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Introduction

The concept of Majorana fermions, developed by Italian physicist Ettore Majorana, originates from
particle physics, where it provides a field-theoretic description of charge-neutral fermionic particles.
The discovery of oscillations between different neutrino flavours (2015 Nobel Prize in Physics) has
boosted interest in Majorana theory as one possible way to add neutrino masses to the Standard
Model. The existence of Majorana mass terms would imply that the fermion number is not a conserved
quantity.

In condensed-matter physics, on the other hand, fermionic systems with non-conserved particle
number are well known from the mean-field theory of superconductivity, where all excitations have
a Majorana character. This property is a manifestation of the redundancy (Nambu doubling) that
is needed to treat a superconductor like an ordinary system of free fermions. The gauge-dependent
nature of the superconducting order parameter means that, in contrast to the concept from particle
theory, Majorana modes in a superconductor are not restricted to being electrically neutral.

Majorana states of lower dimensionality, in particular, have drawn interest in condensed-matter
research: Majorana zero modes, bound states of exponential localisation, may be useful as topologically
protected degrees of freedom for quantum-computation applications, as they are not suceptible to some
decoherence processes caused by perturbations and imperfections of the system. Omne-dimensional
Majorana edge modes enrich the field of effectively 1D physics and offer the possibility of probing
quantum properties in interferometric studies.

Suitability for topological quantum computation was first predicted for zero-energy Majorana bound
states hosted by vortices in a p-wave superconductor . A simpler, 1D model of a topological su-
perconducting system is given by the Kitaev chain [2], which provides Majorana zero modes localised
at both ends. As the model is strictly one-dimensional, it has a direct equivalent, via Jordan—Wigner
transformation, in a spin—% chain with Ising coupling. Although the character of the spin system differs
substantially from the fermionic one due to the non-locality involved in the transformation, it still has
the potential to emulate behaviour of the fermion chain.

For the appearance of one-dimensional edges, a system with at least two dimensions is required. A
three-dimensional topological insulator, for instance, features gapless electronic states on the surface,
which acts as an effectively 2D system. Edge modes of Majorana character may arise at boundary
lines between a surface region gapped by a superconductor and a magnetically influenced area, or in
line junctions between two superconducting regions [3]. The gapless surface states will generally have
a contribution to the Josephson current flowing between two superconductors that are tunnel-coupled
to the surface.

Both the spin equivalent of the Kitaev chain and superconducting fermionic systems with topological
Majorana modes are studied in this thesis, which consists of five chapters:

e The first chapter introduces fundamental concepts that are relevant, in particular the Jordan—
Wigner transformation, the toy model of the Kitaev chain, Majorana zero modes and their use
in topological braiding, and protected surface states in a topological insulator.
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Introduction

The second chapter presents a generalised Jordan—Wigner transformation which provides a
locality-preserving mapping between tree structures of spins and of fermions. The extension
uses additional spins to mediate the coupling between one-dimensional chains and allows for the
translation of Majorana braiding into a spin system.

For a mesoscopic superconducting island hosting two Majorana zero modes, the onset, due to
charging energy, of correlations between the electrical currents at two tunnel contacts coupled to
the Majorana modes is analysed in the third chapter.

In the fourth chapter, a Josephson junction between two superconductors on a topological-
insulator surface is considered and the current—phase relation is calculated for the contributions
of bound states and scattering states on the surface to the Josephson current.

Finally, the thesis is concluded by a summary with some outlook on further research potential.
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Chapter 1

Fundamentals

This chapter is a short introduction of some fundamental concepts. The first part explains the definition
and applications of the Jordan—Wigner transformation relating spin-% systems to fermions. Fermionic
Majorana operators do not only result from transforming spin components, as shown in the second
part, but they can also arise as topologically protected degrees of freedom in a fermionic system like the
Kitaev chain, which is presented in the third part. Protected Majorana states have non-Abelian braiding
properties, discussed in the fourth part, which could be used for topological quantum computation. The
last part describes Majorana modes as a more general feature of superconductors, which is of particular
interest in combination with the protected surface states of a topological insulator.

1.1 Jordan-Wigner transformation

The well-known transformation introduced by Jordan and Wigner \| relates spin—% operators to
fermionic creation and annihilation operators. Thereby, it permits mapping a spin system to a fermionic
one (and vice versa). For sets of fermionic operators ¢(j), c¢/(4) and spin raising/lowering operators

o+ () = 5 [0°() £ 10¥()] (1)

derived from Pauli matrices 0“(j), the Jordan-Wigner transformation can be defined as follows:
j—1
c(j) =0 () - [T o) (1.2a)
k=1
7—1
(i) =a*(G) - T[] o*(k) - (1.2b)
k=1

[By means of an additional spin rotation, components can be swapped, which may be expedient for
some applications.]

To transform the commuting operators of various spins into anti-commuting fermionic operators,
highly non-local string operators are used. In principle, the one-dimensional ordering required for the
strings can be chosen arbitrarily. However, this transformation generally provides a locality-preserving
mapping between Hamiltonians only for strictly one-dimensional systems.




1 Fundamentals

In a one-dimensional chain, the Jordan-Wigner transformation can be used to map any local
quadratic fermionic Hamiltonian into a local quadratic spin Hamiltonian:

HOF:ZM(:T( +Z{u3 c(j+ 1)+t el () e(j +1) + H.c] (1.3a)
02 gs — Z]1+U +Z[u] (j)o~ g+1)—tja+(j)a*(j+1)+H.c.}, (1.3b)

where the relation
1

(i) o) = 5 [1+70)] (1.4)

was used. Conversely, a 1D spin chain with XY coupling between nearest neighbours and local transver-
sal fields is mapped to a free fermionic Hamiltonian.

1.2 Majorana operators and non-local zero modes

For every pair of fermionic creation operator cf(j) and annihilation operator ¢(j), we can define two
Majorana operators

Y25 1) = () + 1 (5) | (24) = =i [e(G) = '()] - (1.5)
The operators are Hermitian (or real) and they fullfill an anti-commutation relation
{'y(j),v(k)} =26 , (1.6)

similar to the usual (complex) fermion operators The fermionic anti-commutation relation leads to
the special property that an arbitrary pair of Majorana operators can be recombined,

N ik N (ke
= ’Y(])‘;W( ) ’ s () 217( ) , (1.7)

(for j # k) to a new complex fermion with occupation
fif= w ) (1.8)

2

As ~(j) are linear combinations of the original fermionic operators, a quadratic Hamiltonian consist-
ing of Majorana operators describes a system of free fermions. An interesting fermionic Hamiltonian
results from using the Jordan-Wigner transformation (1.2) for the new operators,

Y25 -1)=0"()- [T o*(k) (1.92)

—1(25) =¥(5) - [T o*(k) (1.9b)

! Alternatively, Majorana operators can be defined with an additional factor of 1 / v/2, which results in an anti-commutator
of d;k, like the one for complex fermion operators.




1.3 Kitaev toy model of a topological superconductor

on a ferromagnetic Ising spin chain (J > 0) of length L:
Hing = —J Z o"(4) 0" (j + 1) (1.10a)

JZI’}/ (27)v(27+1). (1.10b)

Considering the fermionic operators for a 1D chain of length L, we notice that two Majorana operators
do not appear in HY. Therefore, (1) and (2 L) form a non-local fermionic zero mode.

1.3 Kitaev toy model of a topological superconductor

A fermionic toy model capable of reproducing the Hamiltonian (1.10b)) was proposed by Kitaev . The
starting point is a one-dimensional, (effectively) spinless chain of L fermions with chemical potential y,
superconducting order parameter A = |A|e'? and nearest-neighbour hopping amplitude w:

L
Z [—wel() e+ 1)+ Acl) e+ 1) +Hoe| = pd [F()e(i) 3] - (1.11)
=1 j=1

Redefining the Majorana operators to account for the superconducting phase,

1(2) = 1) +i7(25) o

(j) = A , (1.12)
we now consider the special case of |A| = w and obtain the Majorana representation:
L—1 u
Hy=w ) iv(2j)7(2j+1) = 5 > i7(25 = 1)7(2)) - (1.13)
j=1 j=1

In this representation, the Hamiltonian H,, consists of two different kinds of Majorana pairings: The
two Majorana operators of the same fermionic site are coupled by the chemical potential p, while w is
the coefficient for pairs of Majorana operators from neighbouring sites (Fig. [I.1).

For a vanishing chemical potential, v(1) and (2 L) are Majorana zero modes, and the Hamilto-
nian H,—o corresponds to the Ising chain with w = J. Due to the non-locality of the transfor-
mation, however, the ground-state degeneracy in the fermionic system is completely different from the
Ising Hamiltonian:

In the spin system, the two ferromagnetic ground states can be distinguished by a local measurement
of any spin. In contrast, this information can only be determined by accessing the two operators at
distant ends of the topological fermion chain, providing a topological protection against local pertur-
bations for this degree of freedom. This difference between topological and non-topological order has
been elaborated in Ref. ; it is visualised for the ground states as well as elementary excitations in
Fig.

