit in momentum space by rotation over 7/2 and rescaling by
a factor i/eB = [2, (magnetic length squared).

Inspection of Fig. 3.3 shows that for W > W, closed orbits in the
interior of the slab coexist with open orbits on the surface. The open
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Figure 3.4: Electron orbits in a magnetic field perpendicular to the slab, fol-
lowing from the Fermi surface in Fig. 3.3 (W > W,, ¢ > 0). The tunneling
events (magnetic breakdown) between open and closed orbits are indicated.
These happen with probability Tms given by Eq. (3.18). Backscattering of the
open orbit via the closed orbit happens with probability R given by Eq. (3.19).
The area Sreat o 1/B? of the closed orbit in real space determines the 1/B
periodicity of the magnetoconductance oscillations via the resonance condition
BSiea1 = nh/e.

and closed orbits are coupled via tunneling through a momentum gap dk,
(magnetic breakdown [69, 70]), with tunnel probability Tvp = 1 — Rup
given by the Landau-Zener formula

Tup = exp(—B./B), B.~ (h/e)ékg ~ (he/evp)?. (3.18)

In the expression for the breakdown field B, a numerical prefactor of order
unity is omitted [70, 71].

The real-space orbits are illustrated in Fig. 3.4: An electron in a Fermi
arc on the top surface switches to the bottom surface when the Fermi
arc terminates at a Weyl point [61]. The direction of propagation (helic-
ity) of the surface electron may change as a consequence of the magnetic
breakdown, which couples a right-moving electron on the top surface to a
left-moving electron on the bottom surface. This backscattering process
occurs with reflection probability

Tmp 2
1-— RMBeiqb

_ Tiis
- T2 + 4Ry sin®(¢/2)

R = ‘ (3.19)

The phase shift ¢ accumulated in one round trip along the closed orbit is
determined by the enclosed area Sy in momentum space,

¢ = Sol?, + 27y, (3.20)

with v € [0,1) a magnetic-field independent offset.
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3.5 Dispersive Landau bands
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Figure 3.5: Equi-energy contours in the k,—k. plane, showing open orbits
coupled to closed orbits via magnetic breakdown (red dotted lines). The closed
contours encircle Weyl points at K = (0,0) and K’ = (0,7 /ao) — periodically
translated by the reciprocal lattice vector G = (0,27 /ao). Arrows indicate the
spectral flow in a perpendicular magnetic field. The large area Sy (yellow)
determines the spacing of the Landau bands, while the small area Sy and the
magnetic breakdown probabilities T\p, Tip determine the band width.

Resonant tunneling through the closed orbit, resulting in R = 1, hap-
pens when ¢ is an integer multiple of 2. We thus see that the resonances
are periodic in 1/B, with period

2me e
A(l/B)= — ~ —
(1/B) =35~ %
(We have substituted the small-e expression (3.16) for Sp.)

The Shubnikov-de Haas (SdH) oscillations due to Landau level quanti-
sation are also periodic in 1/B. Their period is determined by the area
Sy, & 27kp/ap in Fig. 3.5, hence

(W/W, —1)"3/2k2. (3.21)

2me eag

SdH = 7os ke

Comparison with Eq. (3.21) shows that the period of the SdH oscillations
is smaller than that of the magnetic breakdown oscillations by a factor
krao(W/W, — 1)3/2, which is typically < 1.

A(1/B) (3.22)

3.5 Dispersive Landau bands

Let us now discuss how magnetic breakdown converts the flat dispersion-
less Landau levels into dispersive bands. The mechanism crucially relies
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal

on the fact that the surface Fermi arcs in a Kramers-Weyl semimetal
connect Weyl points at time-reversally invariant momenta. Consider two
TRIM K and K’ in the (ky, k.) plane of the surface Brillouin zone. We
choose K = (0,0) at the zone center and K’ = (0,7/ag) at the zone
boundary, with G = (0,27 /ag) a reciprocal lattice vector.

In the periodic zone scheme, the Weyl points can be repeated along the
k.-axis with period 27/ag, to form an infinite one-dimensional chain (see
Fig. 3.5). The perpendicular magnetic field B induces a flow along this
chain in momentum space, which in real space is oriented along the y-axis
with period

L = (27/ap)l2, = 2mv, /w., we = eBv,ag/h. (3.23)

In the weak-field regime [, > a¢ the period £ of the magnetic-field in-
duced superlattice is large compared to the period ag of the atomic lattice.
We seek the band structure of the superlattice.

We distinguish the Weyl points at K and K’ by their different magnetic
breakdown probabilities, denoted respectively by Typ = 1 — Ryp and
Ty = 1 — Ryp- We focus on the case that Tyvp and Typ are close to
unity and the areas Sy and Sj, of the closed orbits are the same — this
is the small-¢ regime in Eqs. (3.16) and (3.18). (The more general case is
treated in App. 3.C.)

The phase shift ¢ accumulated upon propagation from one Weyl point
to the next is gauge dependent, we choose the Landau gauge A = (0, — Bz, 0).
For simplicity we ignore the curvature of the open orbits, approximating
them by straight contours along the line k, = E/hv,. The phase shift is
then given by

= Ty ag Iy, = Fos (3.24)
the same for each segment of an open orbit connecting two Weyl points.

The quantization condition for a Landau level at energy E,, is 210+ ¢ =
2mn, n = 1,2,..., which amounts to the quantization in units of h/e of
the magnetic flux through the real-space area Syl . Since Sy > Sy the
Landau level spacing is governed by the energy dependence of v,

Eni1 — Ep = w(dy/dE) ™ = hw,. (3.25)

The Landau level spacing increases < B and not o< v/B, as one might have
expected for massless electrons. The origin of the difference is explained
in Fig. 3.6.

The Landau levels are flat when Tyg = Ty = 1, so that there are no
open orbits. The open orbits introduce a dispersion along k,, see Fig. 3.7.
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3.6 Magnetoconductance oscillations

2F /hvg x 7/ag = 2m(n — v)(eB/h) 7(E/hvp)? = 2mn(eB/h)

2F /hvp

R

o> k.

Figure 3.6: Equi-energy contours in the k,—k. plane for surface Fermi arcs
coupled by magnetic breakdown (left panel, schematic) and for the bulk cy-
clotron orbit of a Weyl fermion (right panel). The quantization condition for
the enclosed area is indicated, to explain why the Landau level spacing is o< B
for the Fermi arcs, while it is o VB for the cyclotron orbit.

Full expressions are given in App. 3.C. For Ryp, Ry < 1 and Sy = 5],
we have the dispersion

E(k,) = (n — v)w, £ (hw,/7) sin(¢/2)
x (Rup + Riyg + 21/ Rus Rlyp cos by £) /2, (3.26)

where the phase ¢ is to be evaluated at E = (n — v)hw,.
Each Landau level is split into two subbands having the same band
width

|E(0) — E(r/L)] =
2(hwe /)| sin(¢/2)| min(vV Rys, VR v ). (3.27)

The band width oscillates periodically in 1/B with period (3.21).

3.6 Magnetoconductance oscillations

The dispersive Landau bands leave observable signatures in electrical con-
duction, in the form of magnetoconductance oscillations due to the res-
onant coupling of closed and open orbits. These have been previously
studied when the open orbits are caused by an electrostatic superlattice
[56-60]. We apply that theory to our setting.

From the dispersion relation (3.26) we calculate the square of the group
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Figure 3.7: Dispersion relation of the slab in a perpendicular magnetic field B,
calculated from Egs. (3.47) and (3.48) (for W = 20 ag, Tvs = 0.85, Ty = 0.95,
So=S5%, v = 0). In the left panel B is chosen such that the phase ¢ accumulated
by a closed orbit at E = 0.08 ivr/ao equals 117, in the right panel ¢ = 10m.
When ¢ is an integer multiple of 27 the magnetic breakdown is resonant, all
orbits are closed and the Landau bands are dispersionless. When ¢ is a half-
integer multiple of 27 the magnetic breakdown is suppressed and the Landau
bands acquire a dispersion from the open orbits.

velocity V = OE /hok,, averaged over the Landau band,

L [*™F(dE(k,) \*
2\ _ =~ y
0 = 27r/0 ( hdk, ) dky

= 2v; sin”(¢/2) min(Rys, Ryp)- (3.28)

For weak impurity scattering, scattering rate 1/7imp, < we, the effective
diffusion coefficient [60],

Degt = Timp(V?), (3.29)

and the 2D density of states Nop = (7hvyao)~! of the Landau band, de-
termine the oscillatory contribution éoy, to the longitudinal conductivity
via the Drude formula for a 2D electron gas,
50yy = €2N2DDeﬁ‘
B 4e? Uy Timp

= — Y §in?(¢/2) min(Rus, Riyp)- (3.30)
h ap
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3.7 Tight-binding model on a cubic lattice

The magnetoconductance oscillations due to magnetic breakdown (MB)
coexist with the Shubnikov-de Haas (SAH) oscillations due to Landau level
quantization. Both are periodic in 1/B, but with very different period,
see Egs. (3.21) and (3.22).

The difference in period causes a different temperature dependence of
the magnetoconductance oscillations. A conductance measurement at
temperature T corresponds to an energy average over a range AE =~ 4kgT
(being the full-width-at-half-maximum of the derivative of the Fermi-
Dirac distribution). The oscillations become unobservable when the en-
ergy average changes the area Sy or Sx by more than 7/I2,. This results
in different characteristic energy or temperature scales,

s 852 -t
AEsqn = 2z <8E ) ~ Lhwe, (3.31a)
o ™ 850 -t 1 —-1/2 hwc
AEyg = Z (M) ~ LVo(w/w, - 1) . (3.31Db)

(In the second equation we took W/W, 2 1.) For kpag < 1 and W/W.,
close to unity we may have AFgqg < AF\p, so there is an intermediate
temperature regime AFgqy < 4kgT < AFEyp where the Shubnikov-de
Haas oscillations are suppressed while the magnetic breakdown oscillations
remain.

3.7 Tight-binding model on a cubic lattice

We have tested the analytical calculations from the previous sections nu-
merically, on a tight-binding model of a Kramers-Weyl semimetal [9]. In
this section we describe the model, results are presented in the next sec-
tion.

3.7.1 Hamiltonian

We take a simple cubic lattice (lattice constant a, one atom per unit cell),
when the nearest-neighbor hopping terms are the same in each direction
a € {z,y,z}. There are two terms to consider, a spin-independent term
x tg that is even in momentum and a spin-orbit coupling term < tj0,
that is odd in momentum,

H=t, Z cos(kqa) + t1 Z oo sin(kqa) — to. (3.32)
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal

M=1N=2 tang = M/N, a'/a =+ N?+ M?

Figure 3.8: Slice at y = 0 through the cubic lattice, rotated around the y-axis
by an angle ¢ = arctan(M/N) with M = 1, N = 2. The enlarged unit cell
(red square), parallel to a lattice termination at x = 0 and x = W, has volume
a' xa xa=(N?+ M?)a®.

The offset is arbitrarily fixed at —ty.

There are 8 Weyl points (momenta k in the Brillouin zone of a linear
dispersion), located at kg, ky, k. € {0,7} modulo 2r. The Weyl points
at (kz, ky,k.) = (0,0,0), (7, 7,0), (m,0,7), (0,7, 7) have positive chirality
and those at (7,7, ), (7,0,0), (0,,0), (0,0, 7) have negative chirality [9].

The geometry is a slab, with a normal 7 in the x—z plane at an angle
¢ with the z-axis (so the normal is rotated by ¢ around the y-axis). The
boundaries of the slab are constructed by removing all sites at z < 0 and
x > W. In the rotated basis aligned with the normal to the slab one has

KL\ [ cosg sing) (kg ,
<kIZ) B (‘ sin ¢ COS(;S) (kz>’ ky = ky. (3.33)

We will work in this rotated basis and for ease of notation omit the prime,
writing k, or k; for the momentum component perpendicular to the slab
and (ky, k.) = k| for the parallel momenta.

3.7.2 Folded Brillouin zone

The termination of the lattice in the slab geometry breaks the translation
invariance in the perpendicular z-direction as well as in the z-direction
parallel to the surface. If the rotation angle ¢ € (0, 7/2] is chosen such that
tan ¢ = M/N is a rational number (M and N being coprime integers), the
translational invariance in the z-direction is restored with a larger lattice
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3.7 Tight-binding model on a cubic lattice

N=0 k. N=2 N =3
Z M o
. ‘."', .“"
ky /'
[ 27r/a 3 tang =1/N, a'/Ja= /N2 +1

Figure 3.9: Slice at k, = 0 through the Brillouin zone of the rotated cubic
lattice, for rotation angles ¢ = arctan(M/N) with M =1, N =0,1,2,3. Weyl
points of opposite chirality are marked by a green or red dot. The panel for
N = 3 shows how translation by reciprocal lattice vectors (blue arrows) folds
two Weyl points onto each other.

constant a’ = av/N2 4+ M2, see Fig. 3.8. There are then N2 + M? atoms
in a unit cell.

In reciprocal space the enlarged unit cell folds the Brillouin zone. Rel-
ative to the original Brillouin zone the folded Brillouin zone is rotated by
an angle ¢ around the y-axis and scaled by a factor (N? + M 2)*1/ 2in
the x and z-directions, see Fig. 3.9. The reciprocal lattice vectors in the
rotated basis are

e, = (2r/d" )z, e, = (27/a)y, e, = (2w/d’)z. (3.34)

The corner in the k, = 0 plane of the original Brillouin zone (the M
point) has coordinates

E(cos¢—|—sim<b,cos¢—Si]fl(;S,O) = EI(N+M7N—M,0)
a a

in the rotated lattice. Upon translation over a reciprocal lattice vector this
is folded onto the center of the Brillouin zone (the I" point) when N + M
is an even integer, while it remains at a corner for N + M odd. The
midpoints of a zone boundary, the X and Z points, are folded similarly,
as summarized by

M—T, ', X—=M, Z—~M, for N+ M even,
M—M, I'>T, X=X, Z—7Z, for N+ M odd.

Since the Weyl points at I" and M have the same chirality, for N + M
even we are in the situation that the surface of the slab couples Weyl
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal

points of the same chirality — which is required for surface Fermi arcs to
appear (see Sec. 3.2). For N + M odd, in contrast, the Weyl points at
the I' and X points of opposite chirality are coupled by the surface, since
these line up along the k£, axis. Then surface Fermi arcs will not appear.
In App. 3.B we present a general analysis, for arbitrary Bravais lattices,
that determines which lattice terminations support Fermi arcs and which
do not.

3.8 Tight-binding model results

We present results for M = N = 1, corresponding to a ¢ = 7/4 rotation
of the lattice around the y-axis. The folded and rotated Brillouin zone
has a pair of Weyl points of + chirality at K = (0,0,0) and a second pair
of — chirality at K’ = (7/a’,0,7/a’) in the rotated coordinates (see Fig.
3.9, second panel, with @’ = av/2). There is a second pair translated by
ky, =m/a.

Each Weyl point supports a pair of Weyl cones of the same chirality,
folded onto each other in the first Brillouin zone. The Weyl cones at K
have energy offset ¢ = |2tg|, while those at K’ have ¢’ = 0. We may adjust
the offset by adding a rotational symmetry breaking term § H = dtg cos k. a
to the tight-binding Hamiltonian (3.32). This changes the offsets into

= ‘Qto + 5t0|, e = |5t0|. (335)

In Fig.3.10 we show how the Fermi arcs appear in the dispersion relation
connecting the Weyl cones at k, = 0 and k, = w/a’. This figure extends
the local description near a Weyl cone from Fig. 3.2 to the entire Brillouin
zone. The corresponding equi-energy contours are presented in Fig. 3.11.
Increasing the spin-independent hopping term ty introduces more bands,
but the qualitative picture near the center of the Brillouin zone remains
the same as in Fig. 3.3 for W > W..

The effect on the dispersion of a magnetic field B, perpendicular to the
slab, is shown in Fig. 3.12 (see also App. 3.D). The field was incorpo-
rated in the tight-binding model via the Peierls substitution in the gauge
A = (0,—Bz,0), with coordinate z restricted to |z| < L/2. Translational
invariance in the y-direction is maintained, so we have a one-dimensional
dispersion E(k,). The boundaries of the system at z = +L/2 introduce
edge modes, which are visible in panel a as linearly dispersing modes near
ky = £1L/1%, (modulo 7/a). Panels b,c,d focus on the region near k, = 0,
where these edge effects can be neglected. The effect on the dispersion of
a variation in € and &’ is qualitatively similar to that obtained from the
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3.9 Conclusion

kW =1 k: — /o)W —10/3]

YNV Al AV &

)

Figure 3.10: Dispersion relations of a slab (thickness W = 10v/2a in the
z-direction, infinitely extended in the y—z plane) in zero magnetic field. The
plots are calculated from the tight-binding model of Sec. 6.A (with to = 0.04¢1,
0to = —0.02t1, corresponding to € = 0.06 ¢4, e = 0.02 t1). The left and right
panels show the dispersion as a function of k. and k,, respectively. The curves
are colored according to the electron density on the surfaces: red for the bottom
surface, blue for the top surface, with bulk states appearing black.

analytical solution of the continuum model, compare the four panels of
Fig. 3.12 with the corresponding panels in Fig. 3.16.

The width §F of the dispersive Landau bands (from maximum to min-
imum energy) is plotted as a function of 1/B in Fig. 3.13 and the peri-
odicity A(1/B) is compared with the predicted Eq. (3.21) in Fig. 3.14.
To remove the rapid Shubnikov-De Haas (SdH) oscillations we averaged
over an energy interval AFE around Er. This corresponds to a thermal
average at effective temperature Teg = AE/4kp. From Eq. (3.31), with
krpa =~ 0.2, W/W, ~ 1.5, we estimate that the characteristic energy scale
at which the oscillations average out is five times smaller for the SdH os-
cillations than for the oscillations due to magnetic breakdown, consistent
with what we see in the numerics.