A physical realisation of the Hamiltonian is possible by applying a magnetic field to a semi-
conducting wire with spin—orbit coupling and proximity-induced superconductivity [@], as pictured
in Fig.[1.3l If the chemical potential y is finite, there is no perfect zero mode. But in the regime
0 < |pu| < 2|w|, Majorana modes of finite extent are localised at the ends of the chain, and their
overlap and energy are suppressed exponentially in the length L [2].
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Figure 1.1:

Figure 1.2:

Figure 1.3:
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There are two different kinds of quadratic Majorana terms in the Hamiltonian (1.13)
of the Kitaev chain . The chemical potential u pairs the two Majorana operators of
a single fermionic site (upper part). In contrast, the combination of superconducting
and hopping terms effects a pairing between Majorana operators of neighbouring sites,

leaving unpaired the two operators at the ends of the chain (lower part). Diagram
inspired by Ref. .
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(b) ground-state degeneracy

As the Jordan—Wigner transformation is non-local, it relates two very different kinds
of order. In the ferromagnetic Ising chain (on the left), the lowest excitations are
domain walls |(a), and a measurement of a single spin is sufficient to distinguish
the degenerate ground states (b). In the topological fermion chain (on the right),
localised fermionic modes are the elementary excitations due to the non-locality
of the zero mode, in contrast, the ground states cannot be distinguished by any local
measurement |(b)

B field

semiconducting wire

ﬁ

s-wave superconductor

Schematic picture of a topological wire (inspired by Ref. @]) A semiconducting wire
with strong spin—orbit coupling can be driven into the topologically superconducting
phase of the Kitaev toy model by a combination of a magnetic field and
proximity to a superconductor with s-wave order parameter @




1.4 Topological braiding with Majorana modes

1.4 Topological braiding with Majorana modes

Many-particle wave functions should satisfy a symmetry under the interchange of indistinguishable
particles. In a system with three (or more) spatial dimensions, bosonic and fermionic statistics are the
only possibilities for this, because physically interchanging the same two particles twice is topologically
equivalent to no change at all. Restricted to 2D, however, multiple interchanges of two particles can
be characterised by a well-defined topological property, the winding number. Thus, in addition to
bosons and fermions, particles with anyonic statistics may exist in 2D systems. In the simplest case,
interchanging identical particles introduces an arbitrary phase e'? with 8 # 0, 7 (values for bosons and
fermions). As multiple phase factors always commute, this implies Abelian anyons.

If there is a ground-state degeneracy in the presence of anyonic particles, interchanging different
pairs of particles may effect non-commuting rotations in the subspace of degenerate ground states. For
such non-Abelian anyons, interchange sequences, which are represented by elements of the braid group,
can yield complex transformations of the system state. The result does not depend on the precise
trajectories, but only on the topology of the braiding; a graphical representation for a simple braiding
operation is shown in Fig. Hence, systems with non-Abelian statistics may provide a platform
for quantum computations with topologically protected gates (see Ref. for a review on non-Abelian
anyons and their potential use).

Measure
t

Braid [\
Create U U

Figure 1.4: World-line diagram of a braiding operation with four particles. At first, two pairs of
anyons are created (at the bottom of the diagram). Then, the middle ones of both
pairs are interchanged. For non-Abelian anyons, this braiding results in a non-trivial
transformation within the subspace of degenerate ground states. At the end, the
state of the two particle pairs is measured. Picture inspired by Ref. .

In the following, we will focus on the non-Abelian anyons appearing in superconducting systems.
They consist in a topological defect which protects a zero-energy Majorana mode. For Majorana zero
modes in half-quantum vortices of p-wave superconductors (or single-quantum vortices in the spinless
case), the unitary rotation was derived by Ivanov : The operation

™ 1-—
U= eXp(—4 YA 713) = % (1.14)

is the effect of braiding two vortices with Majorana modes va, yg. [The order of the two operators, or
the sign of the rotation, depends on the chirality of the vortices and on the choice of branch cuts in the
superconducting phase; a clockwise braiding features the opposite sign with respect to an anti-clockwise
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Ol
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(Start)
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B YA
(Step 2)
B YA
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Figure 1.5: Majorana braiding in a T junction (picture inspired by Ref. [6]). Two Majorana
zero modes at the boundaries of a topological interval (Sec. are interchanged via
adiabatical shifts of the interval boundaries. This can be effected by local control of
the chemical potential and results in a rotation of the system state @




1.5 Superconducting Majorana structure on a topological insulator

braiding.] As should be expected, this transformation affects the Majorana operators involved,

ya — U~va Ul = B , (1.15a)
= UsU ! =—n, (1.15b)

while leaving any other Majorana operator unchanged. Note that the anyonic statistics is not inherent
to Majorana modes, which are fermionic in nature. The non-Abelian behaviour rather arises from the
topological structure of the vortices protecting the zero modes.

In the topological phase of the Kitaev chain, or of the physical realisation in semiconducting wires,
a boundary (of a topological part) of the system has the role of the topological defect. Braiding is
obviously not possible in a strictly one-dimensional geometry, but in a network of topological wires:
If the boundaries of the topological phase can be controlled by local tuning of the chemical potential
with gates, Majorana braiding in the wire network is described by the same operator as for
Majorana vortices in 2D @ For a T geometry—the most elementary network—a braiding operation
between two Majorana modes is depicted in Fig.

The rotations described by Eq. generate only the set of Clifford gates, which is a restricted
class of quantum operations. Therefore, topological Majorana braiding needs to be complemented with
unprotected operations to construct a universal set of quantum gates (see Ref. @ for discussion and
further references).

1.5 Superconducting Majorana structure on a topological insulator

Zero-energy Majorana modes that are hosted by topological defects in a superconductor have drawn
much interest due to their non-Abelian braiding statistics, which could be used for topological quantum
computation. The Majorana nature, however, is a general property of superconducting excitations,
which is not restricted to protected zero modes. We will illustrate this fact using the example of
induced superconductivity on the surface of a topological insulator, at first.

A topological insulator (TI) is characterised by an electronically insulating bulk, while there are
protected gapless states at the boundaries. In a strong 3D TI, the two-dimensional surface provides
ungapped boundary modes that are robust against disorder. They are, in the simplest case, described
by a Hamiltonian for a single non-degenerate Dirac point:

hsurface = vﬁ' 7 — 1) (1'16)

where p is the chemical potential, p'the 2D momentum operator and & characterises the spin. In pres-
ence of an s-wave superconductor, the Nambu notation ¥ = [y, 1, 1/}1, —1/4]T and Pauli matrices 7
mixing particle and hole components can be used to incorporate a proximity-induced order parame-
ter A. Additionally, we allow for a time-reversal breaking Zeeman field M perpendicular to the surface
(induced, e. g., by a magnetic insulator). The spectrum of the Hamiltonian H = % Ut h U with

hzvﬁ'c_sz—MTz—F[AT_—FA*T—F}—|—MO‘Z (1.17)

is simply gapped out, for M = 0, by the Majorana mass A: € = :l:\/(j:v|E] —un)? +|AJ%2. For A =0,
the spectrum ez = £(vv? k2 + M? & p) has an effective magnetic gap only if |u| < [M].

Let us consider an interface between a superconducting region, A = Ay 60(y), and a half-plane with
magnetic mass term, M = My 6(—y). Fu and Kane [3] predicted that the boundary between the two
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different gaps A and M gives rise to one-dimensional chiral Majorana edge modes. They are chiral
because there is only a single band of eigenmodes i, with energy Ej = hvk, while their Majorana

nature means that states of positive and negative energy are not independent, but linked by the relation

= (0]

Non-chiral Majorana modes arising in line junctions between two superconductors on a TI surface
and trijunctions of these modes could be used to create and manipulate zero-dimensional Majorana
bound states, similar to the zero modes in p-wave—superconducting vortices . A setup of magnetic
materials and superconductors deposited on the TI surface may also be useful as an interferometer
for probing the one-dimensional Majorana edge states . (Comprehensive reviews on one- and two-
dimensional topological insulators, both in general and in connection with superconducting or magnetic
phenomena, have been published in Refs. and )

Now we will dicuss the generic properties of excitations in a superconductor. As shown in Ref. ,
their Majorana nature already follows from fundamental symmetries of the Bogoliubov—de Gennes
Hamiltonian in superconducting mean-field theory:

1
H= 5/ddr A4’ UTh . (1.18)
First, the operator h conforms to the particle-hole symmetry
C'hC =—h* (1.19)

for a matrix C, with C' C* = 1. [For the surface Hamiltonian (1.17), e.g., C' = ¥ 7¥.] As a result, for
each positive-energy eigenmode ¢,, with h ¢, = E,, ¢y, there is a negative eigenmode ¢_,, with energy
E_, = —E,. Pairs of positive and negative eigenmodes fulfill the symmetry relation

Cdy= . (1.20)

The same kind of charge-conjugation symmetry is present in the Dirac equation, for instance, where
positive and negative solutions are related to two different kinds of fermionic particles: electrons and
positrons, respectively.

In a superconducting system, however, there is additionally a similar pseudo-reality constraint on
the fermion field operator W,

Cip Ul =0 (1.21)
(summation over the index k is implied), which yields anti-commutation relations of Majorana form:

{0;(), Op(r')} = Cjp, 6(F — 1) (1.22)

{0 (7), Wi ()} = 05, 0(F — 7). (1.23)

These symmetry properties are a necessary consequence of the redundancy inherent to the Nambu
formalism for superconductors, which causes the physical excitations to be represented twice in the
spectrum: the creation of a quasi-particle with positive energy is identical to the annihilation of the
corresponding negative-energy state.