3.9 Conclusion
In conclusion, we have shown that Kramers-Weyl fermions (massless fer-
mions near time-reversally invariant momenta) confined to a thin slab

have a fundamentally different Landau level spectrum than generic mass-
less electrons: The Landau levels are not flat but broadened with a band
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal
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Figure 3.11: Panels a (full Brillouin zone) and b (zoom-in near k, = 0) show
equi-energy contours at £ = 0.167t; (when W =~ 1.5 W,), for the same system
as in Fig. 3.10. In panels ¢ and d the spin-independent hopping term o is
increased by a factor 5 (at the same dto = —0.02¢1).

width that oscillates periodically in 1/B. The origin of the dispersion
is magnetic breakdown at Weyl points, which couples open orbits from
surface Fermi arcs to closed orbits in the interior of the slab.

The band width oscillations are observable as a slow modulation of
the conductance with magnetic field, on which the rapid Shubnikov-de
Haas oscillations are superimposed. The periodicities are widely sepa-
rated because the quantized areas in the Brillouin zone are very different
(compare the areas Sy and Sy in Fig. 3.5). This is a robust feature of
the band structure of a Kramers-Weyl semimetal, as illustrated in the
model calculation of Fig. 3.11. Since generic Weyl fermions have only the
Shubnikov-de Haas oscillations, the observation of two distinct periodic-
ities in the magnetoconductance would provide for a unique signature of
Kramers-Weyl fermions.
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3.9 Conclusion
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Figure 3.12: Dispersion relation of a strip (cross-section W x L with W =
10a’ and L = 30a’) in a perpendicular magnetic field B = 0.00707 (h/ea?)
(magnetic length l,, = 4.74a). The four panels correspond to to/t1,dto/t1
equal to 0,0 (panel a), 0.04,—0.02 (panel b), 0.04, —0.04 (panel c), 0.16, —0.16
(panel d). The surface Fermi arcs near k, = 0 form closed orbits in panel a,
producing flat Landau levels, while in panel d they form open orbits with the
same linear dispersion as in zero field. Panels b,c show an intermediate regime
where magnetic breakdown between closed and open orbits produces Landau
bands with an oscillatory dispersion.

The dispersive Landau band is interpreted as the band structure of
a one-dimensional superlattice of magnetic breakdown centra, separated
in real space by a distance £ = (eBag/h)~' — which in weak fields
is much larger than the atomic lattice constant ag. Such a magnetic
breakdown lattice has been studied in the past for massive electrons [70],
the Kramers-Weyl semimetals would provide an opportunity to investigate
their properties for massless electrons.

The tight-binding model calculations were performed using the Kwant
code [47].
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal

S5 F -
7

= 4t i
=

w

= 3 r -
S

3

Z oot i
=

&

— 1+ -
)

>

=

2 0

i 0.25 0.5 0.75 1

3 1/B x 10*d’ae/h

Figure 3.13: Band width of the Landau levels versus inverse of magnetic field
for W = 10a’, L = 500a’, 6top = —0.02¢; and three different values of to. The
band widths are averaged over an energy window AE = 0.004t; around the
Fermi energy Fr = 0.167t;. The rapid Shubnikov-de Haas oscillations are
averaged out, only the slow oscillations due to magnetic breakdown persist.
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Figure 3.14: Periodicity in 1/B of the Landau band width oscillations as a
function of the Fermi energy, for W = 10a’, L = 500a’, to = 0.04t;, and
dto = —0.02¢t;. The filled data points are obtained numerically from the Landau
band spectrum, similarly to the data shown for one particular Er in Fig. 3.13.
The open circles are calculated from the area Sy of the closed orbit in momentum
space (as indicated in Fig. 3.11b), using the formula A(1/B) = 2we/hSo.
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Appendices

3.A Coupling of time-reversally invariant
momenta by the boundary

The derivation of the boundary condition for Kramers-Weyl fermions in
Sec. 3.2 relies on pairwise coupling of Weyl cones at a TRIM by the
boundary. Let us demonstrate that this is indeed what happens.

Consider a 3D Bravais lattice and its Brillouin zone. A time-reversally-
invariant momentum (TRIM) is by definition a momentum K such that
K = — K+G with G areciprocal lattice vector, or equivalently, K = %G.
Now consider the restriction of the lattice to z > 0, by removing all lattice
points at x < 0. Assume that the restricted lattice is still periodic in the
y—z plane, with an enlarged unit cell. Fig. 3.8 shows an example for a
cubic lattice.

The enlarged unit cell will correspond to a reduced Brillouin zone, with
a new set of reciprocal lattice vectors G. The original set K1, Ko, K3, ...
of TRIM is folded onto a new set K1, K, K, ... in the reduced Brillouin
zone. The folding may introduce degeneracies, such that two different
K’’s are folded onto the same K. The statement to prove is this:

e Each TRIM K in the folded Brillouin zone is either degenerate
(because two K'’s were folded onto the same K), or there is a second
TRIM K’ along the k,-axis.

Fig. 3.9 illustrates that this statement is true for the cubic lattice. We
wish to prove that it holds for any Bravais lattice.

Enlargement of the unit cell changes the primitive lattice vectors from
a1,as, a3 into ay, as,as. The two sets are related by integer coefficients
Mg,

3
a; = Znijaj, Nij € Z. (336)

j=1
The corresponding primitive vectors b, b in reciprocal space satisfy

bi ;= 27‘((51']', Ei . &j = 27T(Sij. (337)
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal

Any momentum k can thus be expanded as

oo L k)B; = ; 3.38
= 57 2@ B =5 3 (3.38)

A TRIM K, in the first Brillouin zone of the original lattice is given
by

3
Z Meibi, M € {0,1}. (3.39)

l\)\»—t

The index o labels each TRIM, identified by the 8 distinct triples (mq 1, Ma,2, Ma,3) €
Zy ® Z3 ® Z5. Subsitution into the expansion (3.38) gives

3 3
1 ~
Ka == %mel % Z nij(aj . bl)bl
=1 1,j=1
3 ~
= % Z ma,jnijbi. (340)
i,j=1

Ma,1 Ma,2 Ma,3
M1 N2 143 (mod 2) 000 001 010 011 100 101 110 111
000 0o 0 0 0 0 0 0 0
001 o i 0 ; 0o + 0 %
010 o o0 3 5 0 0 I 3
011 o 1 % 0 0 % % 0
100 o 0 0 0 % : 2 3
101 o 3 O % 3 0z 0
110 o o ¥ 3 - 4 0 0
111 o 1 % 0 2 o 0 3

Table 3.1: Values of v,,; calculated from Eq. (3.41), for each triple ni1 ni2 ni3
and each triple ma,1 Ma,2 Ma,3 (both € Zo ®Z5 ®Z3). If we select any two rows
and intersect with any column to obtain an ordered pair of values v, 7', we can
then find a second column with the same v, at the intersection.

We now fold K,, — K,, into the first Brillouin zone of the b reciprocal
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3.B Criterion for the appearance of surface Fermi arcs

vectors,

3
Ka == Z Va,il;ia Voz,i S [Oa 1)>
= (3.41)

Meq, 5T (I’IlOd 1).

N

Va,i =
j=1
In Table 3.1 we list for each TRIM and each choice of (n;1,n42,n:3) €
Z5 ® Zs ® Zs the corresponding value of v,; € {0, 3}.
We fix the y and z-components of K, by specifying v4.2 and v43 €
{0, 3} and ask how many choices of o remain, so how many values of a
satisfy the two equations

3
Va2 = %Zn%ma,i (mod 1),

=1

; (3.42)
Va3 = %animw (mod 1).

i=1
Inspection of Table 3.1 shows that the number of solutions is even.
More specifically, there are

e & solutions if no1, nos, nog and ngy, n3s, n3z both equal 000 mod 2;

e 4 solutions if only one of nsy,nas, no3 and nsi, n3s, n3z equals 000
mod 2;

e 4 solutions if nay, nao, nag and ngq, n3o, n3s are identical and different
from 000 mod 2;

e 2 solutions otherwise.

The multiple solutions correspond to pairs K, and Kpg that are either
folded onto the same K, = K (if det n = 0 mod 2), or onto K, and Kp
that differ only in the z-component (if detn = 1 mod 2). These are the
TRIM that are coupled by the boundary normal to the z-axis.

3.B Criterion for the appearance of surface
Fermi arcs

When the boundary couples only Weyl cones of the same chirality, these
persist and give rise to surface Fermi arcs. If, however, opposite chiralities
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3 Magnetic breakdown spectrum of a Kramers-Weyl semimetal

are coupled, then the boundary gaps out the Weyl cones and no Fermi
arcs appear. Which of these two possibilities is realized can be determined
by using that the parity of ma1 + M2 + Mma3 determines the chirality of
the Weyl cone at K.

Table 3.2 identifies for each choice of ny1, ngo, n33 and nz, n3e, N3z how
many pairs of Weyl cones of opposite chirality are folded onto the same
point of the surface Brillouin zone. We conclude that surface Fermi arcs
appear if either

® ny; +n3; = 1 mod 2 for each i, or
® N91,M92,N93 = 111 mod 2, or

® N31,MN32,M33 = 111 mod 2.

T31 N32 N33 (mod 2)
naj Nz nog (mod 2) | 000 001 010 011 100 101 110 111
000 4 2 2 2 2 2 2 0
001 2 2 1 1 1 1 0 0
010 2 1 2 1 1 0 1 0
011 2 1 1 2 0 1 1 0
100 2 1 1 0 2 1 1 0
101 2 1 0 1 1 2 1 0
110 2 0 1 1 1 1 2 0
111 0 0 0 0 0 0 0 0

Table 3.2: Number of pairs of opposite-chirality Weyl cones that are coupled
by a surface termination characterized by the integers na;,ms.:, ¢ € {1,2,3}.
When this number equals 0 the surface couples only Weyl cones of the same
chirality and surface Fermi arcs will appear. If the number is different from zero
the surface does not support Fermi arcs.

3.C Calculation of the dispersive Landau
bands due to the coupling of open and
closed orbits

To calculate the effect of the coupling of open and closed orbits on the

Landau levels we apply the scattering theory of Refs. 60, 70, 72 to the equi-
energy contours shown in Fig. 3.15. We distinguish the two Weyl points at
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3.C Calculation of the dispersive Landau bands due to the coupling of open and closed orbits

k, =0 and k, = m/ag by their different magnetic breakdown probability,
denoted respectively by Tvp = 1 — Ruvp and Tyz = 1 — Ry. The areas
of the closed orbits may also differ, we denote these by Sy and S| and the
corresponding phase shifts by ¢ = Spl2, + 27v and ¢’ = S)I2, + 27v.

The coupling of the closed and open orbits at these two Weyl points is
described by a pair of scattering matrices, given by

b\ (7 t b}f _ TMBGi¢/2
(b§> B (t T) . <bR>7 - Rype™®’ (3.438)
TupV Rype™®
t=— —_— .43b
\/EMB + 1 — Rapei® (3 3 )

for the Weyl point at k., = 0, and similarly for the other Weyl point at
k. = m/ap (with Typ — TYg, ¢ — ¢’). The coefficients can be rearranged
in an energy-dependent transfer matrix,

b\ b (t=rt 1/t
and similarly for 7’ (with ¢ — ¢, r — ¢’). The transfer matrices are
energy dependent via the energy dependence of Sy and hence of ¢.

We ignore the curvature of the open orbits, approximating them by
straight contours along the line k, = E//hv,. The phase shift accumulated
upon propagation from one Weyl point to the next, in the Landau gauge
A = (0,—Bz,0), is then given by

E 7, )

=——1 = . =eB h. 3.45
o gt = fagr e = eBuyao/ (3.45)

The full transfer matrix over the first Brillouin zone takes the form

!
T Tp

/hwy I T+ et
agr bL.bR’ cf, XCr

07 O
Jag by T by e X g

—E/hvy —

—7/ag 0 m/ag k.

Figure 3.15: Equi-energy contours in the ky—k. plane. The labeled wave am-
plitudes are related by the scattering and transfer matrices (3.43)—(3.46).
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Figure 3.16: Dispersion relation of the slab in a perpendicular magnetic field,
calculated from Egs. (3.47) and (3.48) for W = 1.8a9, So=Sp, v = 1/2,
B = 0.1h/ea3. The four panels correspond to different choices of the mag-
netic breakdown probabilities Thvp and Ty at the two Weyl points. At the two
extremes of strong and weak magnetic breakdown we see dispersionless Lan-
dau levels (left-most panel) and linearly dispersing surface modes (right-most
panel).

+ +
R\ _ agr
(CR> = 7;otal(E‘) (aR> )

oo t =2/t N (e 0 t—r2/t r/t\ (e 0
total = —r'/t 1/t 0 e —r/t 1/t 0 e ™)
(3.46)

(€ Raan) (£~ i) + (1~ ¢ Ro) (1~ i)
e? (et — 1) (e —1)\/RusRip
—QTMBTMBe%i(¢+¢')+2i¢

9 (e — 1) (e — 1)/ Ronem Ry

tr Tootal =

(3.47)

Because det Tiota1 = 1, the eigenvalues of Tiota cOme in inverse pairs
A, 1/A. The transfer matrix translates the wave function over a period £
in real space, so we require that A = €’9* for some real wave number g,
hence A + 1/\ = €'F 4 e7%9%  or equivalently [72]

tr Trotal (E) = 2 cosqL. (3.48)
(In the main text we denote ¢ by k,, here we choose a different symbol as

a reminder that ¢ is a conserved quantity, while the zero-field wave vector
is not.) A numerical solution of Eq. (3.48) is shown in Figs. 3.7 and 3.16.
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3.D Landau levels from surface Fermi arcs
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Figure 3.17: Magnetic field dependence of the energy spacing of the Landau
levels near E = 0. The numerical data is for the slab geometry of Fig. 3.12
(W = 11a’, L = 30a’) at to = dto = 0 so that the probability of magnetic
breakdown is unity and the Landau levels are dispersionless. The predicted
energy spacing fiw. = eBvra’ is the black dotted line.

For T\p and Ty;p close to unity an analytical solution E,(¢) for the
dispersive Landau bands can be obtained. We substitute ¢ = w(n — v) —
(¢4 ¢')/4+ 7dE /hw, into Eq. (3.47) and expand to second order in 6F
and to first order in Ryg, Rj;3. Then we equate to 2cos¢L to arrive at

By (q) = (n—v)hw. £ 6E(g), (3.492)
(m6E [hwe)? = p+ p' + 23/ pp’ cos qL, (3.49b)
p = Rupsin®(¢/2), p' = Ry sin®(¢'/2), (3.49¢)

where ¢ and ¢ are evaluated at F = (n—v)hw,. Corrections are of second
order in Ryvp and Ry and we have assumed that the areas Sy, S; of the
closed orbit are small compared to kg/ag — so that variations of ¢ and ¢’
over the Landau band can be neglected relative to the band spacing hw..

3.D Landau levels from surface Fermi arcs

As explained in Fig. 3.6, the spacing of Landau levels formed out of surface
Fermi arcs varies o« B — in contrast to the v/ B dependence for unconfined
massless electrons. In the tight-binding model of Sec. 6.A we can test this
by setting ¢ = &/ = 0, so that there are only closed orbits and the Landau
levels are dispersionless. The expected quantization is

E, = (n—-v)hwe, w.=eBvpd'/h, n=0,1,2,... (3.50)
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Figure 3.18: Dispersion relation of the tight-binding model with to = dtg = 0,
for B =7.07-107% h/ea®, L = 30a’, and two values of W = 10a’ and 11a’. The
Landau levels are shifted by half a level spacing when W/a' switches from odd
to even, indicating a shift of the offset v from 0 to 1/2.

with vp the velocity in the surface Fermi arc, connecting Weyl points
spaced by m/a’. As shown in Fig. 3.17, this agrees nicely with the numer-
ics.

In an unconfined 2D electron gas, the offset v equals 1/2 or 0 for massive
or massless electrons, respectively. For the surface Fermi arcs we observe
that v depends on the parity of the number of unit cells between top
and bottom surface: v = 0 if W/a' is odd, while v = 1/2 if W/d' is
even. This parity effect suggests that the coupling of Fermi arc states on
opposite surfaces, needed to close the orbit in Fig. 3.1, introduces a phase
shift that depends on the parity of W/a'. We are not aware of such a
phase shift for generic Weyl semimetals [61, 62, 73, 74], it seems to be
a characteristic feature of Kramers-Weyl fermions that deserves further
study.
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4 Supercell symmetry
modified spectral statistics
of Kramers-Weyl fermions

4.1 Introduction

The Wigner surmise P(s) oc 87 for the probability distribution of level
spacings [75] is a quantum signature of chaos [76]. The exponent 3, the
Dyson index [77], can take on the values 1, 2 or 4, depending on the pres-
ence or absence of time-reversal symmetry and spin-rotation symmetry.
Electrons in zero magnetic field have 8 = 1 in the absence of spin-orbit
coupling and 8 = 4 with spin-orbit coupling, while 8 = 2 in a magnetic
field irrespective of the spin degree of freedom. In the context of random-
matrix theory one says that the Hamiltonian belongs to the universality
class of the Gaussian Orthogonal Ensemble (8 = 1, GOE), Gaussian Uni-
tary Ensemble (8 = 2, GUE), or Gaussian Symplectic Ensemble (5 = 4,
GSE).!