The conditions in Egs. and are sufficient to prove that, by unitary tranformation, the
Hamiltonian can be brought to a purely imaginary form, with all eigenmodes—mnot just those at zero
energy—having a representation as real, Majorana-like fields .




Chapter 2

Jordan-Wigner transformations
for tree structures

The Jordan—Wigner transformation provides an efficient spin—fermion mapping in one-dimensional
systems (cf. Sec.[1.1). An extension of this mapping, which relates fermionic and spin—% systems
with nearest-neighbour coupling, to arbitrary tree structures is presented in the following. This gener-
alised Jordan—Wigner transformation is made possible with the help of additional spins at the junctions
between one-dimensional chains. The extended mapping allows for straightforward simulations of Ma-

jorana braiding in spin or qubit systems. The results contained in this chapter have been published in

Ref. .

2.1 Spin—fermion mapping beyond 1D

As the Jordan—Wigner transformation (Sec. provides a locality-preserving mapping between chains
of spins and of fermions, it is very useful in one-dimensional systems. However, a naive application
to higher-dimensional systems generally results in a strong non-locality: The transformation requires
imposing a 1D order to construct the string operators used to relate the commuting operators of
different spins to anti-commuting fermion operators. In a system which is not strictly one-dimensional,
these string operators do not cancel each other for all kinds of local terms in the Hamiltonian.

There are some more sophisticated approaches to higher-dimensional systems: One method is the
use of a multi-dimensional phase factor instead of the one-dimensional string. In this case, the trans-
formation creates a fictitious gauge field and may result in the attachment of flux tubes to the
system operators . In a different approach, additional degrees of freedom are introduced to cancel
the strings, which means that the transformation yields a local, yet more complicated Hamiltonian
and the original properties of the system are preserved in the low-energy sector only [17].

A simpler modification of the Jordan—Wigner transformation was proposed for a more particular
system geometry: Without relinquishing locality, a three-leg star graph of free fermions can be mapped
to quadratic spin chains connected via specific 3-spin couplings . Furthermore, Ref. describes a
locality-preserving mapping of quadratic three-leg spin graphs with XY coupling to a Kondo-like system
of fermionic chains coupled by one spin. In this chapter, we will demonstrate that both transformations
can be generalised to tree structures of one-dimensional chains.

This kind of transformation can, e.g., be used to obtain a spin representation for the braiding




2 Jordan—Wigner transformations for tree structures

1 122

121
11

Figure 2.1: Binary-tree structure consisting of fermionic or spin chains. In each chain, spins or
fermions are numbered in arrow direction. The chains themselves are identified by
sequential numbers that are appended to the label of their parent chain (if there is
one). The root is the only vertex that has no incoming edge and may have three out-
going edges. At the inner vertices, there are additional spins with Pauli matrices S?
(ov = 0 at the root, the label of the ingoing chain elsewhere).

of fermionic Majorana modes (cf. Sec. in a T-junction geometry. For both the case of a single
topological interval and Majorana modes from two topological intervals, an explicit description of a
Majorana braiding operation translated into the corresponding spin system is given in App.

2.2 Geometry and notations

A priori, the tree structures we consider do not have directions or a distinctive root. For the purposes
of the transformation, however, we have to chose an arbitrary vertex as root and assign each edge
(i.e. chain) an orientation away from it. To reflect this hierarchy, the outgoing chains of a vertex are
denoted by sequential numbers that are, if applicable, appended to the label of their parent chain
(ingoing chain of the vertex).

According to the orientation, the spins or fermions in a chain a are numbered from 1 to Ly; they are
represented by the Pauli matrices 02 (5) and the fermionic creation/annihilation operators cf,(5)/cq(j),
respectively. Pauli matrices S? represent additional spins located at the inner vertices that are required
for the transformations; here « is the label of the ingoing chain (or o = 0 at the root). An example of
a permissible tree structure is depicted in Fig.

We use separate Jordan—Wigner transformations for each chain «,

ca(d) = na | [] 0a(k)| 05 (5) (2.1a)

() =na | [] o2(k)| oL () (2.1b)

with o£(j) = 1 [ag(j) tioY (])} The factors 7, with n2 = 1 have to be chosen in such a way that

10



2.3 Free fermions and 3-spin couplings

proper (anti-)commutation relations between operators of different chains result. The relation

ol (j) = 2cl(j)cali) — 1 =1 — 2ca(j)ch(5) (2.2)

is a useful corollary of these definitions. Hence, a (magnetic) field acting in z direction on a spin
corresponds to a local chemical potential at a fermionic site.

2.3 Free fermions and 3-spin couplings

To complete the description of the transformation, we need to define the operators 7,. For the chains
directly at the root, a € {1,2, 3}, the definition of the transformation in Ref. is used:

TN = S(()X . (2.3&)

For all the other chains, denoted by af with parent chain o and g € {1,2}, we define:

Lo
N = Na [H ag(k;)] S8 (2.3b)

These definitions satisfy the conditions stated in the previous section.

Within a one-dimensional chain, the Jordan—Wigner transformation is known to convert local
quadratic fermionic Hamiltonians into local quadratic spin Hamiltonians (Sec. [1.1); the factors n2 = 1
in Eqs. do not affect this. Therefore we will examine only the couplings at the vertices between
different chains. There are two kinds of vertex couplings: those between a parent and a descendant
chain and those between two descendant chains of the same parent. A coupling term of the first kind
between chains « and a3, with 8 € {1, 2}, has the general form

Heop = uco(La) cap(1) +tcl(La) cap(1l) + Hoc. | (2.4a)
which is transformed, using the relation (2.1)), into
HSB =58 {uU;(LQ) 05(1) — tol(La) 0,5(1) +H. c.} . (2.4b)

A coupling of the second kind between chains af and ary (here 3,y € {1,2}, 8 # ~; at the root, « is
empty and 3,7 € {1,2,3}, B # ) has the general form

Ho5) = Cag(1) cay(1) + t el 5(1) cay(1) + Hoc. (2.5a)
which is similarly mapped to
HS(BW) = 5557 [u 0,5(1) 00y (1) + ta;rﬁ(l) 0;7(1)} +H.c.
= St egmw [1uoss(1) o, (1) +itol,(1)or,(1) + He.] (2.5b)

where €4, is the Levi-Civita symbol.

This transformation can be generalised, beyond binary trees, to arbitrary tree structures: Any
higher-order vertex (with more than three edges) can be thought of as built out of multiple three-edge
vertices, connected by chains of length zero. For instance, the structure depicted in Fig. can be
viewed as a five-edge vertex; the zero-length internal chains (1 and 12) do not contribute products to
the Klein factors, in this case, but coupling terms involving more than three spins may appear.
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2 Jordan—Wigner transformations for tree structures

2.4 XY spin system and fermionic Kondo model

In this section, we consider a tree structure of spins with local XY couplings and use the Jordan—
Wigner transformation to obtain the corresponding fermionic Hamiltonian. A single one-dimensional
XY spin chain is simply mapped to free fermions (cf. Sec. [1.1). The generalised transformation defined
in Egs. and , however, involves additional spin operators Sg, which can either commute with
the spins or with the fermion operators in the chains, but not both.

To simplify the resulting fermionic Hamiltonian, we introduce new spin operators S’g at the inner
vertices. These operators do not appear in the spin Hamiltonian, and they commute with all the spins
in the chains. Concerning the spin operators Sg appearing in the transformation , we need to
take special care of their commutation relations with the fermionic operators. Therefore we define

s§=87 ] & and $8=5" I Pu. (2.6)
chain labels vy chain labels a~y
not beginning not beginning
with 8 with af

using the abbreviated notation

Lo
o [H oz<k>] (27
k=1

for the fermionic parity of chain a. As the products consist of Pauli matrices o* only, operators S
inherit the commutation relations of Sg . Therefore Sg are spin—% operators, which can most easily be
seen by example. We can specify them, e. g., for the tree structure depicted in Fig.

St = S} PP (2.8a)
S2 = G2 [PlP11 (P12P121P122)} P (2.8b)
Sg = gg [Plpll (P12P121P122>} P2 (280)

(the grouping highlights the tree structure),

Sll = Sll (P12P121P122) (2.9&)

S22 =52 py (2.9b)

S} = S} P11 (PiaPio1 Pra2) (2.9¢)
and

Sty = Sip Piay (2.10a)

St = 575 Proy (2.10b)

5:132 = S%Q P121P122 . (2.10C)

The parity operators, i.e. products of o% across one chain, guarantee that Sg commute with the
fermionic operators of all chains.

Again, the Jordan—Wigner transformation is known to map XY-coupled spins in a 1D chain to free
fermions, so we only have to examine the two kinds of vertex couplings, as we did in the preceding

12



2.5 Majorana braiding and the spin representation

section. They result in Kondo-like couplings of the fermionic chains:

Hop =uogy (La) o,5(1) + tol(La) o,5(1) +H.c. (2.11a)
— His = S8 [uca(La) cap(1) = tch(La) cap(1) + Hoc. | (2.11b)

and
Hogy) = u0,5(1) 0, (1) +togs(1) oq, (1) + Hec. (2.12a)

- Hg(ﬂv'}') = Sg Sg |:U Caﬁ(]‘) COZ'V(]‘) + tCLﬂ(l) Ca'y(l):| + H C.
= Sa €y {iucaﬂ(l)cw(l) +itel (1) cay(1) +H.c.] . (2.12b)

Thus, inter-chain couplings are mediated by the spin at the corresponding vertex.

2.5 Majorana braiding and the spin representation

Majorana modes arising in the topological phase of the Kitaev chain (Sec.[1.3)), a one-dimensional
fermionic system, can be braided in a T-junction geometry by local tuning of the chemical potential
(cf. Sec. [1.4). The modified Jordan-Wigner transformation described in Ref. and Sec. provides
us with a spin representation of this free-fermion system. In the following, the spin indices are swapped
in such a way that the resulting Ising couplings are in the z component and transverse fields in the
x direction. Furthermore, we use fermionic Majorana operators 7,(m), as defined in Sec. to express
the transformation in a convenient form:

70(2j = 1) =na | [ o0 (k) | 050) (2.13a)

7a(27) = na | [T o (k) | 04() (2.13b)

= 05(J) = 17(2] — 1) 7a(24) - (2.14)

The Klein factors 7, are those defined in Egs. .

The transformation relates the topological (nontopological) phase in the fermionic chains to the
ferromagnetic (paramagnetic) phase of the spin system (for more details see App.[A.1). Now we can
simply translate into the spin system the unitary operator produced by, e. g., counter-clockwise braiding
of Majorana modes vya,vp (cf. Sec. :

U= exp(—% YA ’yB) . (2.15)

In the case of two Majorana modes provided by one topological interval, which is located on a single
chain before and after the braiding, the Klein factors cancel in the spin representation, so the additional
spin mediating the coupling at the junction does not influence the result of the operation and is left
unaffected at the end (see Apps. and [A.3).

Braiding neighbouring Majorana modes from two topological intervals on different chains corresponds
to a more complicated operation in the spin system. By choosing, e.g., yo = 71(2m — 1) from the first

13



2 Jordan—Wigner transformations for tree structures

chain and yg = v3(2n — 1) from the third chain, we obtain:

Uz =exp| =555 [] o7(j) - of(m)- S5 [] o5(k) - o5(n)
k=1

m—
=exp|if Sy -of(m H oi(y H03 (n)

effectively
e

exp [i T 5Y 0% (m) ag(n)} , (2.16)

if the spins outside the ferromagnetic intervals are polarised in x direction. A detailed description of
this operation in the spin language is given in App.

The spin equivalent of braiding Majorana operators further away from each other involves, conse-
quently, the additional spins at all the intermediate vertices. For y4 = 712(2m—1) and v = v3(2n—1),
e.g., this yields:

Ly m—1
Urgz =exp | =5 - 55 [T ot (4) - ST [ ofa(k) - ofa(m) - S5 HU3
j=1 k=1
[ m—1 L1
= exp 155557 - ofy(m) oia(k H o1 (j H o5 (1 . (2.17)
k=1 j=1

This expression contains a string of all the spin operators that are needed to connect the two original
sites in the tree structure (Fig.[2.1). From a quantum-information perspective, this is a complex
operation, which involves a multitude a spins (qubits) and, in general, entangles the spins in the chains
with the additional spins at vertices. On the other hand, this complexity and entanglement can be
seen as a crucial property for the simulation of fermionic quantum computation in a bosonic system.

2.6 Conclusion

In general, Jordan—Wigner transformations provide a locality-preserving mapping between Hamilto-
nians of spins and of fermions in strictly one-dimensional systems only. However, the scope of this
property can be extended significantly by introducing additional spins at three-chain junctions, as it
was described for the special case of a star graph before . In this chapter, we have shown that the
same method can, in fact, be used for binary-tree structures. Thereby, fermionic trees are mapped to
spin trees with particular 3-spin couplings at the vertices, and XY spin trees are mapped to fermionic
trees with Kondo-like couplings between the chains. This transformation provides, e. g., a spin equiva-
lent of Majorana braiding operations. We have further shown that this construction can be generalised
to arbitrary tree structures.

It must be noted that these mappings involve an enlargement of the original Hilbert space: in the
case of XY spins due to the addition of spins S, to the system, in the case of free fermions implicitly
during the transformation. Thus, the degeneracy of all states is multiplied by a factor of 2 to the
power of the number of inner vertices, but the accuracy of the mapping is not affected.
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Chapter 3

Current correlation in a Majorana system
with charging energy

In a reqular superconductor, the tunneling of single electrons into and out of the system is energetically
disfavoured due to the pairing gap. Majorana zero modes in a topological superconductor (cf. Sec.[1.3),
on the other hand, enable gapless tunneling of unpaired electrons. Despite their non-local nature, two
spatially separate Majorana modes cannot by themselves mediate current correlations between different
contacts tunnel-coupled to the system. In the presence of Coulomb interactions, however, the charging
energy causes correlations between tunnel currents. For the regime of a small charging energy, these
current correlations are calculated in the following.

3.1 Transport through Majorana modes

Besides their potential use for quantum computation (cf. Sec. [1.4]), Majorana zero modes in topolog-
ical superconductors have also been studied in transport settings (see e.g. References [19-24]). In
a grounded Majorana system, contacts at perfect, non-overlapping zero modes show ideal Andreev
reflection without any correlation between the currents mediated by different Majorana modes .

A large charging energy in the regime of strong Coulomb blockade, on the other hand, effects a
coherent transport (“teleportation”) of single electrons between the contacts at two Majorana zero
modes ; in this case, both tunneling currents are perfectly correlated. In between these two extreme
cases, the onset of correlations in the limit of small charging energy is analysed in this chapter.

3.2 Model

We consider a mesoscopic topologically superconducting wire (island) hosting two Majorana zero modes
at the ends (cf. the toy model in Sec. , which are contacted by a left and a right normal-conducting
lead. In deriving an effective Keldysh action in terms of the phase ¢ of the island, we generally follow
the approach in Ref. (cf. App.[B.1): The superconducting gap A is assumed to be sufficiently
larger than other energy scales involved that transport is mediated by the zero modes only and no
higher-energy quasi-particles are relevant. The effective action consists of two contributions, resulting
from the charging energy and the fermionic dynamics, respectively:

iS =iS. +iS; . (3.1)
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3 Clrrent correlation in a Majorana system with charging energy

The first contribution is due to charging energy E. on the island and has the form:

i, = i/dt bq (;ﬁ; + ng) : (3.2)

The dependence on the gate charge ¢y = nge will not be relevant in the regime of small charging
energy F.. In order to obtain the second, fermionic contribution, the normal-conducting leads are
integrated out in a wide-band approximation; subsequent integration over the Majorana fermion fields
and expansion up to the second power in the quantum Keldysh component ¢, yields

187 =1 [T(0) 0,(0) — 5 [dedt ay(t) K (=) 6,(t) + O(65) (3.3)

Both the fluctuation kernel K(t —t') = 37, K;(t — '), see App. and the operator of the current
flowing into the dot Z(t) = 3_; Z;(t) can be separated into contributions from the left and right contact,
j € {L, R}. The current operators are given by

7,(t) = I / At F(t — 1) sin®; (¢, £) GR(t — 1) | (3.4)

with Majorana Green’s functions

1
Ry _ s —Ijt R( ) —
Glt) =—ie(e ! = Gl = (3.5)

broadened by the coupling to the relevant lead. The (equilibrium) distribution function F' applies to
both leads, as the chemical potentials are included in the quantity

?; (t’ t/) = V](t - t/) + ¢c(t) - ¢c(t,) (36)

depending on the voltage V; at the relevant contact and the classic Keldysh component ¢.. (Adjustment
of the chemical potential of the island distributes the total voltage between the left and right lead in
such a way that a steady state with vanishing total current Z emerges.)

3.3 Langevin equation

In order to describe the currents at both contacts and their (correlated) fluctuations, it is useful
to decouple the ¢4-quadratic terms of the action by means of two separate Hubbard-Stratonovich
transformations. Thereby we introduce two noise fields i, £g (see also App. [B.2):

H exp l_; /dt dt’ 9q(t) K;(t — t') (ﬁq(t/)}
J

:/D[gL,gR] Hexp[—;/dtdtlﬁj(t)f(jl(t—t,) gj(t’)+i/dt¢q(t)gj(t)] : (3.7)
j

The two fields are uncorrelated and their Gaussian noise averages are determined by their fluctuation
kernels K,

(&1 &) = 0jp Kt — 1) . (3.8)
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3.4 Currents and correlations

The evaluation of the action is facilitated by expanding it in the classical Keldysh component of the
phase, too. Approximation of Z(t) to first order in ¢. and integration over ¢, leads to a Langevin
equation for the classical phase:

¢c+/dtnt—t be(t Z@. (3.9)

Here, the sum of noise fields corresponds to the single noise field £ in the calculation of Ref. . Using
the retarded Greens’ function (propagator) DR of this equation, we can express the phase

() = [dr DR =) Yog(0) (3.10)
J

as a function of the fluctuation fields ;. Further approximations in the low-energy limit and the
evaluation of noise averages are described in App.

3.4 Currents and correlations

To determine the expressions for the currents and their correlations, we carry out a variational cal-
culation in the relevant counting fields at first, using the counting-field-dependent part of the action

(cf. App.
b, ] =13 [t [L0)+60)] 6,0 +60] - 53 [war g0 K - g@) . G

Then, we set the counting fields to zero and integrate out ¢,, which leads to the Langevin equation (3.9)
for the classical phase. The solution gives ¢, as a function of the fluctuation fields &, which
remain as the only fields of the path integral.