This classification applies both to massive electrons [78] (e.g. in a metal
grain or in a semiconductor quantum dot) and to massless electrons [79]
(e.g. in graphene or on the surface of a topological insulator). Here we
consider a specific model in the latter category: Massless electrons (Weyl
fermions) with a band crossing (Weyl point) enforced by Kramers de-
generacy [9, 10]. These low-energy excitations known as Kramers-Weyl
fermions appear at time-reversally invariant momenta II in the Brillouin
zone (such that IT and —II differ by a reciprocal lattice vector). A strong
spin-orbit coupling without reflection or mirror symmetry produces a lin-
ear band splitting +(p — IT) - & near each of the high-symmetry points.
The =+ sign designates the chirality of the excitations.

On a three-dimensional (3D) cubic lattice (unit lattice constant ag) the

1The orthogonal, unitary, and symplectic matrices in this nomenclature refer to the
matrix that diagonalizes the Hamiltonian.

69
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Figure 4.1: Distribution of the level spacings dF (normalized by the mean
spacing (6E) = § = 4.04 - 1073 v/ao) of the Hamiltonian (6.2), for t = 0 (blue)
and ¢ # 0 (red), on a 20 x 20 x 20 cubic lattice. The potential V' was chosen inde-
pendently on each site from a uniform distribution in the interval (—Vy/2,Vy/2)
with Vo = 1.5v/ag. The solid and dashed black curves give the Wigner surmise
for § =1 and B = 4, respectively.

Hamiltonian

H =v(oysinp, + oy sinp, + o, sinp,)
+ tog(cos py + cospy + cosp,) + V(r)og (4.1)

describes Kramers-Weyl fermions of positive chirality with momenta near
(0,0,0), (mw,7,0), (m,0,7), (0,7, 7) and of negative chirality near (, 7, ),
(r,0,0), (0,7,0), (0,0,7). The Hamiltonian contains spin-independent
terms, hopping terms o cosp, and a scalar potential V', as well as spin-
orbit coupling terms o« o sin p,,.

The numerical study of the spectral statistics of Kramers-Weyl fermions
that prompted our investigation is shown in Fig. 4.1. A quantum dot is
formed by restricting the lattice to a small region and chaotic dynamics is
produced by a random potential. For ¢ = 0 the level spacing distribution
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4.2 Supercell symmetry

is well described by the 8 = 1 Wigner surmise (orthogonal statistics),
while the spin-orbit coupling would have suggested symplectic 8 = 4
statistics. Paradoxically, the 8 = 4 distribution requires the addition of
spin-independent hopping.

In the next section we construct the “fake” time-reversal operation 7T*
that squares to +1 and is responsible for the § = 1 spacing distribution
when ¢ = 0. The supercell symmetry that enables 7* is broken by the
cos p terms, which reveal the true 7T, squaring to —1 with a 5 = 4 spac-
ing distribution. In Sec. 4.3 we investigate how the symmetry breaking
manifests itself in a transport property (the magnetoconductance). The
analytical results are compared with numerical simulations in Sec. 6.A. In
the concluding section we make contact with the spectrum of lattice Dirac
operators on a torus, which shows a similar shift of symmetries when the
number of lattice sites changes from even to odd [80, 81].

4.2 Supercell symmetry

4.2.1 Zero magnetic field

The tight-binding Hamiltonian of a spin-1/2 degree of freedom with nearest-
neighbor hopping and on-site disorder on an orthorhombic lattice (lattice
constants a, ay, a.) has the generic form [9]

H = Z [taao COS A Pa + Va0q sin aapa] + V(r)oo. (4.2)

a=x,y,z

Both the spin-independent hopping energies ¢, and the spin-orbit coupling
amplitudes v, may be anisotropic. We set i equal to unity, p, = —i0/0x,
is the momentum operator, the Pauli spin matrices are o = (0,,0y,0),
and o is the 2 x 2 unit matrix.

The Hamiltonian (7.5) is constrained by the symplectic symmetry

H=0,Ho,=THT. (4.3)

This is a time-reversal operation that changes the sign of both o and p =
—1V, leaving H invariant. The operator 7 = o, x complex conjugation
squares to —1, thus we expect GSE statistics, while GOE statistics would
require a time-reversal operator that squares to +1.

The eight flavors of Kramers-Weyl fermions at p, € {0,7/aq} are dis-
placed in energy from E = 0 by the ¢, terms. Without these terms, the
Hamiltonian

Ho = Z Va0q SiNagpa + V(r)og (4.4)
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4 Supercell symmetry modified spectral statistics of Kramers-Weyl fermions

has the supercell symmetry?

U,HoU] = Ho, U, = oye™tmn= p, = 2% ez (45)

(0

which transforms p, — p, + 7/az, p. — p. + m/a., while leaving p,
unaffected. The operator U, thus maps each Kramers-Weyl fermion onto
a partner of the same chirality.

Since Uy2 = 1 its eigenvalues are £1 and we can block-diagonalize H,
in sectors of the Hilbert space where U,¥ = +W¥. In a given sector the
time-reversal operator 7 = o, x complex conjugation can be replaced by

T =xTU, = TFelmme s complex conjugation. (4.6)

The “fake” time-reversal operator T* squares to +1, so each sector has
an orthogonal time-reversal symmetry.

The spin-independent hopping terms in the full Hamiltonian (7.5) break
the supercell symmetry if two or more of the t,’s are nonzero. (If only
a single to # 0 the symmetry U, = 4™ 2a’#a "o’ remains unbroken. )
We would thus expect a 8 = 1 to 8 = 4 transition in the level spacing
distribution P(s) o< s” when ¢ becomes larger than the mean level spacing

J.

4.2.2 Nonzero magnetic field

A magnetic field B breaks time-reversal symmetry, driving both orthogo-
nal (8 = 1) and symplectic (8 = 4) level spacing distributions towards the
unitary (8 = 2) result. The degeneracy of the 8 = 2 spectra is different
in the two cases.

For B = 0 each energy level is twofold degenerate (Kramers degener-
acy). In a magnetic field the degeneracy is broken for a nonzero t,, but
it remains when t,,%,,t., = 0 if the magnetic field enters only via the
substitution p — p + eA — so only as an orbital effect, no Zeeman effect
on the spin.

This persistent degeneracy is due to the fact that the supercell symme-
try U, is not broken by the substitution p — p + eA. Starting from a
Hamiltonian which commutes with U, and U, and an energy eigenstate ¥
such that U,¥ = ¥ we can then construct another eigenstate ¥’ = U, ¥

2The unitary transformation (4.5) has a periodicity of twice the lattice constant,
hence the name “supercell symmetry”, suggested to us by Anton Akhmerov.
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4.3 Supercell symmetry effects on the conductance

at the same energy eigenvalue. The two states ¥ and ¥’ are orthogonal,

(W[W) = (WU, W) = (WU UUy[¥)
= (WU ¥) = —(¥|T) = (¥|¥') =0, (4.7)

so the energy eigenvalue is twofold degenerate.

4.3 Supercell symmetry effects on the
conductance

The appearance of the supercell symmetry can be probed via the electrical
conductance G. In a magnetic field, the 5 =1 — g = 2 transition gives
an increase in G (weak localization), while the f =4 — 8 = 2 transition
gives a decrease in G (weak antilocalization). The theoretical prediction
for this quantum correction 0G = G(B) — G(0) is [82]
5G:262X{1/3 for =1-2, 48)
h —1/6 for f=4—2.
This result applies to the disorder-averaged conductance in a wire geom-
etry (length L large compared to the width W), with a large number
N > 1 of propagating modes, in the diffusive regime (L much larger
than the mean free path [, but much smaller than the localization length
& = NI).

An alternative way to probe the symmetry class is via the sample-
to-sample fluctuations of the conductance. According to the theory of
universal conductance fluctuations [83, 84], the variance Var G of the con-
ductance is proportional to g2/, where g is the level degeneracy factor.
In our case the § = 1 — = 2 transition happens at fixed g = 2, while
the 8 = 4 — 8 = 2 transition is accompanied by ¢ = 2 — g = 1, hence
in both cases the magnetic field reduces the variance by a factor of two.
The predicted values in a wire geometry are [82]

(4.9)

2\ 2 B
VarG:(Qe) ><{2/15—>1/15 for =1—2,

h 1/30 - 1/60 for =4 — 2.
For these quantum interference effects the crossover to f = 2 hap-
pens when the magnetic flux through the wire becomes larger than a flux

quantum h/e. Which of the two transitions applies, 5 =1 — 8 =2 or
08 =4 — B = 2, depends on whether the supercell symmetry breaking
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4 Supercell symmetry modified spectral statistics of Kramers-Weyl fermions

term ¢ is small or large compared to the Thouless energy Et = (h/e?)G6.
In a diffusive multimode wire G > €?/h = Et > §, hence the range
of t governed by the supercell symmetry is much larger for the conduc-
tance, when we need t < ET, than it is for the level repulsion, when the
condition is t < 4.

4.4 Numerical results

We have studied the effect of the supercell symmetry numerically, using
the Kwant tight-binding package [47, 85]. For computational efficiency
we took a 2D square lattice, rather than a 3D lattice, given by the Hamil-
tonian

H = v(oysinaopy + oy sinagpy)
+ tog(cos agpy + cosappy) + V(r)oy. (4.10)

The random potential V' was chosen independently on each site, uniformly
in the interval (—=V4/2,V5/2).

For the level statistics we took a square geometry,® on a lattice of size
200ag x 200ag. We calculated the distribution of the nearest-neigbor
spacings of the twofold degenerate levels in the interval |[E—0.2v/ag| < 4-
1073 v/ag (mean level spacing § = 3.56-10~* v/ag, approximately constant
in this energy range), averaging over some 2000 disorder realizations. Note
that the disorder potential breaks chiral symmetry,* so there is no +F
symmetry in the spectrum.

As an extra check, we also calculated the ratio distribution [86], mean-
ing the probability distribution P(r) of the ratio r, = $,/sn—1 of two
consecutive level spacings s, = Epnt1 — Ey.

For the conductance we took a disordered wire of width W = 200 aq
and length L = 1000 ag. The end points are connected to heavily doped
metal leads, modelled on the lattice by breaking the transverse bonds. The
transmission matrix ¢ at Fermi energy E determines the zero-temperature
two-terminal conductance G' = (e2/h) Trtt". We took E = 0.2v/ag, when
the number of propagating modes through the disordered region equals
N = 52 (counting degeneracies). The mean free path for Vo = 0.5v/qay is
estimated at [ = 150 ag, from the Drude formula G ~ (Ne?/h)(1+L/1)~*.

3In all our systems we truncate the lattice without applying periodic boundary con-
ditions. The parity of the number of lattice sites then does not matter.

4Chiral symmetry means that the Hamiltonian o sinp, + oy sin py anticommutes
with o, enforcing a £F symmetry in the spectrum. This symmetry plays no role
in our analysis, because it is broken by the Vog disorder potential.
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The localization length & = NI is then larger than L, so we are in the
diffusive regime.

Fig. 4.2 shows the transition from the § = 1 to 8 = 4 level spacing
and ratio distributions. The transition from weak localization to weak
anti-localization is shown in Fig. 4.3, as well as the transition from g =1
to 8 = 4 conductance fluctuations. It is difficult to fully reach the large-IN
regime where the analytical results (4.8) and (4.9) apply, so the agreement
analytics—numerics remains qualitative for the conductance.

In Fig. 4.4 we show that the effect of the supercell symmetry is sup-
pressed more rapidly by the spin-independent hopping energy t if we con-
sider the level spacings (when we need ¢ 2 §) than it is if we consider
the conductance (when we need ¢ > Etr). In the conductance calcula-
tions G ~ Te?/h = Et/6 ~ 7, so we expect about an order of magnitude
difference in the onset of the two transitions, in accord with Fig. 4.4.

4.5 Conclusion

In summary, we have identified a supercell symmetry and a resulting
“fake” time-reversal symmetry operation, squaring to +1 rather than —1,
which explains the § = 1 spectral statistics of the Kramers-Weyl Hamilto-
nian (6.2) in the absence of the spin-independent hopping term o ¢ cos p.
The same symmetry is responsible for the appearance of weak localization
in the magnetoconductance.

The crossover from § = 1 to 8 = 4 level repulsion happens quickly,
when ¢ becomes larger than the mean level spacing §. The crossover from
weak localization to weak antilocalization happens at larger ¢, larger by a
factor of conductance G x h/e?. This delayed crossover in the magneto-
conductance may make the effect of the supercell symmetry more easily
observable.

A similar shift of symmetries has been observed when comparing two
discretization schemes of lattice Dirac operators on a torus [80, 81]. The
Dirac Hamiltonian —iV - o needs a special “staggered” discretization of
the spatial derivative to make sure that the low-energy states are only
near p = 0. The “naive” discretization df/0x — (2a)7[f(x +a) — f(z —
a)] introduces an additional Dirac cone at p = m/a (fermion doubling
[88, 89]).

If one then imposes periodic boundary conditions, the naive discretiza-
tion obeys the supercell symmetry (4.5) if the number of lattice sites is
even but not if it is odd. The way this works out for the spectral statistics
is different in Refs. [80, 81] than it is here, because of the presence of chiral
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symmetry, but the mechanism is the same.
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Figure 4.2: Top panel: Same as Fig. 4.1, but now for a 2D square lattice
(size 200 x 200, disorder strength Vo = 0.5v/ao) and for four values of the
spin-independent hopping energy t. The bottom panel shows the corresponding
ratio distribution (with the 8 =1 and 8 = 4 limits from Ref. 86).
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Figure 4.3: Magnetic field dependence of the conductance mean 6G = (G(B))—
(G(0)) (top panel) and conductance variance Var G = (G(B)?) — (G(B))? (bot-
tom panel), averaged over disorder in a conducting wire (length L = 1000, width
W = 200, disorder strength Vo = 0.5v/ag, Fermi energy F = 0.2v/ag). The
blue data points are in the presence of the supercell symmetry (¢t = 0), for the
gold data points the symmetry is broken (¢ = 0.1v/ao). The arrows and dashed
lines indicate the analytical predictions (4.8) and (4.9) in the limit N — co.
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Figure 4.4: Transition from 5 = 1 to f = 4 with increasing spin-independent
hopping energy ¢, as measured via the level spacing distribution (red data points,
same parameters as in Fig. 4.2) or via the variance of the conductance (blue
data points, same parameters as in Fig. 4.3, at B = 0). The transition is
quantified by an effective parameter Seg. For the conductance this is defined
by Ber = 12 (€?/h)*(Var G)~'. For the level spacing we fitted the data to the
Wigner surmise interpolation [87] P(s) = cs”*ff exp(—c's?), with s = /8 and
coefficients ¢, ¢’ such that the zeroth and first moments of P(s) are equal to
unity.
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5 Chiral charge transfer along
magnetic field lines in a
Weyl superconductor

5.1 Introduction

Three-dimensional Weyl fermions have a definite chirality, given by the +
sign in the Weyl Hamiltonian +p - o. Three spatial dimensions are essen-
tial, if p- o = pyo, + pyo, contains only two Pauli matrices, then +p- o
and —p-o can be transformed into each other by a unitary transformation
(conjugation with o,). The chirality is therefore a characteristic feature
of 3D Weyl semimetals, not shared by 2D graphene.

The search for observable signatures of chirality is a common theme
in the study of this new class of materials [13, 66, 90, 91]. The basic
mechanism used for that purpose is the chirality dependent motion in
a magnetic field: Weyl fermions in the zeroth Landau level propagate
parallel or antiparallel to the field lines, dependent on their chirality [92].
A population imbalance between the two chiralities then produces the
chiral magnetic effect [93, 94]: An electrical current along the field lines,
which changes sign if the field is inverted.

Here we present a novel, albeit less dramatic, signature of chirality:
An electrical conductance which depends on the magnetic field direction.
The effect appears if superconductivity is induced in a magnetic topo-
logical insulator, in the layered geometry of Meng and Balents [6] (see
Fig. 7.1). The superconductor cannot gap out the Weyl points of oppo-
site chirality, provided that the induced pair potential Ag remains smaller
than the magnetization energy 5. The main effect of the superconduc-
tor is to renormalize the charge of the quasiparticles [95], by a factor
K=+/1—A3/B%

A magnetic field B perpendicular to the layers penetrates in an array
of h/2e vortices. The zeroth Landau level is a dispersionless flat band
in the plane of the layers — the chirality of the Weyl fermions prevents
broadening of the Landau band by vortex scattering [96].
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5 Chiral charge transfer along magnetic field lines in a Weyl superconductor

Figure 5.1: Left panel: Weyl superconductor formed by alternating layers of
magnetic topological insulator (TI, magnetization ) and s-wave superconduc-
tor (S, pair potential Ag, chemical potential i), between normal-metal contacts
(N7 and N2. A magnetic field B perpendicular to the layers (along z) produces
a Landau band that is dispersionless in the x—y plane, with free propagation
in the z-direction. Right panel: Weyl points of opposite chirality at k, = £ K.
For p # 0 the conductance G = I»/V1 depends on whether the magnetic field
points parallel or antiparallel to the vector from —K to +K.

Following Ref. 97 we probe the Landau band by electrical conduction: A
voltage V7 applied to contact N induces a current I, = GV} in contact Ns.
This is a three-terminal circuit, the grounded superconductor being the
third terminal. The chemical potential pux in the normal-metal contacts
is assumed to be large compared to the value p in the superconductor.
We calculate the dependence of the conductance G(£B) on the direction
of the magnetic field B, relative to the separation of the Weyl points of
opposite chirality.

When the chemical potential is at the Weyl point (1 = 0) the conduc-
tance is determined by the renormalized charge and B only enters via the
Landau band degeneracy [97],

G = k*Gy, Go=(e*/h)Ng, at p =0, (5.1)

with Ng = eBS/h the flux through an area S in units of h/e. We gener-
alize this result to nonzero p and find that

5G = G(B) — G(~B) = (4/B)(x* - r)Co. (5.2)
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5.2 Weyl superconductor in a magnetic vortex lattice

The conductance thus depends on whether the magnetic field points from
+ chirality to — chirality, or the other way around.

The outline of the chapter is as follows. In the next section we formulate
the problem of electrical conduction along the magnetic vortices of a Weyl
superconductor. The key quantity to calculate is the charge e* transferred
by the quasiparticles across the normal-superconductor interface. At u =
0 this is simply given by the renormalized charge ke of the Weyl fermions
[97], but that no longer holds at nonzero p. In Secs. 5.3 and 5.4 we apply
a mode matching technique developed in Ref. 98 to calculate e*. The
conductance then follows in Sec. 5.5. These are all analytical results, we
test them on a computer simulation of a tight-binding model in Sec. 6.A.
We conclude in Sec. 7.6.

5.2 Weyl superconductor in a magnetic
vortex lattice

We consider a three-dimensional Weyl superconductor [6] (Fermi velocity
v, chemical potential u, s-wave pair potential Aoew), sandwiched be-
tween metal contacts Ny and Ny at 2 = £L/2 (see Fig. 7.1). A magnetic
field B > 0 in the z-direction penetrates the superconductor in the form
of a vortex lattice. The superconducting phase ¢ winds by 27 around
each vortex (at position R,,),

VxVé=2m2> 6(r—Ry). (5.3)

The Bogoliubov-De Gennes Hamiltonian is

H=vpr,7.(k-0)— evprpT.(A-0)+ 1y O

— 1, To00 + Ao (v cos ¢ — vy sin @) 1o00. (5.4)

The Pauli matrices o, T4, Vo act respectively on the spin, subband, and
electron-hole degree of freedom. We set & to unity and choose the electron
charge as +e. The magnetization 8 = Bng (with ng a unit vector) may
point in an arbitary direction relative to B =V x A = BZ. We choose a
gauge in which A, = 0 and both A and ¢ are z-independent.

The Weyl points in zero magnetic field are at momentum k = +K =

+Kng with
vpK = kB3, k= 4/1—A3/B2 (5.5)

83



5 Chiral charge transfer along magnetic field lines in a Weyl superconductor

The Weyl cones remain gapless provided that Ay < §. In a magnetic
field the states condense into Landau bands, dispersionless in the plane
perpendicular to B, but freely moving along B.

A quasiparticle in a Landau band, at energy E, has charge expectation
value Q = —edE/Ou. At the Weyl point, u = 0 = E, this equals [95]

Qo = ke = ey/1 — A2/32. (5.6)

We seek the charge e* transferred into the normal-metal contact by a
quasiparticle in the Landau band. At g = 0 this was calculated in Ref.
97, with the result e* = Q. We wish to generalize this to nonzero u. For
that purpose we apply a methodology developed for a different problem
in Ref. 98, as described in the next section.

5.3 Fractional charge transfer

5.3.1 Matching condition

The particle current operator ¢, and charge current operator j., both in
the z-direction, are given by

’LA}Z = 87—[/8/€z = VUpV,T,0,,

) (5.7)
Jj.=—0H/OA, = evpryT,0,.
In what follows we set vp and e equal to unity, for ease of notation.

The chirality x = 1 of a mode in the superconductor (S) determines
whether it propagates in the 4z direction or in the —z direction. We
position the normal-superconductor (NS) interface at z = 0, so that the
mode in S approaches it from z < 0 for y = +1 and from z > 0 for
x = —1.

We assume that the chemical potential uy in N is large compared to the
value p in S. The potential step at the NS interface boosts the momentum
component k, perpendicular to the interface, without affecting the parallel
components kg, ky, so in N only modes are excited with |k,| > |ks|, |k
These are eigenstates of v,7,0, with eigenvalue x, moving away from the
interface in the 4z direction if x = +1 and in the —z direction for y = —1.
Continuity of the wave function ¥ at the interface then gives the matching
condition

v, 7.0, % =x¥ at z=0. (5.8)
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5.3.2 Projection

Because the Hamiltonian (7.5) commutes with 7, we can replace this Pauli
matrix by the subband index 7 = +1 and rewrite the matching condition
(5.8) as x7v,0,¥ = ¥. We define the projection operator

P = 3(1+ x7v:0.), such that PU =W at 2 =0, (5.9)
and project the Hamiltonian (7.5),
PHP = (18 — xu)PjP + Pk.0.P. (5.10)
We have used that A only has components in the z-y plane. The hat on
k., = —i0/0z is there to remind us it is an operator.
We take the z-dependent inner product
(01| Ts). /d:ﬂ/dy\Il2 (x,y,2)¥a(x,y, 2) (5.11)

of Eq. (5.10),
(Tﬁz - XM)<\II‘P32P|\I’>z = <\D|7)5HP|W>za (5 12)
with 6H = H — k. 0.. ’

At the NS interface z = 0 the projector may be removed,
(T2 = xp)( 2] )0 = (L|6H| )0, (5.13)

since neither j, nor &4 contain a z-derivative, so that these operators
commute with the limit z — 0 and we may replace PV by ¥ in view of
the matching condition (5.9). Eq. (5.13) is the key identity that allows us
to calculate the transferred charge.

5.3.3 Transferred charge

Let ¥ be an eigenstate of H at energy E. The transferred charge e*
through the NS interface is given by the ratio

o (W)
= ——— .14
(W T), (5149
Substitution of Eq. (5.13) equates this to
— _ —1 <\IJ|/H_I%Z7A}Z‘\I/>O
= (78 — xn) o0, (5.15a)
Y S L o)
= (78: — xp) (xE AT (5.15b)
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The term yF appears because
(U[H|¥)o = E(¥|¥)o = xE(¥[0:[¥)o, (5.16)

where in the last equality we used the matching condition (5.8).
Particle current conservation requires that

d .
(U0 ¥). = 0. (5.17)

More generally, for our case of a z-independent Hamiltonian it holds that
d A
75 (OIS (k2)0:| 1), = 0 (5.18)

for any function of f of k, (see App. 5.A for a proof). Each of the two
expectation values (- - - }o on the right-hand-side of Eq. (5.15b) can thus be
replaced by (---).. This ratio can then be evaluated for large |z|, far from
the NS interface, where evanescent waves have decayed and ¥ o e*+% is
an eigenstate of k..

We finally obtain the transferred charge

XE - Usz
6 b
TB. — X1

e =

(5.19)
reinstating units of e and vp. For u=0=FE, f = 3., k. = K = kf3/vp
we recover the result e* = ke = Qg of Ref. 97.

It remains to relate the momentum k, of a propagating mode at the
Fermi level to the parameters of the Weyl superconductor. For that we
need the dispersion relation E(k,) of the Landau band, which we calculate
in the next section.

5.4 Dispersion relation of the Landau band

5.4.1 Block diagonalization

We calculate the dispersion relation of the Landau band by means of
the block diagonalization approach of Ref. 96. Starting from the BdG
Hamiltonian (7.5) we first make the Anderson gauge transformation [99]

i¢
H s QHO, with Q = (eo ?) (5.20)
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5.4 Dispersion relation of the Landau band

The subblocks of 2 refer to the electron-hole (v, ) degree of freedom. The
resulting Hamiltonian is

H=v.m.(k+a) oc+1yr.q -0+ 1103 0O
— UV, To00 + Aol/zT()O'(), (521)
a=1Ve, q=1iVe— A (5.22)

Both fields a and g have only components in the z—y plane and are z-
independent.
To focus on states near K we set k = k3 + dk and consider 0k small.
The component parallel to 3 of a vector v is denoted by v = v - ng.
One more unitary transformation H — UTHU with

1-
U=og exp(izaz/yTZUH),

A 5.23
tana:f?(), cosa = —(1+AZ/K?)71/2 = (5.23)

followed by a projection onto the v = 7 = +1 blocks, gives a pair of 2 x 2
low-energy Hamiltonians,

H. =71kpoy — (0k+a—7kq) - o
+(1- Iﬂ?)((sk” +a+ Tq”)CT”. (5.24)

Eq. (5.24) is an anisotropic Dirac Hamiltonian, the velocity parallel to
the magnetization is reduced by a factor k. The same factor renormalizes
the quasiparticle charge,

Q=—e¢ = —eTk. (5.25)

The two Hamiltonians H, = Hy near k = K thus describe quasiparticles
of opposite charge. Another pair of oppositely charged Weyl cones exists
near k = — K.

If B =(Bsinh,0, 5 cosf) makes an angle  with the magnetic field we
have

H, = trpuoy — Z (0ka + a0 — TKQa )00 — Ok 0,

a=x,y

+ (1 — k)(0ky sin @ + 0k, cos 0 + a, sin @ + 7q, sin0) (o, sin b + o, cos h),
(5.26)

where we used that a, =0 = q,.
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5 Chiral charge transfer along magnetic field lines in a Weyl superconductor

5.4.2 Zeroth Landau band

A major simplification appears if the magnetization 3 and the magnetic
field B are either parallel or perpendicular, so cosf = v € {0,+1}. In
these cases the Hamiltonian (5.26) anticommutes with o, when y =0 =
0k,. This socalled chiral symmetry implies that the zeroth Landau band
is an eigenstate of o, with eigenvalue —7 [96]. The dispersion relation
then follows immediately,

B(k,) = mhu + 76k.[1 — (1 — k)77
= xrp+ x(k — £A7)[1 = (1 - 5)7?). (5.27)

In the second equation we have identified the chirality index x = sign (dE/dk,) =
T
Equating E(k,) = E and solving for k, gives

ki — xFE

k, = -
KBy 1—(1—k)y?

(5.28)
to first order in E and p. (Higher order terms are not captured by the
linearization around the Weyl point.)

We substitute Eq. (5.28) in the expression (5.19) for the transferred

charge,
. xe ki —xE
er = KBy — —————— — XE). 5.29
u—Bv( 1-(1—r)y (5:29)
For B || B this gives
, 8 — pt XB(1/r — 1)
e’ = —xe , vy ==l 5.30

In contrast, for 3 L B the pu and E dependence drops out,
e = —xke, v=0. (5.31)

These are the results for the charge transferred by a mode with k, near
+K. The mode with k, near — K is its charge-conjugate, the transferred
charge is given by e*(E) — —e*(—E).

5.4.3 Comparison of transferred charge and charge
expectation value

For the case x = 1 that 3 is parallel to B we can use the more accurate
dispersion relation from Ref. 96, without making the linearization around
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5.4 Dispersion relation of the Landau band
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Figure 5.2: Comparison of the transferred charge e* across the NS interface and
the charge expectation value @ of the Weyl fermions. The curves are computed
from Egs. (5.33) and (5.36a) using ko from the full nonlinear dispersion (5.32).

the Weyl point:
B(k.) = —xM(k:) — xM'(k.)p, M(k.)=p—\/A§+k2.  (5.32)

The solution k, = ko(u) of the equation E(k,) = 0 then gives the trans-
ferred charge at the Fermi level (E = 0) via

er = —Xezogz.

As a check for the linearization, to first order we find

ko() = 1/ B2 = AF — n+ O(i?), (5.34)

in agreement with Eq. (5.28) for E = 0, v = 1. We checked that higher
order terms are relatively insignificant for |u/8| < 0.1.
The resulting transferred charge

e" = —xex [l + (n/B)(1 — 1/k) + O(u*)] (5.35)

can be compared with the charge expectation value

(5.33)

— veM' _ xeko a
Q = xeM'(ko) = VAT TR (5.36a)
= —xer[1+ (1/B)(k — 1/K) + O(1)], (5.36b)

89



5 Chiral charge transfer along magnetic field lines in a Weyl superconductor

see Fig. 6.4. We conclude that the py-dependence of the transferred charge
e* is not simply accounted for by the p-dependence of the charge expec-
tation value Q.

5.5 Conductance

5.5.1 Transmission matrix

The Landau band contains N = eBS/h modes propagating along the
magnetic field through a cross-sectional area S. For each of these modes
the transmission matrix t(E) at energy E from contact N; to Ny is a
rank-two matrix of the form

t(E) = e H W) (W] + e Fwy ) (wr . (5.37)

The incoming mode |¥T) from contact N is matched in S to a Landau
band mode at +k,. This chiral mode propagates over a distance L to
contact Ny, picking up a phase e***=L and is then matched to an outgoing
mode |UF). The matching condition gives a charge +e*(+£F) to U3,

(U |, | UE) = £e* (+E). (5.38)

The transmission matrix ¢(F) has electron and hole submatrices tee
and tp. (transmission of an electron as an electron or as a hole). These
determine the differential conductance

dly .
v = Go Jim Tx (totee —thothe)
= 1Go Tr (1 + v.)th (eVh)v.t(eVr), (5.39)

with G() = N¢€2/h.

5.5.2 Linear response

The linear response conductance G = limy, g dI5/dV; simplifies because
at the Fermi level we can use the particle-hole symmetry relations

VyOytv, o, = t*
S b at E=0. (5.40)
|U3) = vyoy|¥,)

These two relations imply that

Trtfuzt =0
at E=0. (5.41)
(W v |9,,) =0
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5.6 Numerical results

N —0

G/Go

0 Ao/ ! 0 Ao/B !

Figure 5.3: Dependence of the conductance G on the pair potential Ay, com-
puted from the tight-binding model for B parallel to 3 (left panel) and for B
perpendicular to 3 (right panel). The parameters are do = 18ao, L = 30ao,
and p = 0 (so there is no difference between parallel or antiparallel orientation
of B). The red and blue curves show the results with and without a large po-
tential step at the NS interfaces. The black curve is the u = 0 result G = k?Go
from Ref. 97.

The equation (5.39) for the differential conductance thus reduces in
linear response to

G = %Go Trv vt

6* 2
= 160 Y (e ale = N O )
s==+

The charge e — e* quadratically renormalizes the conductance [97].
Application of Eq. (5.29) at E = 0 then gives the result

P+ @u/B)(* - k) if B B,
G/Gy = {52 tBLB (5.43)

to first order in . The + sign refers to 3 parallel (+) or antiparallel (—)
to B. The difference §G = G(B) — G(—B) is thus given by the formula
(5.2) announced in the introduction.

5.6 Numerical results
To test these analytical results, we have calculated the conductance nu-

merically from a tight-binding model obtained by discretizing the Hamil-
tonian (7.5) of the Weyl superconductor on a cubic lattice (lattice constant
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5 Chiral charge transfer along magnetic field lines in a Weyl superconductor

B 13 UN — OO

5G /G

—0.05

Figure 5.4: Dependence of the conductance on the orientation of B, when it is
perpendicular to 3 and there is a large potential step at the NS interfaces (limit
un — 00). The colored curves show 60G = G(B) — G(—B) as a function of u,
computed from the tight-binding model (do = 18 ao, three values of Ay/3, two
values of L). The black dotted line is the linear p-dependence following from
Eq. (5.43).

ao)t

Hgs = (vr/ag)T: E oo sin(agr, ke — eagrpAy)

a=z,y,z

+ 170 - o — pr,To00

+ Ao (v, cos ¢ — vy sin @)oo

+ (vr/ag)V.Tz00 Z (1 — cos apkaq,)- (5.44)

a=t,y,z

The term on the last line is added to avoid fermion doubling.

The vortex lattice (a square array with lattice constant dy and two
h/2e vortices per unit cell) is introduced as described in Ref. 96. The
scattering matrix is calculated using the Kwant code [47], and then the
linear-response conductance follows from

L _¢ t f
G=—-= h Tr (teetee thethe)7 (545)
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5.7 Conclusion

where the trace is taken over all the Ng modes in the magnetic Brillouin
zone and the transmission matrices are evaluated at the Fermi level (E =
0).

In Fig. 5.3 we compare the conductance with and without a potential
step at the NS interfaces. In the absence of a potential step, when the
Hamiltonian Hy in N equals Hg with Ag = 0, the conductance has the
bare value of Gy = Nge?/h, as long as A remains well below 3. When
Ao exceeds B a gap opens up at the Weyl point and the three-terminal
conductance G vanishes: All the carriers injected into the superconductor
by contact N; are then drained to ground before they reach contact Ns.

The theory developed here does not apply to this case un = u, but
instead addresses the more realistic case un > p of a large potential step
at the NS interfaces. In the numerics we implement the large-un limit by
removing the transverse hoppings from the tight-binding Hamiltonian in
the normal-metal leads, which is then given by

Hx = (vr/ag)v.70, sinagk, + o108 - o
+ (vp/ag)v.m200(1 — cos apk.). (5.46)

As shown in the same Fig. 5.3, in that case the conductance at u = 0
follows the predicted k? = 1—AZ/3? parabolic profile [97]. The agreement
is better for B perpendicular to 3 than it is for B parallel to 3.

Fig. 5.4 is the test of our key result, the difference (5.2) of the conduc-
tance for B parallel or antiparallel to 3. The linear p-dependence has the
predicted slope, without any adjustable parameter. Backscattering from
the NS interfaces produces Fabry-Perot-type oscillations around this lin-
ear dependence, more rapidly oscillating when the separation L of the NS
interfaces is larger (compare dashed and solid curves).