The operator for the current at contact j can be calculated by performing a single variation of the
action Sg in the couting field x;,

55& [XL7 XR] —

53, (1) Z;(t) + &(1) (3.12)

so the current is given by
1(t) = (T + (1)), = (L)), - (3.13)

In order to calculate the correlation between left and right current, we need to vary the action in
both counting fields. Thereby we obtain the expression

Cunttr, ~ 1) = { [Zu(t) + €u(00)] [Tnttn) + Enttm)] )~ Rult) i) - (3.14)

While the fluctuation fields &, &g are uncorrelated, they both appear in the classical phase ¢.. Hence,
we have to consider multiple terms for the correlation:

Cur(ty — tr) = (Zu(te) &t + €L(te) IR(tR)>£ +(Tu(t) IR(75R)>E ~ () In(tr) . (3.15)
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3 Clrrent correlation in a Majorana system with charging energy

For completeness, the autocorrelation of the current at contact j is given by the expression

Oyt = t2) = Ki(th — t2) + (Zi(1) & (02) + &(01) Iy (82) ),

(L) Li(12)), — L) L) (3.16)

which additionally contains K itself, yielding a finite expectation value even without charging energy.

3.5 Low-energy limit

In addition to a small charging energy E. = £2/ng ~ 2 (with ny ~ %, cf. App. B.3)), we assume small
voltages as well as a small temperature, compared to the tunnel couplings I';, and we focus on low
energies, i.e.

I OV, T, |w| ~ |t —tr| ™. (3.17)
In this limit, the symmetrised correlation C' = %(CLR + CRry,) is approximately given by (see App.|C.1)

3 2
C(w) =~ TR K(w) . (3.18)
The dependence of the prefactor on the charging energy (2 affects the width of the spectrum. This
(2-dependent factor can also be written as {2 - 0 (w), where dy, is the approximation of the ¢ function
with width (2.
We can express the fluctuation kernel K = Kj, + Kgr analytically for two different regimes: In
equilibrium (V; = 0), K is determined via a fluctuation-dissipation relation , which yields the
low-frequency expressions

K9 (w) ~ 1Y h<w>. 1
(W) 1 cot i (3.19)

Hence, the correlation function C takes on the form

3 2?

Ceqlw) ~ 8w w2+ 22

w
th{ — | . 3.20
w co ( 5 T) (3.20)
The zero-frequency correlation value depends on the temperature T in this case.

At T = 0, on the other hand, the fluctuation kernels K;(w) ~ K]Q(w) + K]V (w) comprise two
different terms (cf. App.[C.2): The first one is approximately given by a linear spectrum, which yields
the correlation expression

3 2
At small frequencies |w| < |V;2|/I7, the voltage-dependent terms KJV can be relevant:
1 02 V3 3V2
= Cy(w) ~ —— Bk Vil - 3.22
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3.6 Conclusion

If the voltages are vanishingly small, e.g. |Vi| < 23/I'? in the symmetric case I, = IR, the
zero-frequency correlation is determined by an additional contribution instead, which yields the value

(cf. App.[C.2)

CWVR2E 02

Co(w) ~
QWS BT AR

lw| < 2. (3.23)

Note that Vi, and VR have opposite signs in the steady state, so the correlation at w = 0 is always
negative.

3.6 Conclusion

Majorana zero modes in a topological superconductor can mediate the tunneling of single electrons to
normal-conducting leads. But in a system without charging energy, tunnel currents at two perfect zero
modes coupled to two separate contacts are uncorrelated. Although a small charging energy does not
have much impact on the individual currents, it causes correlations between the current fluctuations.
For a low-energy regime, the correlated fluctuations have been analysed in this chapter.

In the equilibrium (zero-voltage) case, a fluctuation—dissipation relation facilitates obtaining a tem-
perature-dependent expression for the symmetrised correlation function. We have also derived ana-
lytical approximations for the correlation in the finite-voltage, zero-temperature limit. Interestingly,
for finite temperatures or voltages, the charging-energy scale {2 does not significantly affect the zero-
frequency value of the correlation. As the correlation function decays proportional to 1/w? for larger
frequencies w, however, {2 acts as a characteristic energy scale for the width of the correlation spectrum
in both cases.
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Chapter 4

Current—phase relation in a long
topological Josephson junction

The surface of a three-dimensional topological insulator (TI) can be gapped out by proximity coupling
to a ferromagnet or a superconductor. Boundaries between differently gapped regions support one-
dimensional gapless states, among them Majorana modes (cf. Sec.[1.5). This chapter discusses a long
Josephson junction formed by two s-wave superconductors on a TI surface, with either a ferromagnetic
or an ungapped region in the middle. Generally, the Josephson current mediated by the TI surface is
determined by scattering modes as well as by the states localised around the junction. This analysis of
the current—phase relation in o topological Josephson junction takes into account both contributions.

4.1 Proximity effects on a topological insulator

Proximity effects of superconductors and ferromagnets on the surface of a strong topological insulator
were predicted to permit the realisation of both zero-dimensional and one-dimensional Majorana modes
(Sec. by Fu and Kane . Several works have since analysed the properties of topological Josephson
junctions on a TI surface: For the case of a ferromagnetic insulator separating the superconductors
(SMS geometry), the Josephson current resulting from Andreev bound states, in the form of chiral
Majorana modes, has been calculated for s-wave superconductors and for different superconducting
pairings ; both a ferromagnetic and an ungapped middle region (SNS case) were considered in
Ref. . Recently, a Josephson Hall current, perpendicular to the regular Josephson current, was
derived from scattering-state wave functions in a SMS system .

Theoretical analysis so far has focused on the—experimentally most relevant—case of a large chem-
ical potential p in comparison to the superconducting gap on the TI surface. In the limit p = 0, the
current carried by chiral Dirac modes between the chiral Majorana modes of a topological Josephson
junction was evaluated in Ref. , but the Josephson current in a plain, translation-invariant SMS
or SNS geometry has not been calculated so far. In the following, such a Josephson junction will be
analysed in the—presently at least theoretically—interesting limit of a vanishing chemical potential.

4.2 Electronic modes

On the surface of a topological insulator, two regions gapped by superconductors surrounding an either
ungapped or ferromagnetically gapped stripe form a Josephson junction (Fig.[4.1)). For simplicity, we
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4 Current—phase relation in a long topological Josephson junction

— B <

.
3D TI 3D TI

(a) SNS case (b) SMS case

Figure 4.1: Two s-wave superconductors (SC) with phases ¢r1,, ¢r form a long Josephson junction
of width B on the surface of a three-dimensional topological insulator (3D TI). In the
middle, the TI surface either remains ungapped or it is gapped by a ferromagnetic
insulator (M) with magnetisation perpendicular to the surface The dotted lines
on the TT mark the intersection with the plane x = 0.

assume that the system is homogenous along the y direction. The Hamiltonian for the surface states
(cf. Sec. is given by

H:Eo—i—%/dxdyllﬁh\ll, (4.1a)
h=vp-dm,+ M(z)o, + Alx) 7— + A%(z) 74, (4.1b)

with an energy offset Eo, the fermion fields ¥ = |4y, 4, wI, —wﬂT, the Fermi velocity v > 0 and the 2D
momentum operator p = —ih V. Pauli matrices o; and 7; act in spin and Nambu space, respectively.
We consider the superconducting order parameter to be of the same magnitude Ag > 0 on both sides,

A(z) = Ay [6(—z — B/2) el + Oz — B/2)!%r] (4.2)
where B > 0 and O is the Heaviside function, and analyse the system for a magnetic gap
M(x) = Mo ©(B/2 — |z (4.3)

in the limits of My = 0 and My = A, with an arbitrary phase difference x = ¢, — ¢R.

The eigenmodes of h can be assembled from the piecewise solutions in the three different regions.
Due to translation invariance, the y dependence of all modes is given by plain waves exp(iqy/h)
with momentum ¢. In contrast, the solutions generally involve different momenta k along the x axis,
including imaginary values of k for states that are localised in x direction around the junction. As
negative-energy modes {_ = 0,7, ¢} are just the particle-hole inverted doublets of positive-energy
solutions &, it is sufficient only to consider energies € > 0 in the following. In the central region, we
can distinguish electron modes,

e — My

© _ 1 v(ks +19) | ikpe/n iqu/n 4.4
§qu(l‘,y) \/(GM _ M0)2 + V2 |kM + 1q|2 0 € € ) ( . a)
0
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4.3 SNS case

and hole modes of the same energy e, = \/Mg + 02 (k:%/l + q2> ,

0
(h) —_ 1 0 ikya/h iqy/h 4.4b
Ehnrq (@) (e — Mo+ o2 Jkas tigP | em—My | ° elav/h, (4.4b)
—v (knp +1q)

The superconducting coupling mixes electron and hole components, which yields the solutions

 Ageit ]
1) 1 0 ikjz/h Liqy/h
00 (x,y) = etkie/hglay/h (4.52)
ki \/63 + A%+ 0?2 |kj +1ig|? €
v(kj+iq)
v(kj —1iq)
(72) _ 1 € ikjz/h giqy/h
§iyg (,Y) = et e (4.5b)
240 A2 102k —igl2 0
\/ej+ §+v?|k; —iq A el

for €; = \/A(Q) + v2 (k'J2 + q2) in the left (j = L) and right (j = R) region.
Given fixed values of ¢ and ¢, only transverse momenta kjs, k; producing the correct energy are
relevant, i.e. the solutions of the equations

et — M(? 2
T q , (4.6)

SN2, B, -2 M=o,
2 k3, if My =24 .

ki =

k2 =

: (4.7)

v

The Hamiltonian is linear in the momentum p, therefore the complete eigenmodes need to be continuous
at the two boundaries x = +B/2. The natural length scale of the system,

hv

gzxov

(4.8)

will be relevant because we analyse the properties of the Josephson junction dependent on the width B.