5.7 Conclusion

In summary, we have calculated the charge e* that Weyl fermions in
a superconducting vortex lattice transport into a normal-metal contact.
When the chemical potential ;1 in the superconductor is at the Weyl point,
the transferred charge equals the charge expectation value Qg of the Weyl
fermions [97] (in the limit of a large chemical potential yn in the metal
contacts). There is then no dependence on the relative orientation of
the magnetic field B and the separation vector 3 of the Weyl points of
opposite chirality. But when pu # 0 a dependence on B - 3 appears.

This signature of chirality shows up in the conductance, which differs
if B is parallel or antiparallel to 8. It is not a large effect, a few percent
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5 Chiral charge transfer along magnetic field lines in a Weyl superconductor

(see Fig. 5.4), but since it is specifically tied to the sign of the magnetic
field it should stand out from other confounding effects.

We have taken a simple layered model for a Weyl superconductor [6],
to have a definite form for the pair potential. We expect the effect to be
generic for Weyl semimetals in which superconductivity is intrinsic rather
than induced [7, 100]. We also expect the effect to be robust to long-
range disorder scattering, in view of the chirality of the motion along the
magnetic field lines (backscattering needs to couple states at +K).
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Appendices

5.A Derivation of Eq. (5.18)
We wish to show that the derivative
4wl (o).
= (U] f(k:)0.0.0). + (0. 9| f (k.)0. V).

vanishes for any function f(k.) of k., = —id/8z.
We rewrite

k0,0 =(H—0H)V =(E—H)¥ (5.48)
and use firstly that

(U1|0HT3), = (0HY1| V)., (5.49)
because dH does not contain any z-derivatives, and secondly that
[f (k=), 6H] =0, (5.50)

because dH does not depend on z. This gives the sequence of identities

ko0, 0| f (k)W) (5.51)

Substitution into Eq. (5.47) then proves Eq. (5.18) from the main text.
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6 Deconfinement of Majorana
vortex modes produces a
superconducting Landau
level

6.1 Introduction

Deconfinement transitions in physics refer to transitions into a phase
where particles can exist as delocalized states, rather than only as bound
states. Unlike thermodynamic phase transitions, the deconfinement tran-
sition is not associated with a spontaneously broken symmetry but with
a change in the momentum space topology of the ground state [101]. A
prominent example in superconductors is the appearance of a Fermi sur-
face for Bogoliubov quasiparticles when a superconductor becomes gapless
[102-105]. Such a Bogoliubov Fermi surface has been observed recently
[106].

Motivated by these developments we consider here the deconfinement
transition for Majorana zero-modes in the vortex core of a topological
superconductor. We will demonstrate, analytically and by numerical sim-
ulations, that the delocalized phase at zero chemical potential remains
a highly degenerate zero-energy level — a superconducting counterpart
of the Majorana Landau level in a Kitaev spin liquid [107, 108]. Unlike
a conventional electronic Landau level, the Majorana Landau level has
a non-uniform density profile: quantum interference of the electron and
hole components creates spatial oscillations with a wave vector set by the
Cooper pair momentum that drives the deconfinement transition.

The system of Ref. 106 is shown in Fig. 7.1. It is a thin layer of topolog-
ical insulator deposited on a bulk superconductor, such that the proximity
effect induces a pairing gap Ay in the surface states. A superflow with
Cooper pair momentum K lowers the excitation energy for quasiparti-
cles with velocity v by the Doppler shift v - K, closing the gap when vK
exceeds Ag. Following Fu and Kane [8], we add a perpendicular mag-
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6 Deconfinement of Majorana vortex modes produces a superconducting LL

vortex array do
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Figure 6.1: Schematic of the Fu-Kane heterostructure [8], a topological insula-
tor with induced superconductivity (gap Ao) in a perpendicular magnetic field
B. Vortices (red) bind midgap states known as Majorana zero-modes. Here
we study the deconfinement transition in response to an in-plane supercurrent
(blue arrows, momentum K). When vK > A the zero-modes delocalize into a
Majorana Landau level.

netic field B to confine a Majorana zero-mode to the core of each h/2e
vortex that penetrates the superconductor. We seek to characterize the
deconfined phase that emerges when vK > Ay.

6.2 Confined phase

To set the stage we first investigate the confined phase for vK < Ag. Elec-
trons on the two-dimensional (2D) surface of a 3D topological insulator
have the Dirac Hamiltonian vk - ¢ — p, with pu the chemical potential, v
the energy-independent Fermi velocity, k = (kz, k,) the momentum oper-
ator in the z—y surface plane, and o = (0,,0,) two Pauli spin matrices.
(The 2 x 2 unit matrix o¢ is implicit when the Hamiltonian contains a
scalar term.) Application of a perpendicular magnetic field B (in the
z-direction), adds an in-plane vector potential A = (A;, A,) to the mo-
mentum, k — k — eA. The electron charge is +e and for ease of notation
we will set v and & both equal to unity in most equations.

The superconducting substrate induces a pair potential A = Age®®.
The phase field ¢(r) winds by +27 around each vortex, at position R,
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6.2 Confined phase

as expressed by
V x Vé(r) = £2r2)°, 6(r — Ry,), VZ¢=0. (6.1)

The pair potential couples electrons and holes in the 4 x 4 Bogoliubov-De
Gennes (BdG) Hamiltonian

(Ko +(k—eA) o Ape'®
H= < Nge™ Ko, — (k+eA)- o)’ (6-2)

at zero chemical potential, including a superflow momentum field K > 0 in
the z-direction !. The superflow can be a screening current in response to
a magnetic field in the y-direction [106], or it can result from an externally
imposed flux bias or current bias. The Zeeman energy from an in-plane
magnetic field has an equivalent effect [103] (although it was estimated
to be negligible relative to the orbital effect of the field in the experiment
[106]).

For vK < Ag a pair of Majorana zero-modes will appear in each vortex
core, one at the top surface and one at the bottom surface. We consider
these separately 2. Setting A(r) = Ag(r)e*, in polar coordinates (r, )
for a £27 phase vortex at the origin, we need to solve the zero-mode
equation H1 ¥, = 0 with

(Ko, —(iV+eA) o Ag(r)et?
Hye = ( Ag(r)eTi Ko, + (iV—eA)-o)’ (6.3)

The pair potential amplitude Ag(r) increases from 0 at 7 = 0 to a value
Ao > 0 when r becomes larger than the superconducting coherence length
50 = h’U/Ao.

When K = 0 this is a familiar calculation [109], which is readily gen-
eralized to K > 0. The Majorana zero-mode has a definite chirality C,
meaning that its four-component wave function ¥ is an eigenstate of the
chirality operator A = diag (1, —1,—1,1) with eigenvalue C = +1. One

IThe term Ko, in the BAG Hamiltonian (6.2) is equivalent, upon a gauge transfor-
mation, to a gradient 2Kx in ¢.

2The overlap of states on the top and bottom surfaces of the topological insulator
thin film shifts the Majorana Landau away from E = 0 by the hybridization gap,
while keeping the spatial structure of the wave functions intact. We include this
effect in the calculations in App. 6.A of the Supplemental Material.
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0 1 2 x107%dg2 0 1 2 x107°d52
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P
Figure 6.2: Intensity profile |¥(z,y)|? of a Majorana zero-mode in the vortex
lattice [110]. The left panel shows the confined phase (K < Ag), the right
panel the deconfined phase (K > Ag). The dotted square indicates the unit
cell containing a pair of h/2e vortices. These plots are for Majorana fermions of
positive chirality, for negative chirality the density profile is inverted y — —y.

has \IIJr = (“/4,07071/4% v = (OaiT/Lﬂ/L»O) with

Yu(r) = eTEVeTX(M exp (— /T Ao(r") dr'), (6.4a)
0
X(r) = % / dr' B(r')In|r — . (6.4b)

The factor e¥X(") is a power law for large r, so the zero-mode is confined
exponentially to the vortex core as long as K < Ag. When K > A the
solution (6.4) is no longer normalizable, it diverges exponentially along
the y-axis. This signals a transition into a deconfined phase, which we
consider next.

3To understand how the solution (6.4) relates to the K = 0 solution in Ref. [109],
note the (non-unitary) transformation eF¥AH,_eK¥A = Hy 4 Ko,, with A =
diag (1, —1,—1,1). The spinor ¥4 is an eigenstate of A with eigenvalue +1, so if
HiWy =0 for K =0, then HyeTEKvW¥ L =0 for K # 0.
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6.3 Deconfined phase

6.3 Deconfined phase

In Fig. 6.2 we show results from a numerical simulation of the decon-
finement transition for the model Hamiltonian described below. The left
panel shows zero-modes confined to a pair of vortex cores for K < Ay,
the right panel shows the deconfined state for K > Ay. The decay
|W| oc e~ K¥e=R07 in the confined phase is anisotropic, with a decay rate
Ao along the z-axis and two different decay rates Ag + K in the +y-
direction. The direction into which the zero-mode decays more slowly is
set by the chirality *: Fig. 6.2 shows C = +1 with a slow decay in the —y
direction, for C = —1 the slow decay is in the 4y direction.

In the deconfined phase the zero-mode density profile has a pronounced
periodic modulation in the z-direction, parallel to the superflow, with
bifuration points at the vortex cores. This striped pattern is unexpected
for a Landau level. We present an analytical description.

6.4 Chiral symmetry protected Majorana
Landau level

The chiral symmetry of the Hamiltonian (6.2) plays a key role in our anal-
ysis of the Majorana Landau level, similar to the role it plays for Landau
level quantization in graphene [111, 112] and in a Weyl superconductor
[96]. Chiral symmetry means that H at u = 0 anticommutes with A. The
Hamiltonian then becomes block-off-diagonal in the basis of eigenstates
of A,

0 = 1 0 0 O

t = _ [0 0o 1 0

UHU(ET 0), U=1{o 0 0 1l (6.5a)
0O 1 0 O

= _ kJ_—BA_+K A0€i¢

._—< Aoe—iqb —k+—€A+—|—K)7 (65b)

where we have abbreviated k+ = k, £1ik,, Ay = A, £1A4,.
A zero-mode is either a wave function (u,0) of positive chirality with
Efu = 0, or a wave function (0, ) of negative chirality with Zu = 0. The

4The anisotropic decay of the Majorana zero-mode in the left panel of Fig. 6.2 can
be understood as the effect of the Magnus force which the superflow momentum
K = K& exerts on the axial spin S = CZ of the Majorana fermions (as determined
by their chirality C = £1). The direction of slow decay of the zero-mode is given
by the cross product K x S.
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6 Deconfinement of Majorana vortex modes produces a superconducting LL

difference between the number of normalizable eigenstates of either chi-
rality is called the index of the Hamiltonian. It is topologically protected,
meaning insensitive to perturbations [113].

Vortices are strong scatterers [16], completely obscuring the Landau
level quantization in a nontopological superconductor [114]. Here chiral
symmetry ensures that the vortices cannot broaden the zeroth Landau
level.

6.5 Helmholtz equation for the Majorana
Landau level
Let us focus on the Landau level of positive chirality, described by the

equation Zfu = 0. This 2 x 2 matrix differential equation can be simplified
by the substitution

1

u(r) = e—Ky—q(T)eiw(?‘)Uzﬁ(r), (6.6)

with 9,q = —10,¢ + €Ay, 9yq= 30,0 — eA,, (6.7)
—i0y + Oy Ag _

= ( A +8y)u ~0. (6.8)

The fields A, ¢, and K no longer appear explicitly in the differential equa-
tion (6.8) for @, but they still determine the solution by the requirements
of normalizability and single-valuedness of the zero-mode wu.

Outside of the vortex core the spatial dependence of the pair potential
amplitude Ay may be neglected and one further simplification is possible:
Substitution of @ = (f,g) gives g = Ay *(i0, — d,)f and a scalar second-
order differential equation for f,

V2f = ALf. (6.9)

In the context of classical wave equations this is the Helmholtz equation
with imaginary wave vector.

Eq. (6.6) requires that % and hence f have an exponential envelope eX¥
in the y-direction. The Helmholtz equation (6.9) then ties that to a plane
wave o e in the z-direction, with wave vector Q = /K2 — A2. This
already explains the striped pattern in the numerical simulations of Fig.
6.2. For a more detailed comparison we proceed to a full solution of the
Helmholtz equation.
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6.6 Analytical solution of the Majorana
Landau level wave function

The solutions of Eq. (6.9) for f are constrained by the requirements of
normalizability and single-valuedness of w. To determine the normaliz-
ability constraint we use that the field ¢(r) defined in Eq. (6.7) has the
integral representation °

1

q(r) = o dr' B(r') In|r — 7/ ”th_R . (6.10)

We consider N vortices (each of +27 vorticity) in a region S enclosing
a flux ® = N®g, with &y = h/2e the superconducting flux quantum ©
If we set B — 0 outside of 3, the field ¢(r) — 2(®/®y — N)Inr = 0
for r — co. In view of Eq. (6.6), normalizability requires that e %Y f is
square integrable for r — oco. Near a vortex core e 9f o |r — R,|'/?f
must be square integrable 7

Concerning the single-valuedness, the factor e!*/2 in Eq. (6.6) intro-
duces a branch cut at each vortex position R,,, across which the function
f should change sign — to ensure a single-valued u. This is a local con-
straint: branch cuts can be connected pairwise, hence there is no sign
change in f on a contour encircling a vortex pair.

We have obtained an exact analytical solution [115] of the Helmholtz
equation in the limit that the separation of a vortex pair goes to zero. We
place the two vortices at the origin of a disc of radius R, enclosing a flux
h/e, with zero magnetic field outside of the disc. The envelope function
then equals e 9(") = r e “Tin/ 2R , with 7 = min(r, R).

The two independent solutions are given by @ = (f1, fo) and @’ = o,a*,

5The integral equation (6.10) for g(r) follows from the definition (6.7), which implies
that V2¢(r) = 2-V x (eA — %V(j}) =eB—m), d(r — Rp). The Green function
of this 2D Poisson equation is (27)~!1In|r — r’|. Also note that ®¢ = 7/e in units
where b = 1.

6We assume there is an even number of vortices in S. If the number of vortices is
odd, a zero-energy edge state along the perimeter of S will ensure that the total
number of Majorana zero-modes remains even.

7This normalization requirement at the vortex core ties the chirality of the Majorana
zero-modes to the sign of the vorticity. If we would have chosen —2m vortices
the field g(r) would tend to +% In|r — Ry| near a vortex core, and the product

e If o |r— Rn|*1/2f would not have been square integrable.
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6 Deconfinement of Majorana vortex modes produces a superconducting LL
with

. Q _
o= 20" K, (Aor) — / dp C, (p)eioPHoV/AT+P?
—-Q

Colp) = A" (A +p*) Y2 (p— /A2 +p2)". (6.11)

The vortex pair is at the origin, with = + iy = re?, and K,, is a Bessel
function.
The corresponding zero-modes follow from Eq. (6.6),

uw=e1Me Ky f () u = ou. (6.12)

For small r the zero-modes tend to a constant (the factor 1/r from K; is
canceled by the factor r from e~9). The large-r asymptotics follows upon
an expansion of the integrand around the extremal points £Q), giving

eKy <(K+Q)n€iQw (KQ)nesz>

Tg iKe—Qy  iKz+Qy

fo—= (=17 (6.13)

The zero-modes decay as e XY f, o« 1/r for r > R, which needs to be
regularized for a square-integrable wave function 8, [116, 117]. In a chain
of vortices (spacing b), the superposition of the solution (6.13) decays
exponentially in the direction perpendicular to the chain [115]. The decay
length is A = bK/Q or A = bQ/K for a chain oriented along the z-axis or
y-axis, respectively.

6.7 Numerical simulation

For a numerical study of the deconfinement transition we represent the
topological insulator layer by the low-energy Hamiltonian [118, 119]

Ho(k) = (v/ao)> ;. ,0jsinkjao + 0. M(k) — pu,

; (6.14)
M(k) = Mo — (M1/ag)3_

ey (1 — coskjao),

in the basis ¥ = 2_1/2(1/)¢upper + Priower, Y upper — Ullower) Of spin-up and
spin-down states on the upper and lower surfaces °. The atomic lattice

8The 1/r decay of the deconfined Majorana zero-mode implies a density of states
peak which decays slowly o< 1/InL as a function of the system size L. There is
a formal similarity here with the zero-modes originating from vacancies in a 2D
bipartite lattice [116, 117].

°In the basis ¥ = (Yruppers ¥ upper> Ytlower; Yilower) the 4 x 4 Hamiltonian of

the topological insulator layer is Hy = tOZ]’:z 4 T=0; sin kjao + TeooM (k) — p,
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6.7 Numerical simulation
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Figure 6.3: Dispersion relation of the topological superconductor, calculated
from the model Hamiltonian (6.14) for zero magnetic field (black dashed lines,
chemical potential ¢ = 0) and in the presence of the magnetic vortex lattice
(colored flat bands at charge +gese, for two values of p). For both data sets
K =2A0 =20hv/dp.

constant is ag, the Fermi velocity is v, and p is the chemical potential.
Hybridization of the states on the two surfaces introduces the mass term
M (k). We set My = 0, to avoid the opening of a gap at k = 0 19, but
retain a nonzero M; = 0.2 agv in order to eliminate the fermion doubling
at apk = (m, ).

In the corresponding BdG Hamiltonian the electron block Hy(k —eA +
K) is coupled to the hole block —Hy(k + eA — K) by the s-wave pair
potential Age’®, which we take the same for both layers. We assume a
strong type-1I superconductor, for which we can take a uniform magnetic
field B and uniform pair potential amplitude Ag. The 427 vortices are
positioned on a square lattice (lattice constant dy = 302ag) with two
vortices per unit cell.

The spectrum is calculated using the Kwant tight-binding code [47,
120]. In Fig. 6.3 we show the dispersionless Landau levels, both for chem-
ical potential 4 = 0 and for nonzero p. The zeroth Landau level has
energy Ey = *qegp, with gege the charge expectation value. For the

with Pauli matrix 7, acting on the layer index. A unitary transformation block-
diagonalizes the Hamiltonian. One of the 2 x 2 blocks is given in Eq. (6.14), the
other block has M replaced by —M.

10The overlap of states on the top and bottom surfaces of the topological insulator
thin film shifts the Majorana Landau away from E = 0 by the hybridization gap,
while keeping the spatial structure of the wave functions intact. We include this
effect in the calculations in App. 6.A of the Supplemental Material.
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6 Deconfinement of Majorana vortex modes produces a superconducting LL

numerics analytics
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Figure 6.4: Left panel: Numerically calculated intensity profile |¥(z,y)|? of
the zeroth Landau level in a vortex lattice with a pair of h/2e vortices at the
center of the unit cell (K = 2A¢ = 40 hv/do, p = 0). Right panel: Analytical
result from the solution of the Helmholtz equation (6.9) for a single h/e vortex.

model Hamiltonian (6.2) we have [121] gog = Q/K = /1 — A3/K?. The
numerics at K = 24, gives a value 0.85, within 2% of /3/4 = 0.866.
The first Landau level is expected at energy Fy = Ey, & qegpt with By, =
VAT qest hv/dy, again in very good agreement with the numerics. Notice
that the flatness of the dispersion persists at nonzero y — even though
the topological protection due to chiral symmetry ! is only rigorously
effective at pu = 0.

In Fig. 6.4 we compare numerical and analytical results for the case that
the two h/2e vortices are both placed at the center of the unit cell. The
agreement is quite satisfactory, given the different geometries (a vortex
lattice in the numerics, a single h/e vortex in the analytics) 2.

"' The chiral symmetry at p = 0 is broken by the mass term M (k) in the Hamiltonian
(6.14). This residual chiral symmetry breaking is visible in Fig. 6.3 as a very small
splitting of the u = 0 Landau levels (green flat bands).

12The comparison between numerics and analytics in Fig. 6.4 involves no adjustable
parameters. To compare the same state in the degenerate zeroth Landau level we
choose the state with left-right reflection symmetry. There are two of these, the
other is compared in App. 6.E of the Supplemental Material.
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6.8 Striped local density of states
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Figure 6.5: Electron and hole contributions to the local density of states in
the zeroth Landau level, along a line parallel to the z-axis which passes close
through a vortex core at x = y = 3do/4. The curves are plots of >_, [te.n(z,y)|?
normalized to unit peak height at the vortex core. The parameters are K =
2A0 = 40 hv/do, p = 0.5hv/dy. The expected oscillation period of 7h/Q =
0.091 do is indicated.

6.8 Striped local density of states

The striped pattern of the Majorana Landau level is observable by tun-
neling spectroscopy, which measures the local density of states

p(r) = Cp[le(r)Pf'(Eo — eV) + [yn(r) 2f'(Bo + V)], (6.15)

averaged over the 2D magnetic Brillouin zone, >, = (2m)~2 [ dk,dk,,
weighted by the derivative of the Fermi function. If Ey is much larger
than temperature, the sign of the bias voltage V' determines whether the
electron component 1, or the hole component 1, contributes, so these
can be measured separately.

As shown in Fig. 6.5, the oscillations are most pronounced for the hole
component when g > 0 (or equivalently the electron component when
@ < 0). This asymmetry in the tunneling current for V= +Fj is an
additional experimental signature of the effect.

6.9 Conclusion

Concerning the experimental feasibility, we note that the gap closing due
to a superflow has already been observed [106], and Majorana vortex
lattices in a perpendicular field of 250 mT have been detected by scan-
ning probes in several experiments [124] — so by combining these two
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6 Deconfinement of Majorana vortex modes produces a superconducting LL

ingredients the Majorana Landau level should become accessible. The
main additional requirement is that the Fermi level is sufficiently small,
< min(Er, Ag) >~ 1meV at 250mT, to benefit from the protection af-
forded by chiral symmetry. Experiments [125] where p was tuned through
the charge neutrality point give confidence that this is feasible.

The striped interference pattern in the local density of states, with wave
number Q = /K? — (Ag/fw)? (~ 27/0.2 um for K = 2A/hv at typical
values of Ag = 1meV and v = 10° m/s) should be accessible by scanning
probe spectroscopy. Surface defects would themselves introduce Friedel
oscillations in the density of states, but the highly directional pattern that
is the hallmark of the Majorana Landau level would stand out.

The Majorana Landau level provides a realization of a flat band with
extended wave functions, in which interaction effects are expected to be
enhanced due to the quenching of kinetic energy. Interacting Majorana
fermions in a Fu-Kane superconductor have been studied by placing vor-
tices in close proximity inside a quantum dot [126]. The deconfinement
transition provides a means to open up the system and obtain a fully 2D
flat band with widely separated vortices. An intriguing topic for further
research is to investigate how the exchange of vortices operates on this
highly degenerate manifold.
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Appendices

6.A Details of the numerical simulation

6.A.1 Tight-binding model

The model Hamiltonian we consider is

He — (H:I:(kA—O:x?(b-i- K) in(kAf;: ) K))’ (6.16a)
H, (k) = £(v/ag)oy sinagky £ (v/ag)oy sinagk,

t o, M(k) — p, (6.16b)
M (k) = My — (M /a3)(2 — cos apk, — cos agk,). (6.16¢)

The Hamiltonian acts on a spinor with the four components

[q/jTupper =+ leower] (k)
\I/i(k) _ i [d@upper + wilower]géczk) 7
(—k)

B \/i _i[w,l,upper + wilowerl (617)

i [wTupper + leower]

for spin-up and spin-down electrons on the upper and lower surface of the
topological insulator layer. The first two elements of the spinor ¥ refer
to electrons and the last two elements to holes. These are coupled by the
s-wave pair potential Ay, which we take the same on both surfaces. The
particle-hole symmetry relation is

He (k) = —0,uy M (—K)o,uy, (6.18)

where the o, and 7, Pauli matrices act on the spin and electron-hole
degree of freedom, respectively.

For the mass term M (k) we take My = 0, M1 = 0.2 agv, such that Hy
has a single gapless Dirac point at k = 0. Near this Dirac point the upper
and lower surface are uncoupled, so the eigenstate can equivalently be
written in the single-surface basis (4, 9,, -7, u/}?) The effect of a gap
opening due to a nonzero M is examined at the end of this Appendix.
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6 Deconfinement of Majorana vortex modes produces a superconducting LL

The Hamiltonian is discretized on a square lattice (lattice constant ag)
with nearest neighbor hopping (hopping energy v/ap). The magnetic
field B is uniform in the z-direction, vector potential A = —Byz. The
superflow momentum is K = Kz. The amplitude A of the pair potential
is taken as a constant, the phase ¢(x,y) winds by 27 around each vortex.

We take a square vortex lattice, with lattice constant dy = Nag. The
flux through each magnetic unit cell is h/e, so it contains a pair of
h/2e vortices. The integer N determines the magnetic field via B =
(Nag)~2h/e. The vortices are placed on the diagonal of the magnetic
unit cell, at the positions (z,y) = (Nao/4)(1,1) and (Nao/4)(3,3). By
taking for N twice an odd integer, we ensure that the singularity in the
phase field at the vortex core does not coincide with a lattice point. The
phase field is discretized along the lines set out in App. B of Ref. 96.
The eigenvalues and eigenfunctions of H are calculated using the kwant
tight-binding code [47].

6.A.2 Additional numerical results

Here we collect some additional results to those shown in the main text.
In the confined phase vK < Ay we show in Fig. 6.6 the anisotropic decay
rates of the Majorana zero-modes bound to a vortex core, as in the left
panel of Fig. 6.2. The localization length (Ag/v— K)~! of the zero-modes
diverges at the transition.

Fig. 6.7 shows how at the deconfinement transition the quasi-continuum
of excited states in the vortex core is reorganized into a sequence of Landau
levels. The critical exponents for the gap closing are different on the two
sides of the transition. In the confined phase the gap to the first excited
state scales with the inverse localization length, so o< (Ag/v — K)!. In
the deconfined phase the gap scales with the Landau level separation
Bl o \/Geft, 50 o< (K — Ag/v)/2.

In the deconfined phase vK > Aj we show in Fig. 6.8 the Landau levels
in the vortex lattice (complementing Fig. 6.3). Fig. 6.9 shows the local
density of states in the zeroth Landau level. This shows the variation
over the entire unit cell of the vortex lattice, to complement the line cut
through a vortex core shown in Fig. 6.5 of the main text.

6.A.3 Effect of overlap of top and bottom surface
states

A nonzero mass term +Myo,v, in the Hamiltonian (6.16) opens up a
hybridization gap in the Dirac cone. Since the Majorana Landau level is
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6.B Solution of the Helmholtz equation for the Majorana Landau level
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Figure 6.6: Decay rate of the Majorana mode confined to a vortex core. The
data from the numerical simulation (colored points, Ag = 20wv/do) closely fol-
lows the analytical prediction |¥| o e K¥e™(A0/%)7" (dashed lines).

an eigenstate of the chirality operator A = o,v,, the effect of this term
is to displace the flat band away from F = 0 by an amount M. In Fig.
6.10 we show numerical results that demonstrate this. Provided that M
remains smaller than the Landau level separation FEp,, we do not expect
the overlap of top and bottom surface states to prevent the detection of
the Majorana Landau level. This is helpful because the overlap will favor
a strong proximity effect on both surfaces.

6.B Solution of the Helmholtz equation for
the Majorana Landau level

The general solution of the 2D Helmholtz equation V2 f = A2 f that gov-

erns the Majorana Landau level is a superposition of waves e’P*+¥V PIHAG,

Which superposition we need is determined by the requirement that e =5Y=9(") f(z, 3)
is square integrable in the z—y plane, with K > Ay > 0. We denote

Q = /K? — A% For ease of notation we will set Ag = 1 in this ap-

pendix.
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Figure 6.7: Excitation spectrum as a function of the superflow momentum
(parameters as in Fig. 6.2). For K < Ag/v the states are confined to vortex
cores and form a quasi-continuum, for K > Ag/v they are extended states
arranged into a sequence of Landau levels (distinguished by different colors, the
Majorana zero-modes are the light-green dots). The deconfinement transition
at K = Ag/v is accompanied by a near closing of the gap to the first excited
state. The dashed curves show the expected gap scaling «x (Ag/v — K) and
o (K — Ag/v)'/* on the two sides of the transition.

We construct a class of solutions for the case
q(r) = er — Nlnmin(r, 1), N =1,2,..., (6.19)

corresponding to 2\ vortices, each of vorticity +27, at the origin. The
positive infinitesimal € > 0 is introduced to regularize integrals at r — oo.
The restriction to an even number of overlapping vortices means that the
branch cut which connects vortices pairwise can be ignored. (We have not
succeeded in finding an analytical solution that incorporates the branch
cut, but of course in the numerics this is not a limitation.)

The superposition of elementary solutions eP**¥VP*+1 that cancels the
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Figure 6.8: Dispersion relation in zero magnetic field (black dashed lines) and
in the presence of the magnetic vortex lattice (green solid lines, the right panel
shows the magnetic Brillouin zone). Both band structures are for p = 0, and
the same parameters as in Fig. 6.3. The red dots indicate the Dirac points
at k = (£Q,0) in zero magnetic field. The Landau levels are at ++/n Ey,
n=20,1,2, with By, = \/%hv/do.

exponential growth factor e™%¥ has the general form

Jipiso @ C(p)eP=HoVPitt if y <0,
=4 fiyeqdpClp)emmvv/v il (6.20)
+ [dp D(p)eP==yVP*+1 if 4 > 0.

(We can use the symbol C' twice without loss of generality because the
integration ranges do not overlap.)

The solution should be continuously differentiable at r # 0, which is
satisfied if f(x,y) and 9, f (x, y) are continuous functions of y at y = 0, z #
0. The continuity requirement is that the Fourier transform [ ---e*dp
of C(p) equals the Fourier transform of D(p) for x # 0, which means
that C(p) and D(p) differ by a polynomial L(p) of p. [Recall that the
Fourier transform of a polynomial is given by derivatives of §(x).] Simi-
larly, the requirement of a continuous derivative is that 1/p? + 1 C(p) and
—+/p? + 1 D(p) differ by a polynomial T'(p). The unique solution of these
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6 Deconfinement of Majorana vortex modes produces a superconducting LL
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Figure 6.9: Local density of states in the unit cell of the vortex lattice, at
the energy Fop > 0 of the zeroth Landau level pushed above the Fermi level
by a chemical potential 4 > 0. The color scale plot shows >, [Ven(z,y)[?,
summed over the magnetic Brillouin zone, normalized to unit maximum value.
The white dotted line indicates the cut shown in Fig. 6.5 of the main text, at
the same parameters. The electron contribution to the local density of states
(right panel) and the hole contribution (left panel) can be measured separately
by tunnel spectroscopy at voltages V = Ey and V = —FEj, respectively.

two requirements is

Vi (6.21)
D(p) = —m

We are free to choose a convenient basis for the polynomials T'(p) and
L(p), we will choose one for which the integral over D(p) has a closed-form
expression. The basis polynomials T),(p) and L, (p), n =0,1,2,... are

Tn(p) = (p+ VP2 +1)n+ (p— v p? +1)n,
(v +1)" (p-viP+1) (6.22)
ViE+l PP+l

Ly(p) =
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Figure 6.10: Same as Fig. 6.8, but now for a nonzero mass term My, to show
how the hybridization gap shifts the zeroth Landau level away from E = 0. The
plot shows the spectrum of the Hamiltonian H4+ in Eq. (6.16), the spectrum
of H_ has the zeroth Landau level shifted to —Mj (so that the full spectrum
is particle-hole symmetric). The parameters are K = 2A¢ = 20 /iv/do, do =
102 ap, Mo = 0.02/a0, M1 =0.2 ag.

This choice of basis is related to a basis of Chebyshev polynomials 7,, via
the identities

Tu(p) = 2(=1)"Tu(ip),

m=0
Note that
T_n(p) = (=1)"Ta(p), L-n(p)=—(=1)"L_n(p). (6.24)

A complete basis for the pairs of polynomials T'(p), L(p) is therefore given
by the two sets {T},, L,} U{T,,—L,} withn =0,1,2,..., or equivalently
by the single set {T},,L,} with n = 0,£1,+2,.... The corresponding
basis of the functions C(p) and D(p) in Eq. (6.21) is

1 — )
Culp) = fﬂ L) = (pp)
p*+1 p*+1 (6.25)
1 +vp?+1
Dy (p) = 2Tn(p) i %Ln(p) _ (pp>,
p?>+1 VvpE+1
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6 Deconfinement of Majorana vortex modes produces a superconducting LL

with n =0,+1,4£2,....
We next use the Bessel function identities 3
1 eint f dpD 1pac—y\/p2+1 if y >0,
Kn(r) - 2 B
1 7,719 f de zpery\/p +1 if y < O7

Z"

(6.26)

where r = /22 + y2 and €’ = (z + iy)/r, to write the solution (6.20) in
the form

Q — V1)
fn(xvy):_/ dp memery\/;TH
-Q VPP 1

+ 2i"e ™MK, (1), (6.27)

which is Eq. (6.11) in the main text (upon restoring the units of Ag).
The function f, is the first component of the spinor @ = (f,g), the
second component is

In = (Zar - 8y)fn = fn-1. (6.28)

We now obtained an infinite countable set of solutions i, = (fy, fn—1),
n = 0,£1,4+2,... of the Helmholtz equation, such that e %¥e~"q,, is
square integrable at infinity. The condition that V'@ is square integrable
at the origin (containing 2\ overlapping vortices) selects a finite subset.
For r — 0 we have f, ~ r~1"l'if n # 0 and fy ~ Inr. Normalizability
requires that both |n| < A and |n — 1| < A, hence there are 2N allowed
valuesof n € {-N+1,-N+2,...N —1,N'}.

All of this was for zero-modes ¥ = (f, g,0,0) of positive chirality, in a
lattice of 427 vortices. Alternatively, we can consider zero-modes ¥ =
(0,0, f, g) of negative chirality in a lattice of —27 vortices. The differential
equations for f and g remain the same, but now the exponential factor
that needs to be canceled is eX¥ rather than e % ¥. The sign change gives
the negative chirality solution

Q ( —\p*+ 1)n
/ P b e TP—yy\/ PP+l

n\T, = - d
fn(@,y) L7 NS
+ 2i"e™K,, (1), (6.29a)
gn = (i0p — 0y) fn = —frt1- (6.29b)

The 2N zero-modes are now labeled by the index n € {-N,-N +
L..N=2N -1}

3The identities (6.26) follow from the integral representatlon Kn(r) =
%(r/2)" oot Lexp(—t — 77‘2/15) dt, upon the substitution p = 3 Lt —1/t).
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6.C Chain of vortices

6.C Chain of vortices

The regularization at infinity by the € term in Eq. (6.19) is not needed if
we have a periodic lattice of vortices. We demonstrate this by considering
a linear chain of vortices at positions Ry, spaced by b at an angle 9 €
[0, 7/2] with the x-axis. We take a linear superposition of the solutions
e Ky f.(r — Ry) from Eq. (6.27), with complex weights,

F,(r) = Z elretKbsind =Ky £ (n _ Ry). (6.30)

{=—o00

We do not include the envelope e™9, because it tends to unity for large r
if we set ¢ = 0. The Bloch phase k is arbitrary.
We substitute the large-r expansion (6.13),

%) ‘ K+ Q)ne—iQ(xfébcosﬂ)
F, —1)" K (
- (=1) Z;we <iK(x—€bcosQ9) — Q(y — bsin®) (6.31)
762£H (K _ Q)neiQ(mféb cos ) .
iK(x —tbcos?) + Q(y — Lbsin )

We seek the decay of F), in the direction perpendicular to the chain, so
for large |p| when (z,y) = (—psind, pcos ).
We thus need to evaluate an infinite sum of the form !

e lo

4

e
= _— 2 Z . 2
S(a, 2) Z popay 2 a € (0,2m), z € C\Z, (6.32a)
l=—o0
27
In the limit [Im z| — oo this tends to
—9i —(27—a)Imz if 1 -
S(a,z) =4 °amE e, (6.33)
2mie™™m? if Imz — —oo0.