4.3 SNS case

First, we will treat the SNS case, M = 0.

4.3.1 Scattering states

Scattering states of fixed energy are conveniently characterised, e. g., by the longitudinal momentum ¢
and the absolute value of the transversal momentum in the normal-conducting region, kg > Ag/v:

:>e:v\/k(2)+q2 (4.9)
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4 Current—phase relation in a long topological Josephson junction

In all three regions, waves can propagate in +x direction, therefore the relevant transversal momenta

+k = +1/k2 — AZ/0? (4.10)

in the superconducting areas. Hence, a piece-wise representation of the the wave function is given by

are kg in the middle region and

(L (L
(L1 giqu)(l’ y) + fi;fq)(ﬂf y), x<-—-B/2
=(@.y) Z A goq (z,y) + (h) §ik0q(x y), |zl <B/2 (4.11)

(Rl) gikq (z,y) + A(RQ) fi,j] (v,y), B/2<=x

for a suitable choice of coefficients A. Given fixed values of k (or ko) and ¢, there are four independent
solutions fulfilling the condition of continuity at the boundaries = +B/2. They correspond, e. g., to
the four incoming waves 5 +kq , f +kq & (Rl) and f(ij). The boundary equations yield the transmission
and reflection coefficients as well as the solutions in the ungapped middle.

To ensure a correct normalisation, we have to consider the system to be of finite size L, L, at first.
For the case of a single ingoing wave, the corresponding coefficient needs to be chosen as

1
VLsLy
In order to take the infinite-size limit, we have to replace sums over the momenta k, ¢ with integrals.

For integrands quadratic in the coefficients A, the lengths L, and L, cancel out in the end because
they also appear in the integration measures.

A = (4.12)

4.3.2 Bound states

Now we consider the states localised in x direction. In the SNS junction, they consist of propagating
waves in the normal-conducting middle area, but decay into both of the superconducting regions. The
transversal momentum

+ho = L Iml (4.13)
v

yields an effective mass term for the longitudinal wave in the energy:

e=1y/m?+v2¢*. (4.14)

Although the transverse contribution to the energy has an upper bound m? < A2, the strict translation
invariance in y direction means that the bound states in this model exist alongside the continuum of
scattering states at energies € > Ay, too. In the gapped regions, the momenta k; are imaginary with
the sign chosen to guarantee an exponential decay from the boundary,

A3 —m?
ik =40 (4.15)

v
2 _ 2
Aj—m

ik =—"""""— 4.16
1RR v 3 ( )
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4.3 SNS case

X/m
(a) B=0 (b) B=25¢

Figure 4.2: In the SNS case, the number of bound-state bands depends both on the junction

width B and on the phase difference y. As a function of y, the mass m is given
by a cosine in the limit of zero width For wider junctions, bound-state bands
merge with the continuum, |m(x)| — Ay, at certain combinations of B and y |(b)
The bound-state mass m is determined by the condition and does not depend
on the momentum ¢ in the translation-invariant direction. As the sign of m has no
impact, only the absolute value is shown here (see Fig. for plots including sign).

1.0 1.0
05 05
mx) o of mx) ,f
0.0 0.0
0 - Ao :
0% : 0% \
-0l ‘ ‘ ‘ -0l : :
05 1 15 2 0 05 1 15 2
X/m X/
(a) B=0 (b) B=25¢

Figure 4.3: The sign of the bound-state mass m in the SNS case is arbitrary and has no physical

relevance (see Fig. for plots of the absolute value). As a signed quantity, however,
the phase-dependence of m has the form of a single continuous curve for any junction
width B. The function m(x) is given by a cosine in the zero-width limit For finite
junction width, the bound-state mass is not a single-valued function of phase; the
number of solutions changes at certain combinations of B and x due to bound-state
bands merging with the continuum: |m(x)| — Ag|(b). The mass m is determined by
the condition has no dependence on the momentum gq.
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4 Current—phase relation in a long topological Josephson junction

therefore the localised modes have the form

Ay 51952) (z,y) + Awa) 51953)(3?, Y) r<—B/2
Elz,y) =>4 AE‘Z) fiez;oq(x,y) + A(ih) fglk?oq(x,y) , |zl <B/2 . (4.17)
Ar) Eg:;) (z,y) + Arz) fi(gi? (z,9) , B/2<z

The possible values for the mass m are restricted by the boundary conditions, as the wave function
needs to be continuous at both boundary lines x = £B/2 for a (non-trivial) set of coefficients A. This
yields the quantisation condition

l, 2mB
exp |i

which depends on the width of the junction B and the phase difference x between the superconducting
regions. In general, there are multiple bands of bound states, which merge with the continuum at
certain combinations of B and x. The sign of m is irrelevant for these calculations: both positive and
negative m are allowed here. Figs. and illustrate the behaviour of the absolute values |m(x)]
and the signed solutions m(y), respectively.

2

m+iy/AZ —m?
+ix] = 0 (4.18)

Ag ’

As we can calculate the current contribution of the bound states from the y dependence of the ener-
gies via the relation , we do not need normalised wave functions here. For completeness,
let us remark that the infinite-size limit in y direction can be treated exactly like for the scattering
states. Due to the condition , we retain a sum over discrete values of the transversal momentum,
and the bound states are exponentially localised along x anyway.

4.3.3 Josephson current

The derivation of the Josephson current is explicated in App. D] and App. For the scattering
states, we calculate the contribution for momenta k, ¢ by summing the expression (E.5) for the four
incoming-wave solutions:

Af +v? k2 ! + 2 -2 + 2 — 2
Isc(k,Q) =€ev A% + 02 (k2 + qg) Ly Zl |A(e)| - ’A(e)’ - ’A(h)‘ + ‘A(h)‘ ikq ’ (419)
J: )

where an additional factor of the system size L, comes from the translation-invariant y integral. Then,
we integrate over both momenta in order to obtain the thermal expectation value of the current (E.14):

'

1 [>L /v oL VA + 02 (k2 + ¢2)
= | 2Tk =2V dq Le(k, q) tanh . 42
27@2/0 or /0 o 44 Lsc(k, q) tan 2kp T (4:20)

We have to introduce a cutoff at vq = ¢ > Ay because the integral diverges; the additional factor of 2
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4.3 SNS case

replaces the integration over negative values of ¢q. Using the expression

Lie(k,q)  2ew A3+ v k?
L, L, Ly \ A2 +02 (k2 + ¢?)

A2 v? k? sin (2 BoJk?+ %5’) sin()

. (4.21)
2 2
v2 k2 + A3 sin <Jf k2 + €20 - g)] v2 k2 + A2 st(]g k2+%+§
the ¢ integration can be carried out analytically for zero temperature
SC - 00 dkj
LTEO_%/ " Gnh! N S
L, mh? Jo 27 A%—I—UQkQ
A3 v? k% /A2 + v2 k2 sin <2 Bo[k?+ ﬁ) sin(x)
(4.22)

v?2 2 v2 )

v2 k2 4+ A2 sin (? k2+Ag—X>]

v2 k2 + A sin? <§ k2 + 53 X)

For the bound states, we need to sum over solutions m; of the quantisation condition 1' From
this condition, we can determine the phase derivative

8mj . 1 A(2) - mJQ (4 23)
ox 21+ % A2 — mj2
which appears in the bound-state contributions (E.3) to the Josephson current

Iic _° Z /g/v @ ﬁ tanh €

L h? o m Ox 2kp T
/v . 9 m2 + v2 g2

S / e — " tanh , (4.24)
I i Joom /m§+v2q2 ox 2kgT

with the same g cutoff as for the scattering states. For zero-temperature, we obtain the expression

TP 7 2 mj /A2 — m?

¢ T=0 e | ( ¢ > J 0 j

- —— n . (4.25)
L, 2777121)%; |m;| 14/

B 2 _ 2
v,/AO m5

Both the bound-state and the scattering-state contribution depend on the cutoff {, but the divergent
parts cancel each other. Therefore, the complete Josephson current per length is given by the limit of
infinite cutoff:

b
L) _ o KA

=1 —_ 4.2
L, —dm—r (4.26)
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4 Current—phase relation in a long topological Josephson junction

4.4 SMS case

When the magnetic gap is equal to the superconducting gap, My = Ay, the transversal momenta in
the magnetic part are the same as in the superconduction regions.

4.4.1 Scattering states

The scattering states can be treated similar to the SNS case (Sec. . Due to kj; = k, we only have
to replace kg — k in the definition of the wave function (4.11), and we need to take into account that
the energy is given by

€ =/D3+ 02 (k2 + ¢2) (4.27)
for a state with longitudinal momentum ¢ and absolute value of the transversal momentum k.

4.4.2 Bound states

Unlike in the SNS case, the transversal momentum k for the bound states is purely imaginary in all
parts of the system. We use the effective mass m < Ay in the energy

e =/m?+v?¢? (4.28)

to express the absolute value of k:

ik = A% —m?2 . (4.29)
1.0 10—
o8 B=0 o8| 1
06l 06 ]
mo(x) mo(0)
AO 0.4 AO 04 Y -
B=¢
0.2 0.2 N
00 ' ' ' 0.0 s s
-1 -05 0 05 1 0 2 4 6 8 10
X/ B/¢
(a) Phase dependence (b) Width dependence

Figure 4.4: In the SMS case, there is always exactly one band of bound states. The phase-
dependence of the mass mg is unremarkable, although it deviates from the cosine
shape for finite junction width The maximum mg(x = 0) is exponentially sup-
pressed for larger junction widths B |(b). The bound-state mass m is determined by
the condition and does not depend on the momentum ¢ in the translation-
invariant direction.
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4.4 SMS case

Bound-state wave functions are given by

Awn €5 @, y) + Ao €5 (@) z < —B/2
E(x,y) = { o | AL (. y) + AL €8 (@) L sl < B2 (4.30)
Amn €5 (@ 0) + Apyy €20 (wy) . Bj2<a

Like in the SNS case of Sec. there are bound states in the continuum for large values of the
longitudinal momentum ¢, and the continuity constraint on the wave function yields a condition for
the mass m:

m = Ay cos B(] exp l_hB \ A3 — ] . (4.31)

The value of m(Ag, B/v, x) = mo(x) is uniquely determined by this self-consistency equation (Fig. [4.4).

4.4.3 Josephson current

The Josephson current is calculated similar to the SNS case (cf. Sec. . Eq. (4.20) describes the
integration over scattering-state contributions

ev?k 1
Fe(h,0) = —— Lyz(w - AR - AR + 1A R) (4.32)
\/Ao +0v2 (k2 +¢%) =1 Jika

which are given by

I (k,q) _ 2ev vk
L, L,L, \/A%+U2 (k2 + ¢2)

A2 (A% + v k?) sin[2 B k/h] sin[x]
. d - ) (4.33)
(02 k% + A3 sin? BD + 4 A2 (Ag + 02 k2) cos? {%} sin?[B k/h]
With a momentum cutoff at vq = ¢ > Ay, this yields the zero-temperature current
Lo e yode . of
L, Th?Jo 2w /A%+v2k2
A3 (A% + v? k:2) vk sin[2 B k/h| sin[x]
(4.34)

<v2 k% + A2 sin? {’2‘})2 + 4 A2 (A% + v? k2> cos? [%} sin?[B k/h)
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4 Current—phase relation in a long topological Josephson junction

For the numerical evaluation in the following section, a symmetrical cutoff © {CQ —v? (k2 + qg)} turns
out to be more expedient in this case. Using this alternative cutoff, we obtain

sc ¢/v A2+ 2 4 2 _p2k2
Roaz e [odk (VAI+C
L, Th? Jo 2w /A(Q)—I—U2]{32

A2 (A% + v? k2) vk sin[2 B k/h] sin[x]

' i (4.35)
(1)2 k2 + A2 sin? [’5}) + 4A3 (A% + 02 k2) cos? {%} sin?[B k/h]

In the SMS system, there is only a single solution mg of the quantisation condition (4.31) for the
effective mass. When we insert the derivative

omg 1 Mo tan{%}
ho AF-mg

into the expression (4.24), we can write down the bound-state contribution for zero temperature:

Lo e (2¢) [ (4.37)
— ) n . .
L, 2 h2v Imo| ) 1 _ B __m§

e e
The total current Zj(x), which is convergent in the SMS case, too, is defined by Eq. (4.26).

4.5 Zero-temperature results

At T = 0, the superconducting order paramter Ay determines the energy scale of the problem. For
the numerical evaluation, we construct dimensionless quantities by using both the length scale &£ and
a dimensionful prefactor Zy of the current:

e L, A? hv
Ty = —24-2 =—. 4.38
0 FLQ v ; § AO ( )
In the following, the current—phase relation is denoted by Zj(x) with the derivative
oL,
(‘TJ = T7}(0) . (4.39)
X | g

The cutoff energy ¢ has to be chosen such that sufficient convergence of the limit is achieved.
Due to slower oscillations in the numerical integral, a larger value of ( is needed for smaller values of
B/¢. As the numerical integration is less stable for larger B, multiple cutoff values are used for the
comparison of shapes in Fig. It shows the current—phase relation Zj(x), normalised to a uniform
slope at xy = 0, for several values of B. In the SNS case, the deviation from the sinus shape increases

with B/¢ (Fig.[4.5a)), while the behaviour is non-monotonous in the magnetic case (Fig.4.5b). As a

numerical quantity characterising the change of shape, the ratio between the current at y = 3F and

4
the slope Z7(0) is depicted for both cases as a function of B in Fig.
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4.5 Zero-temperature results
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Figure 4.5: To illustrate the shape of the current—phase relation, curves are normalised to a
uniform slope at x = 0. Additionally, a sine is plotted in gray for comparison. Values
of B/&: 0.0003 (blue), 0.003 (orange), 0.03 (green), 0.3 (red), 3 (purple). Note that
in the magnetic case |(b), the shape changes non-monotonously (cf. Fig. [4.6).
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The ratio between the current at y = 37w /4 and the slope at xy = 0 quantifies the
change of shape (cf. Fig.[4.5). In the SMS case, the ratio is non-monotonous as a
function of the junction width B |(b). Plots for /Ay = 1000.
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4 Current—phase relation in a long topological Josephson junction
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Figure 4.7: The slope at x = 0 characterises the magnitude of the current, which decays faster
(exponentially) as a function of the junction width B in the SMS case (see Fig. [4.8).
Plots for ¢/Ag = 100.

1071 E 1071 E

75(0) 73(0)
1N 2] 1N -2
T, 1 T, 1
1073} 1073}
0 1 2 3 0 1 2 3
B/¢ B/¢
(a) SNS case (b) SMS case
1072
75(0)
Io
103}
1 2 4 é 8 10
B/¢

(¢) double-logarithmic plot for the SNS case

Figure 4.8: In the magnetic case, the dependence of the current on the junction width is given
by an exponential decay In contrast, the dependence looks approximately like a
power law for larger values of B in the SNS case|(c). Plots for (/Ay = 100.
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4.6 Conclusion

As a characteristic quantity for the magnitude of the current, the derivative Z}(0) is shown as a
function of the junction width B in Fig. The difference between non-magnetic and magnetic
case is more visible in logarithmic plots: The magnitude of the current seems to have a power-law
dependence in the SNS system, whereas it decays exponentially with B due to the magnetic gap in the
SMS case (see Fig.[4.8). [In the SNS case, the contribution of bound states and the one of scattering
modes individually show an oscillating behaviour, including sign changes. The simpler decay results
only from the sum of both contributions.]

4.6 Conclusion

The limit p = 0 of a long, translation-invariant Josephson junction on a TI surface has some peculiar
properties. In particular, bound states are not restricted to energies below the continuum, which
results in a logarithmically divergent contribution to the Josephson current. To compensate for that,
the same divergence exists in the scattering-state contribution. 4m-periodic current components do not
appear in our calculation.

For larger junction widths B, the magnetic and non-magnetic cases differ significantly. In the SNS
case, the current as a function of B behaves in a way similar to a non-topological superconductor—metal—
superconductor junction, including oscillations in the contributions of bound states and of scattering
modes which cancel each other . The magnetic case involves a simpler exponential decay of
both contributions, but the shape of the current—phase relation changes in a non-monotonous and
hence more complicated way.

In addition to the assumption p = 0, this calculation has another limitation: In general, the compen-
sation of two logarithmic divergences is only possible if the linear spectrum of the topological insulator
holds for an unlimited range of energy. The integration range that is effectively required to observe
the compensation rises up to infinity when the junction width B is decreased to zero. Therefore, the
behaviour of a more realistic system may deviate from this result for narrow junctions.
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Chapter 5

Summary and outlook

This thesis has discussed not only Majorana physics of fermions but also a spin analogue. There
is a fundamental equivalence between a spin % and a fermionic mode, yet it is complicated by the
difference in (anti-)commutation relations. Therefore, the well-known Jordan—Wigner transformation,
which utilises non-local string operators to provide a spin—fermion mapping, is most useful for 1D
problems. The extended transformation presented in Chap. [2|applies to tree structures, i. e. just slightly
more than one-dimensional systems. In comparison to some more general proposals for spin—fermion
transformations, however, it has the advantage that locality of Hamiltonians is strictly preserved and
the complexity of couplings is increased only at vertices of the tree structure.

A larger tree structure is not necessary to perform non-Abelian braiding with Majorana zero modes,
as a three-legged T geometry of topological wires is sufficient. For this special case of a star graph, an
extended Jordan—-Wigner transformation was already introduced in Ref. . Although the spin chains
lack the topological protection of a delocalised fermionic zero mode, Majorana braiding operations can
be translated from the fermionic language into a spin representation for this system (cf. App.[A).
This representation might be useful for simulating fermions and fermionic quantum computation with
ordinary, bosonic qubits.

Spatially separate Majorana zero modes can be considered to form non-local fermionic states, but
this alone does not result in correlations between the different regions of a system. This is evident
from the fact that, in a universe with multiple pairs of zero-energy Majorana modes, the choice of pairs
for defining the non-local fermions is arbitrary, in principle. A physically relevant connection in the
Hamiltonian is created, for instance, by the Coulomb interaction on a topologically superconducting
island of mesoscopic size. The correlation due to this interaction between Majorana-mediated currents
at two tunnel contacts can be analysed for a small charging energy in the formalism of an effective
phase action, as done in Chap.