Substitution of Eq. (6.32) into Eq. (6.31) gives, for z = —psinf, y =
pcosb,
(1) (K + Qei@rsin?
Qbsin¥ — iKbcos?
(1) (K — Qe i@nin?
Qbsind 4 iKbcos

MFor a derivation of Eq. (6.32b), and its relation to the Lerch zeta function, see
https://mathoverflow.net/q/379157/11260.

Fn_> S(a+72—)

Sla—, zy), (6.34)
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where we abbreviated
ayr = k£ Qbcos?Y mod 2,
_ p3sin20 +iKQ (6.35)
TR —sin?0

Provided that ay # 0 mod 27w, the decay is exponential: |F,| =~
e~clPl/A with (reinserting the units of Ag)

K? — AZsin?v

A=b 6.36
KK?— A3 (6.36)
and c a coefficient of order unity that depends on the sign of p,
. m?n(a% 2r —a) %f p >0, (6.37)
min(a_, 27 —ay) if p<O0.

For a chain oriented along the z-axis or y-axis we have A equal to bK/Q
or bQ /K, respectively.

6.D Renormalized charge in the Majorana
Landau level

The charge expectation value of the deconfined zero-mode can be calcu-
lated by means of the block diagonalization approach of Ref. 96. Starting

from the BAG Hamiltonian (6.2) we first make the gauge transformation
i

Hw— UTHU with U = (eo ?), resulting in

- (k+a+q)-o—p Ay
h Ag —(k+a—q)-o+pu)
a=1Ve, q=1iVp—ecA+ Ki. (6.38)

We have included the chemical potential p.
For K > Ay in zero magnetic field there are gapless Dirac points at
k = (kg ky) = (K,0) with

K = +kK, k=1/1—A%/K2 (6.39)

To focus on the effect of a magnetic field on states near K we set k, =
K + 6k, and consider 6k, small.
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6.E Comparison of numerics and analytics

A unitary transformation H — VTHV with

_ ( oocos(a/2)  oysin(a/2)
'e (f% sin(a/2) oo Cos(a/Q))’ (6.40)

tana = —A¢/K, cosa=—(1+A2/K*)~Y? = g,

approximately block-diagonalizes the Hamiltonian; the 2 x 2 off-diagonal
blocks contribute to the spectrum in second order in dk;, a, q, and p.
The 2 x 2 block along the diagonal that describes the hole-like states near
k = (kK,0) is given by

Hy = kp — (kOky + Kag — qz)05 + (ky + ay — Kagy)oy, (6.41)
while the electron-like states near k = (—x K, 0) are described by
H_ = —kp+ (kOky + Kag + qz)op — (ky + ay + Kqy)oy. (6.42)

The block diagonalization removes any interference between the elec-
tron and hole blocks, so this approximation cannot describe the striped
density of states of Fig. 6.2 — for that we need the Helmholtz equa-
tion considered in the main text. Because the charge operator Q =
—e0Hy /0p = Fre commutes with Hy, the expectation value is given
simply by

(Q) = Fre = e = k. (6.43)

The Fermi velocity in the z-direction is renormalized by the same factor,
v, = kv, while vy is unaffected. This affects the Landau level energy
E1, = V4w hvegr /dy of the anisotropic Dirac cone, via Veg = /Uz0y = /K.

6.E Comparison of numerics and analytics

In order to compare the analytic solution (6.11) of the Helmholtz equation
with the numerical results from the tight-binding Hamiltonian (6.14) we
proceed as follows. For the analytic solution we take a single pair of
vortices located at 7 = 0, in a uniform magnetic field with total flux h/e
in a large disc centered at the origin. There are then two independent
zero-modes u, v’ given by Eq. (6.12) with ¢(r) = —Inr.

For the numerical calculation we consider an infinite lattice of vortices,
with pairs of vortices positioned at points R,, = don, n € Z2%, in a
uniform magnetic field B = (h/e)dy?, vector potential A = —B(y,0).
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6 Deconfinement of Majorana vortex modes produces a superconducting LL

0 O/ 1

max

numerics NN T analytics

y/do

Figure 6.11: Comparison between numerical and analytical intensity profiles
|¥(z,)|?, normalized to unit maximal value, for one of the two reflection-
symmetric states in the zeroth Landau level. The parameter values are the
same as in Fig. 6.4, which compared the other state.

The Hamiltonian commutes with the magnetic translation operator

ihnyx/do
77n, = <€ ) 0 >T'n.a

0 efihnyz/dg (644)

TprT) =7 +don.
(The 2 x 2 matrix acts on the electron-hole degree of freedom.) The
eigenvalue e ™ of the eigenstates defines the magnetic momentum k €
[0,27)2. At each value of k there are two independent zero-modes.

To make sure we are comparing the same state in the degenerate man-
ifold we consider the operator product

0 e3id(r) e~ 2i¢(r) 0
F :<e—;i¢(r> 0 >"””P”C< 0 e;wm)v (6.45)

with eigenvalues +1, which is a symmetry respected both by the analytic
and by the numerical calculation. The operator P, is the mirror symmetry
operator in the z-direction,

P,aPl = —x, PuyPl=1y. (6.46)
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6.E Comparison of numerics and analytics

The magnetic momentum transforms under P, as k, — —k,, k, — ky.

For the comparison we set k = 0, which is invariant under the action
of P,. Then we can take the two zero-modes obtained numerically to be
eigenstates of P,, and compare them with the corresponding eigenstates
obtained analytically. Those are

ug(r) =u(r) £u'(r), (6.47)
which, in view of the fact that
fn(=z,y) = fr(z,y) (6.48)

are eigenfunctions of P, with eigenvalues +1. Figs. 6.4 and 6.11 compare
the modulus squared of the +1 and —1 eigenstates of P, respectively, with
quite satisfactory correspondence.
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7 Magnus effect on a
Majorana zero-mode

7.1 Introduction

A topological superconductor can bind a Majorana fermion as a midgap
state in the core of a magnetic vortex [8, 127, 128]. This Majorana zero-
mode has been dubbed the “Zen particle” [129], because it embodies noth-
ingness: it has zero charge, zero spin, zero energy, and zero mass [130-132].
It does have a definite chirality, set by the sign of the £27 winding of the
superconducting phase around the vortex [109].

A superflow couples to the circulating phase, producing a sideways force
on the vortex known as the Magnus force [133-136]. It was recently shown
[137] that the superflow also acts on the zero-mode, causing a deconfine-
ment transition when the Cooper pair momentum K exceeds the critical
value Ag/vp (with Ag the superconducting gap and vr the Fermi veloc-
ity).

Here we follow up on that work and investigate the dynamics of the
transition, when the superconductor is quenched by the sudden appli-
cation of a superflow. Computer simulations show that the Majorana
zero-mode escapes from the vortex core as a wave packet with a constant
velocity Vescape. A key result of our analysis is a calculation of the depen-
dence of this quantity on K, Ag, and vp, in a semiclassical approximation
that is found to agree well with the simulations. That calculation is pre-
sented in Sec. 7.4, after we have formulated the problem (Sec. 7.2) and
solved for the short-time dynamics (Sec. 7.3). We compare with computer
simulations in Sec. 7.5 and conclude in Sec. 7.6.

7.2 Quenched topological superconductor
The effect of a superflow on a topological superconductor has been demon-

strated experimentally [138] at the proximitized surface of a topological
insulator [8]. We focus on that platform [11, 12], see Fig. 7.1, described
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7 Magnus effect on a Majorana zero-mode

B h/2e vortex

Figure 7.1: Schematic of a topological insulator with induced superconduc-
tivity (gap Ag) in a perpendicular magnetic field B. A vortex (red, with a
27 winding of the superconducting phase ¢) binds a Majorana zero-mode. An
in-plane supercurrent (blue arrows, Cooper pair momentum K) can deconfine
the zero-mode, producing a Majorana fermion wave packet that escapes with
velocity Vescape in a direction perpendicular to the superflow.

by the four-band Bogoliubov-De Gennes Hamiltonian

Ho = vp(kyor + kyoy)v, — evp(Azoy + Ayoy )
— poov, + Aoy (Vg cos ¢ — vy sin @). (7.1)

The surface is in the z—y plane, the in-plane momentum is k = —i0,.
The electron charge is taken as +e¢, the Fermi velocity is vp and A is set
to unity. The Pauli matrices o, v, act, respectively, on the spin and
particle-hole degree of freedom. The corresponding 2 X 2 unit matrices
are o9 and 9. An s-wave superconducting pair potential Ae’® couples
electrons and holes. Time-reversal symmetry is broken by a perpendicular
magnetic field B, with vector potential A.
Charge-conjugation symmetry C = 0,1, K is expressed by

CHoC = oyvyHyoyvy = —Ho. (7.2)

The complex conjugation operation K is taken in the real-space basis, so
the momentum changes sign. When the Fermi energy p = 0 is at the
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7.2 Quenched topological superconductor

= t=50xa/vp t=100 ¢t=150 ¢=200

300
) III'I
0 L

0 sc/a 150 —> K =16A¢/vp

Figure 7.2: Majorana fermion wave packet that escapes from a vortex (white
circle) in response to a quench of the superflow momentum K (in the z-
direction). The images show a color scale plot of |¥(x,y,t)|*> in the plane
of the superconductor, at different times following the quench at ¢ = 0.
This is a numerical solution of the evolution equation (7.6), with Hamilto-
nian (7.5) discretized on a square lattice (lattice constant a, Ag = 0.04 fivr /a,
B = (h/e)(302a)™2, p = 0). The initial condition at ¢ = 0 is the Majorana
zero-mode W .

Dirac point there is additionally a chiral symmetry,
oV, Hoo,v, = —Hp. (7.3)

We consider an h/2e vortex at the origin. The gap A increases from
0 at the vortex core to Ay outside, on the scale of the superconducting
coherence length &y = hup/Ag. The superconducting phase ¢(r) winds
by +27 around the vortex, e!*(") = r~!(z & iy). In a strong type-II
superconductor (§p much less than the London penetration length) the
magnetic field is approximately uniform. We take the gauge where A =
—Byz.

The vortex contains a Majorana zero-mode, a charge neutral bound
state with zero excitation energy [8]. Its wave function ¥ is an eigen-
state of the charge conjugation operator C. For p = 0 chiral symmetry
demands that ¥ is also an eigenstate of o,v,. The combination of the two
symmetries enforces the form

\II+ = (ei’Y,L/)+7 07 Oa e_i7¢+),

, ¢ (7.4)
v_ = (07 ew¢—7 € mw—a 0)7
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7 Magnus effect on a Majorana zero-mode

for a phase shift v and a pair of real scalar functions ¥4 (7). The sign
of the vorticity selects either ¥4 or ¥_. An explicit solution [8, 109] of
HoWU = 0 gives v = w/4 and an exponential decay of 1+ on the scale of
.

The gapped surface is brought out of equilibrium by a superflow momen-
tum quench K(¢). The superflow exerts a Magnus force on the Majorana
zero mode, which may cause it to escape from the vortex core [137]. A
computer simulation of the escape is shown in Fig. 7.2.

The superflow momentum quench enters the Hamiltonian in the form

OHo
H:HofK-ea—A:”HoJer(K'a')yo, (7.5)
in accord with Galilean invariance. We assume an instantaneous quench
in the z-direction, K (t) = K6(t)%, so we seek the solution of the evolution
equation
10U (t) = (Ho + vrKo,10)¥(t), (7.6)

with initial condition ¥(0) = ¥ given by Eq. (7.4) The quench preserves
both particle-hole and chiral symmetries.
The full superflow momentum

P(r)=ps(r) + K (7.7)

includes also the contribution from the circulating momentum field pg
around the vortex cores. This divergence-free field has the gauge invariant
expression [139]
po(r) = 1Vo(r) — cA(r). (7.8)
For later use we note that the gauge transformation
H 671@5(7')1/2/27_[6754)(7')1/2/2
=uwvp(k- o), + vp(P - o)y — poov, + Aogv, (7.9)

explicitly writes the Hamiltonian in terms of the full superflow momentum.

7.3 Short-time dynamics

For the initial time dependence we may truncate the Taylor expansion of
the propagator e "7,

U(t) =e My, = i (_:l%f)nﬂwi. (7.10)

n=0
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7.3 Short-time dynamics

We calculate W(t) to order t*, with the help of the polar-coordinate iden-
tity

(ky £ik,) f(r, ) = Fet¥ (iigf - rlgii), (7.11)

and then compute the expectation value of the velocity,
(Fa(t)) = (W(t)|OH/Oka|¥(t)) = vr (¥ (t)|oarv:|¥(L)). (7.12)

We focus on the case p = 0 of chiral symmetry.

To simplify the calculation we note that the magnetic field only affects
the dynamics on the scale of the magnetic length [,,, = \/h/eB, which is
large compared to the vortex size &y for magnetic fields small compared to
the upper critical field of the superconductor. For the short-time dynamics
we may ignore the magnetic field. In terms of the gap profile A(r) the
scalar function 4 in the initial state (7.4) is then given by [8, 109]

by (r) = () = cexp (vgl /O ' dr’A(H)), (7.13)

with ¢ a normalization constant.
A simple closed-form expression results for a constant A = Ay,

(i(t)) = — 20AA2Kt? cos 2y + O(t%), (7.14a)
() = —20pKt + 2op K3
+ 20 ATK 3 (10 — 9sin 2v) + O(%). (7.14b)

These are the formulas for +27 vorticity (initial condition ¥, ); for —27
vorticity (initial condition ¥_) the component (i) is unchanged while (g)
changes sign.

The zero-mode has v = 7/4, hence the motion is fully in the y-direction,
with initial velocity

(U(t)) = £20p Kt(—1 4 22(Af + 205 K2) + O(th)), (7.15)

for 427 vorticity. Because of the dependence on the vorticity, we interpret
the initial acceleration +2v%K as a manifestation of the Magnus force
acting on the zero-mode.

One may wonder whether the Lorentz force, which we have ignored in
this calculation, would deflect the particle away from the y-axis. This
is not the case, chiral symmetry enforces (&(t)) = 0 for all ¢ > 0 when
v =m/4, see App. T.A.
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7 Magnus effect on a Majorana zero-mode

7.4 Semiclassical calculation of the escape
velocity

A semiclassical approximation will allow us to obtain a simple analytical
expression for the velocity at which the Majorana fermion escapes from
the vortex core. For simplicity, we set p = 0, so chiral symmetry applies.

Quite generally, a wave packet at position r and with wave vector k
has the semiclassical equations of motion [140, 141]

7= OpE —k x (O x A) + (7 - 9,)A — Op(a - 7) (7.16a)
k=—0,E+7x (0, xa)— (k-0)a+d.(A- k). (7.16b)
The energy E(r, k) is an eigenvalue of the 4 x 4 matrix H(r, k), obtained
from the Hamiltonian H by treating r and k as parameters — not as

operators. The corresponding eigenfunction |u(r, k)) is a rank-4 spinor,
normalized to unity, (u|u) = 1.
The fields A and a are defined by the connections

A(r, k) = (u(r, k)|id|u(r, k), (7.172)
a(r, k) = (u(r, k)i, |u(r, k)). (7.17b)

The state |u) is defined up to a complex phase factor. If |u) — e/ (%) |y)
the connections transform as A — A — O f and a — a — 0, f. These two
transformations leave the right-hand-side of Eq. (7.16) unchanged.

We apply this general formalism to the Hamiltonian (7.9), to ensure that
the full gauge invariant superflow momentum appears in the equations
of motion. Diagonalization of H(r, k) for p = 0 gives four eigenstates
|, (7, k)) with eigenvalues

E,(r, k) = sn\/v%P(r)2 + A(r)? + v3k? + QS%UF\/P(T'PA(T)Q + v (k- P(r))Q,

{8178/1} = {+7+}7 {8275/2} = {_7+}7 {83,83} = {+7_}7 {847521} = {_7 _}'
(7.18)

We find that the connections (7.17) do not contribute to the equations
of motion (7.16), because they are given by the gradient of a scalar field,

An(r. k) = Ok fu(r, k), an(r,k) =0 n(r k), (7.19)
P2+ \/(k-P)2+ P2A2 /v
_ 1 n F
fan=735 arctan( knPy — kP,
— Larctan(P,/P,). (7.20)
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7.4 Semiclassical calculation of the escape velocity

The semiclassical dynamics is therefore fully determined by the energy
landscape,
7 =0pEn, k=—0,E,. (7.21)

We consider a rotationally symmetric vortex, A(r) = A(r), P(r) =
K& +ps(r)2 x 7, so that E(—z,y, —kg, ky) = E(z,y, ks, ky). A trajectory
that starts out with x = 0, k, = 0 at ¢ = 0 then will retain these values
for t > 0. The motion along the y-axis is determined by the equations of
motion

§ = Ok, En = viky/Enp, (7.22a)
d

T9E, dy [sh,ur P(y) + A(y)]z' (7.22b)

ey = — 0yE, =
We denote A(z =0,y) = A(y) and P(z =0,y) = P(y).

Since dE,, /dt = 0, the energy F,, is equal to its value at ¢ = 0. Assuming
A(0) = 0 and P(0) = |K| (vanishing pair potential and no circulating
superflow deep inside the vortex core), we have E,, = s,vp|K]|.

Far outside of the core, where A &~ Ay and P =~ |K| are both y-
independent, one has k;y = 0. The terminal &, should satisfy

vpK? = B2 = vik, = —Af — 2s),vp|K|A, (7.23)

which has a real solution for s, = —1 if vp|K| > Ag/2. That is the
condition for escape of the Majorana fermion. The escape velocity is

given by
[Vescape| = [ K| 711/ 20| K|Ag — AZ. (7.24)

The maximum |Vescape| = vr is reached at |K| = Ag/vp.

Notice that the quenched superconductor supports a quasiparticle es-
cape even though the excitation gap has not closed: the reduced gap
At = Ag — vp| K| only closes for vp| K| > Ag, while quasiparticle escape
is possible for vp|K| > Ag/2. The reason is that the quench gives a fi-
nite energy vp|K| to the quasiparticle, so escape becomes possible when
vp| K| > Ao = vr|K| > Ag/2.

The escaping wave packet is a superposition of the two states |u,) with

s, = —1 and s, = £1. They satisfy the same equation of motion

/

n
- 277/
Yy= _UFU (y)7

U(y) = 505 ([P6) ~ A /o] - K2),

(7.25)
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7 Magnus effect on a Majorana zero-mode

Figure 7.3: Plot of the potential U(y) that governs the equation of motion
(7.25) of the wave pet, calculated for the gap and superflow velocity profiles
(7.26). The arrows indicate the oscillatory motion for ve|K| < Ao/2 and the
escape to infinity for vp|K| > Ag/2. The direction in which the wave packet
escapes is minus the sign of K times the sign of the vorticity.

with initial conditions ¢(0) = 0 and y(0) infinitesimal (needed to avoid the
discontinuous derivative A’(y) at y = 0) 1. This is the frictionless motion
in the potential landscape U(y), plotted in Fig. 7.3 for the functional
forms

A 2
Aw = ol P = 1K+ (7.26)

appropriate for a vortex with coherence length £y much smaller than the
London penetration length [139, 142].

For vp|K| > Ag/2 one has U(co) < U(0) so the motion escapes to
infinity, with a constant terminal velocity (7.24), for vp|K| < Ag/2 the
motion is oscillatory.

The two states s, = %1, at energies +op|K|, are related by particle-
hole symmetry, they have the same position but opposite momentum. The
semiclassical calculation neglects interference of the positive and negative
energy states, which is reliable for the long-time dynamics outside of the
vortex core, when the momentum difference is large and interference ef-
fects average out. In contrast, inside the vortex core the two states both

IThe sign of the infinitesimal y(0) for the equation of motion (7.25) is minus the sign
of K times the sign of the vorticity, in accord with the short-time dynamics (7.15).
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7.5 Computer simulations

still have momentum approximately equal to zero, and their interference
cannot be neglected.

7.5 Computer simulations

We have simulated the wave packet dynamics by discretizing the Bogoliubov-
De Gennes Hamiltonian (7.1) on a square lattice (lattice constant a),

H = (vp/a)(og sinak, + oy sinaky)v, — pogv.
+ M(k)o,vg — evp(Azo, + Ayoy) 1
+ Ao (vy cos ¢ — vy sin @) + vp Koz, (7.27a)
M (k) = My — (M /a*)(2 — cos ak, — cos aky), (7.27b)

and evolving the zero-mode wave function via a finite-difference algorithm.
The M(k) term in Eq. (7.27) includes the effect of a small coupling be-
tween the top and bottom surfaces of the topological insulator of Fig. 7.1.
As in Ref. 137 we set My = 0, to avoid the opening of a gap at k = 0, but
retain a nonzero M; = 0.2 avg in order to eliminate the fermion doubling
at k= (7/a,m/a).

We take a uniform magnetic field BZ = V x A, appropriate for a strong
type-II superconductor. The vortex array has a pair of h/2e vortices in
a magnetic unit cell of size dy x dgy, with dy = 302 a (corresponding to a
magnetic field B = h/ed3.) The phase field ¢(r) winds by 27 around each
vortex, at position R,,, as expressed by

V x Vo(r) = 225Y, 6(r — Ry), V24 =0. (7.28)

For the pair potential in a vortex core we take the gap profile A(r) =
Ap tanh(r/rg), with Ag = 0.2vp/a. The core size rq is of order & =
vr/Ag, but for the sake of comparison with the semiclassics (which as-
sumes a smooth gap profile) we will also consider larger values of ry. The
gap A(r) is saturated at Ag for r > 70 a, to ensure that the vortex core is
fully contained within a single magnetic unit cell. We follow the dynamics
of the wave packet on a time scale that is sufficiently short that only a
single vortex plays a dominant role. To avoid interference from the other
vortex we set its core size to zero.

We use the package Tkwant for the calculations [85, 143]. See App. 7.B
for details on the simulation.

In Fig. 7.4 we show the time dependence of the propagation of the wave
packet along the y-axis, following a superflow quench at ¢ = 0. We com-
pare [ |U(z,y,t)|? dz from the simulation with y(t) from the semiclassical
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7 Magnus effect on a Majorana zero-mode

300 K = O2A0/UF 0.6 Ao/UF 2A0/UF

y/a L e

100

1
0 txa/vr 300

Figure 7.4: Propagation of the zero-mode along the y-axis after the super-
flow momentum quench at ¢ = 0. The color scale shows the density pro-
file [ |¥(z,y,t)|*dz following from the computer simulation (Ao = 0.2vr/a,
ro = 40a, B = (h/e)(302a)"?). The red curve results from integration of the
semiclassical equation of motion (7.25), for the same A(r) = Ag tanh(r/ro) gap
profile as in the numerics.

equation of motion (7.25) 2. The comparison has no adjustable param-
eters. As anticipated, the agreement is good outside of the vortex core
(K Z Ag/vr), where the interference of the positive and negative energy
wave packets can be neglected. The oscillatory motion of the wave packet
inside the vortex, for small K, is not well described by the semiclassics.

Fig. 7.5 compares the escape velocity obtained from the simulation with
the semiclassical formula (7.24). The numerical data nicely approaches
the semiclassics for larger and larger core sizes.

7.6 Conclusion

In summary, we have investigated the dynamics of the Majorana delocal-
ization transition reported in Ref. 137. A supercurrent can be used to
extract a Majorana fermion from the zero-mode bound to a vortex core.
The extraction process is governed by an effective potential well, see Fig.
7.3, which allows for escape with a constant terminal velocity vescape OnCe
the supercurrent exceeds a critical value. A simple semiclassical calcula-
tion of this velocity agrees well with computer simulations.

The escape of the Majorana fermion should be observable by scanning
probe spectroscopy, as a current pulse when the probe is positioned near
a vortex, at right angles from the superflow. Close to the deconfinement

2For the comparison beween numerics and semiclassics in Fig. 7.4 it makes no signif-
icant difference whether we take P(y) = K or include the near-field contribution
from the circulating superfluid momentum, as in Eq. (7.26).
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Figure 7.5: Escape velocity of a zero-mode wave packet from the vortex core,
as a function of the superflow momentum K. The data points follow from the
computer simulation, for different core sizes ro (at fixed Ag = 0.2vr/a). The
black dashed curve is the semiclassical result (7.24).

transition the escape velocity will be much smaller than the Fermi velocity
vp ~ 10°m/s (see Fig. 7.5), which should make the observation more
feasible.

The internal degree of freedom of the Majorana zero-mode that couples
to the superflow via the Magnus effect is the chirality — zero-modes of
opposite chirality escape from the vortex in opposite directions. The
conformal field theory of non-Abelian anyons associates a “topological
spin” to a Majorana zero-mode [144-146]. As a topic for future research
we ask whether there is an analogous Magnus effect for the topological
spin. We note that the phase shift v in the Majorana wave function (7.4)
affects the direction in which the superflow drives the quasiparticle, see
Eq. (7.14). The motion is strictly perpendicular to the superflow only for
~v = 7/4. That this also happens to be the value of the topological spin
may or may not be accidental.
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Appendices

7.A Chiral symmetry prevents lateral
deflection by the Lorentz force

Fig. 7.2 shows that the Majorana fermion escapes from the vortex along
the y-direction, perpendicular to the superflow. We address the question
why the motion is not bent in the z-direction by the Lorentz force. Since
electrons and holes are deflected in the same direction by the Lorentz
force, charge-neutrality of the quasiparticle does not prevent the deflec-
tion. Chiral symmetry is essential.

To demonstrate this, we calculate the expectation value at u = 0 of the
x-component of the velocity operator,

(1)) = vp(U(0) e o,v. e~ M T(0)). (7.29)

The superconducting vortex at the origin has pair potential A(r)e®*?,
in polar coordinates (r, ¢), with a rotationally symmetric amplitude A(r)
and a 27 vorticity. The magnetic field B(r)Z is also assumed to be
rotationally symmetric, with vector potential A(r) = g(r)(—y,z,0) [so
that B(r) = 2g(r) + rg'(r)].

The initial state ¥(0) = ¥4 is a zero-mode bound to the vortex core,
given by [8, 109]

e'i7r/4
U, =cpetXMexp (—vF_l / A(r')dr’) 8 :
0 .
e—z‘rr/4
7.30
) (7.30)
1 " ’ / e/
U_ =c_e XM exp —vp / A(r')dr omin/a |
0
0
with ¢+ a normalization constant and y(7) chosen such that
Oyx = €Ay, O;x = —€eA,. (7.31)
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7 Magnus effect on a Majorana zero-mode

Note that x(—z,y) = x(z,y).
We introduce the operator P, which reflects x — —z, k, — —k,. Its
action on the Hamiltonian H = Hy + vp Ko,y is given by

PoHPy = ozvyHozvy if p=0, (7.32)

see Eq. (7.1). The zero-mode (7.30) is unchanged upon reflection, ¥y (x,y) =
V4 (—z,y), and moreover

\I/i = —O'wa\I/i. (733)
These identities imply that
Pee MU, = —g,ve” M, (7.34)

We now calculate, using also o,v, = P,o,v,P,, the expectation value
(7.29),
vp (Ui |eMo, v e T, )
vp (V| PLo, v, Pre” T 0L )
UF<\I'ﬂ:|‘3th(—Uwa)(Usz)(—UxVy)eithJﬁQ
—vp(UyleM o v, e MWL)
—(&(t)) = (z(t)) =0. (7.35)

(@(t))

The velocity component in the x-direction has zero expectation value for
all ¢, there is no lateral deflection by the Lorentz force at p = 0.

7.B Details of the numerical calculations

The velocity operator is given by v = 0H/0k, with H the tight-binding
Hamiltonian (7.27). (In the continuous limit this reduces to v; = vpo;v,.)
We compute the expectation value (v,)(t) as function of time. As a con-
sistency check we show in Fig. 7.6 the short-time dynamics together with
the analytical result (7.15). For longer times the wave packet may escape
from the vortex core. We determine the escape velocity by averaging
(vy)(t) over a brief time interval, see Fig. 7.7.

This is all data for u = 0, when the expectation value of the velocity
component v, parallel to the superflow vanishes. A nonzero p breaks
chiral symmetry and introduces a nonzero (v,), see Fig. 7.8. The sign of
u dictates the direction of the deflection away from the y-axis.
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Figure 7.6: Initial time dependence of the expectation value of the velocity
vy of the Majorana wave packet (perpendicular to the superflow), for Ay =
0.04vr/a, K = 2A¢/vr, in the limit 7o — 0 of a small vortex core. The dashed
curve is the analytical result from Eq. (7.15).

The short-time result (7.14) indicates that a deflection in the x-direction
is also possible without breaking chiral symmetry, if the initial wave packet
has a phase shift v # 7/4. Such a phase shift between the electron and
hole components could be induced by a voltage pulse. In Fig. 7.9 we show
that the numerics confirms this analytical expectation.
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driven out of the vortex core by the Magnus force. Four values of the superflow
momentum K are shown at fixed A9 = 0.2vr/a. The average over the time
interval between the dashed lines is the escape velocity plotted in Fig. 7.5 (green
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Figure 7.8: Dependence of the direction of the escape velocity on the chemical
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40a).
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for p = 0, the deflection in the z-direction happens when 7 is pushed away
from 7/4 by an initial voltage pulse. The solid curves are numerical results, the
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ate zeroth Landau level we choose the state with left-right reflection
symmetry. There are two of these, the other is compared in App. 6.E
of the Supplemental Material.
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Samenvatting

Massaloze fermionen zijn een bijzonder type elementaire excitatie dat kan
ontstaan in elektronische systemen. In deze materialen gedragen elek-
tronen zich als massaloze deeltjes, waarmee ze het relativistische gedrag
van fotonen nabootsen. De massaloze aard van deze excitaties, samen
met hun karakteristieke lineaire dispersierelatie, kan een grote invloed
hebben op de macroscopische eigenschappen van elektronische systemen.
Sinds de ontdekking van grafeen in 2004 zijn verschillende nieuwe mate-
rialen ontdekt die zulke massaloze excitaties bevatten, wat heeft geleid
tot interessant en innovatieve toepassingen. Wiskundige methodes uit de
topologie hebben ons in staat gesteld om de lage-energie-eigenschappen
van veel van dergelijke massaloze systemen te beschrijven en te begrijpen.

Dit proefschrift is gewijd aan het onderzoeken van de effecten van mag-
netische velden op drie types van massaloze fermionen, genoemd naar hun
ontdekkers: Dirac-, Weyl- en Majorana-fermionen. We hebben enkele
nieuwe verschijningsvormen ontdekt, we geven aan hoe deze in experi-
menten kunnen worden gedetecteerd, en we beschrijven theoretische meth-
odes om ze diepgaander te onderzoeken.

Hoofdstuk 2 van dit proefschrift presenteert een nieuwe methode voor
het berekenen van een functie (het zogenaamde localisatielandschap), waarmee
we kunnen bestuderen hoe massaloze Dirac-fermionen door wanorde wor-
den gelocaliseerd.

De volgende drie hoofdstukken richten zich op Weyl-fermionen. Zo wor-
den massaloze fermionen in een drie-dimensionaal systeem genoemd. In
hoofdstukken 3 en 4 richten wij ons op de situatie dat de massaloze eigen-
schap het gevolg is van Kramers-ontaarding (men spreekt dan ook wel van
Kramers-Weyl fermionen). Hoofdstuk 5 voegt supergeleiding toe, we laten
zien hoe de elektrische geleiding in de aanwezigheid van een magnetisch
veld kan worden gebruikt om de chiraliteit (links- of rechtshandigheid)
van de deeltjes te bestuderen.

De laatste twee hoofdstukken van dit proefschrift richten zich op de
Majorana-fermionen in het Fu-Kane-model (een topologische isolator in
contact met een supergeleider). De Majorana-fermionen zitten vast in
een magnetische vortex, maar in hoofdstuk 6 laten we zien dat een su-
perstroom ze uit de vortex kan drijvern. Dit is het gevolg van de Mag-
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nuskracht, die werkzaam is ook al zijn de Majorana-fermionen ladingsneu-
traal. De dynamische eigenschappen van de Magnuskracht onderzoeken
we in hoofdstuk 7.
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Summary

Massless fermions are a unique type of elementary excitation that can arise
in electronic systems. In such materials, electrons behave as massless par-
ticles, mimicking the relativistic behavior of photons. The massless nature
of these excitations, along with their characteristic linear dispersion, can
have a major impact on the macroscopic properties of electronic systems.
Since the discovery of graphene in 2004, several new materials have been
discovered that contain such massless excitations, leading to interesting
and innovative applications. Mathematical methods from topology have
enabled us to describe and understand the low-energy properties of many
such massless systems, facilitating the use of strong analytical and numer-
ical tools for their study.

This thesis is dedicated to investigating the effects of magnetic fields
on massless topological systems, with a focus on those that exhibit Dirac,
Weyl, and Majorana fermions, named after their discoverers. Its main
contribution lies in the discovery of new sub-gap states, identification of
their experimental signatures, and development of new techniques for the
study of such condensed matter systems.

Chapter 2 presents a new method for computing a function, called the
”localization landscape”, which allows us to study how massless Dirac
fermions are localized by disorder.

The next three chapters focus on Weyl fermions, which are what mass-
less fermions are called in a three-dimensional system. In chapters 3 and
4, we focus on the situation where the massless property is the result of
Kramers degeneracy (also known as Kramers-Weyl fermions). Here, we
find new signatures in the magnetoconductance and spectral behavior that
are unique to this class of systems. In Chapter 5, we add superconductiv-
ity and show how the electrical conductivity in the presence of a magnetic
field can be used to study the chirality (left- or right-handedness) of the
particles.

The last two chapters of this thesis focus on Majorana fermions in the
Fu-Kane model (a topological insulator in contact with a superconductor).
The Majorana fermions are trapped in a magnetic vortex, but in Chapter
6, we show that a supercurrent can drive them out of the vortex, giving rise
to a new extended zero-mode solution. This is due to the Magnus force,
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which is active even though the Majorana fermions are charge-neutral.
We explore the dynamic properties of the Magnus force in Chapter 7.
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