The chapters above discussed only (nearly) one-dimensional systems and exponentially localised,
virtually zero-dimensional Majorana bound states. A different setting is the subject of Chap.[4 A
three-dimensional topological insulator has a gapped bulk, but protected gapless states on the surface,
so it provides an effectively 2D system of electrons. An additional feature of the surface states is
their relativistic Dirac spectrum. Proximity to a magnetic material can induce a gap at the Dirac
point, while a proximity-induced superconducting order parameter gaps the spectrum at the chemical
potential.

In a Josephson junction between two superconductors on the topological-insulator surface, this effect
on the spectrum implies that the surface states have an influence on the Josephson current. If the
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5 Summary and outlook

superconductors are separated by a vacuum or a magnetic insulator likewise deposited on the surface,
direct tunneling between the superconductors is suppressed exponentially in their distance. This means
that contributions of surface states, including one-dimensional Majorana edge modes localised around
the junction, are important for the Josephson current.

In addition to a gap opening in a magnetic region, the translation-invariant direction along the
junction decouples completely from the perpendicular direction for a chemical potential at the Dirac
point, which has been considered in Chap. 4. Hence, assuming an unlimited range of the Dirac spec-
trum, there are bound states at arbitrarily large energies with logarithmic divergencies that cancel
each other in bound-state and scattering-state contributions to the Josephson current. This makes the
combination of a translation-invariant junction geometry with a chemical potential at the Dirac point
of a relativistic spectrum a rather unusual case.

In conclusion, topological superconducting systems feature a variety of different Majorana modes.
Chiral and non-chiral realisations of one-dimensional Majorana states, which may be easier to probe
and control in experiment than the zero modes in superconducting vortices, are particularly interesting
examples. While there have been proposals for interferometric studies of topological Majorana modes
for more than a decade (e. g. Ref. ), research activity has been encouraged by experimental progress,
with some recent findings indicating a detection of Majorana edge modes . An implementation
of non-Abelian braiding with propagating 1D states of Majorana character would be a very intriguing
prospect. Both about physical realisation and manipulation and in theoretical description, at any rate,
there are still many open questions that remain to be explored.
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Appendix A

Majorana braiding in spin representation

The modified Jordan—Wigner transformation of Chap. 2 allows for the translation of Majorana braiding
into the language of spin systems. The spin system corresponding to a fermionic T junction of Kitaev
chains (Sec.[1.3) is introduced in the first part of this appendiz. Boundary translations allowed me to
describe a Majorana phase-gate operation in a purely one-dimensional geometry in my master’s thesis
(cf. Ref. ) As defined in the second part of this appendiz, they are used, in the third part, to
explicate the spin representation of a braiding operation for a single topological interval. The final part
provides a detailed calculation for the spin equivalent of braiding Majorana modes from two separate
topological intervals. Results contained in this appendiz have been published in Refs. and .

A.1 Geometry

The generalised Jordan—-Wigner transformation defined in Egs. (2.13) and Sec. 2.3/ yields a spin repre-
sentation for a fermionic T junction of Kitaev chains (cf. Sec. [1.3)):

3
H =Y Hyo+H, (A.1a)
a=1
Lo Lo—1
Hoo ==Y ha(i)ob(i)—J Y oi(i)oi(i+1) (A.1b)
j=1 J=1
1
Hi‘?lt =-3 % \60‘57] Jap Sy 02(1) Ué(l) , (A.1c)

a system of Ising spin chains with a local transverse magnetic field hy(j), which corresponds to a
locally tunable chemical potential in the fermionic system. Assuming J > 0, any interval of spins with
|h| < J in one of the chains is ferromagnetic, whereas |h| > J results in a trivial (paramagnetic) phase.
The three chains are linked by the components of an additional central spin Sy via 3-spin couplings of
strength J,3 = Jgo. This structure is depicted in Fig.

The in-depth examination of the braiding in the following sections will be restricted to an ideal case:
h = 0 in the topological regions (spins aligned along the z axis) and h = oo in the rest of the chain
(all spins point in +x direction). Thereby outside the topological regions, pairs v4(2j — 1) and 7,(27)
belonging to spin o,(j) constitute a fermionic mode, while Majorana operators v,(27) and 7,(2j + 1)
of consecutive spins are paired in the topological intervals. This leaves two operators at the boundaries
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A Majorana braiding in spin representation

Figure A.1l: Ising spin chains in a T geometry. A fermionic T junction suitable for Majorana
braiding (Sec. has a spin representation of this structure, which is described
by the Hamiltonian in Egs. (A.1). The couplings between three Ising spin chains
are mediated by the components of an additional spin Sy, cf. Ref. and Sec.
The system can be manipulated by tuning transverse fields (not depicted here) that
act on the individual spins o,/(j) of the three chains.

of each interval to form a zero-energy mode (cf. Sec.[1.3), therefore the groundstate degeneracy is 2 to
the power of the number of intervals.

In a fermionic T geometry, a braiding operation is effected by moving two Majorana zero modes
in such a way that they swap positions (cf. Sec.[1.4). The boundaries of topological intervals can be
shifted by local tuning of the chemical potential, which corresponds to the magnetic field in the spin
system. Assuming Jio = Ji13 = Jogz > 0 for symmetry, we will consider the spin equivalent for both the
braiding of the two Majorana zero modes from a single topological interval and a braiding operation
between two different intervals.

A.2 Boundary translations

For the ideal case we analyse here, it is easy to describe, e. g., a shift of the inner boundary of an interval
towards the coupler, from spin o, (k + 1) to o,(k), due to a suitable adiabatic change of field hy:

1+io¥(k) oz (k+1)
7 .

This unitary operator merely rotates o, (k) from the x direction to £z direction dependent on the
orientation of o,(k + 1). Similarly, we construct the operator describing a shift of an outer interval
boundary away from the coupler, from spin o4 (k) to oq(k + 1):
. 1+ioY(k+1)0i(k)
TS (k) = expli § ol (k + 1) 05(k)] = RV, (A.3)
If the shift goes across the coupler Sy, transforming an inner boundary on chain « into an outer
boundary on chain 3, the coupler state determines the ferromagnetic or anti-ferromagnetic alignment

T (k) = expli § oY (k) o5 (k +1)] = (A.2)
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A.3 Single-interval braiding

of the spins. Therefore this translation is given by

. 1+i]e?®1] 53 a3(1) 05 (1)
Ty o =exp[i§ |87 oh(1) o2(1)] = N

(0%
with an implied summation over the index «. In the fermionic representation, the coupler does not
appear. It is important to note, however, that the Jordan—Wigner transformation results in
non-trivial commutation relations between coupler components and fermion operators.

As long as the two boundaries of an interval do not meet, translations of the inner boundary commute
with translations of the outer one, because the former (the latter) involve only odd-numbered (even-
numbered) Majorana operators. Obviously, boundary translations on different chains commute, too.
Therefore we can describe a translation of a topological interval, e.g. from chain « to chain 3, by a
shift of the inner boundary on chain « to its final position as outer boundary on chain 3, followed by
a shift of the other boundary, regardless of the actual specific procedure.

(A.4)

A.3 Single-interval braiding

Without loss of generality, we assume that the ferromagnetic interval is positioned on the first chain
at the start of the procedure. In order to effect a braiding operation, the whole interval needs to be
shifted, e. g., first to the second chain, then to the third chain and finally back to the first chain.

On each of the chains «, the interval boundaries will be moved to the position between spin indices
NI and NS%. We construct the complete braiding operation from the three interval movements:

Ubr = U13 U32 Ust . (A.5)
Each of the movements consists of translations of the two boundaries:
i
U,Ba = [Ta,out Tagg Tﬂ,in:| : Tﬁ,out nga Ta,in ; (A6)
where elementary boundary translations from Sec. are used to construct the operators
j=NP
Tow= [ T20) (A7)
j=1
and
j=1
Ta,out = H Taout(j) . (AS)
j:Ngut

As operators T' are unitary and T, oy contain only the z component o7 (1) for the first spin of the
chain, many terms cancel immediately:

= Une = TlT,in Tl,out ’ T?:r<—1 T1<—3 T2T<—3 T3<—2 TlT<—2 T2<—1 ’ TlT,out Tl,in : (Ag)

For further analysis, we make use of our preexisting knowledge about the operation. All spins in
the second and third chain, in particular o9(1) and o3(1), are frozen into +x direction at the start and
end of the operation. Using projectors for the +x alignment of these spins,

P () = ot () (o2 G)] (A-10)
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A Majorana braiding in spin representation

we need to take into account only terms preserving this alignment of o5(1) and o3(1):

PF(1) (1) - [TJH Ty s Th s Ty o Ti o Toy| - P5(1) Py (1)

= iP;m)P;wu) 1+ 0f(1)o5(1) + 0T (1) 05 (1) + 03(1) 05(1)| Po(1) P (1)

£ PP PP [ (1) 03 (1) 05 (1) + 07 (1) — 03(1) — 0§ (1)] P (1) P ()

= AW gy pre) -1 12T b )
_ i3 LEioid) P (1) Py(1) . (A.11)

As the projectors have removed any dependence on the spins of the second and third chain, they are
not important for the remaining calculation.

Neither T iy nor T oyt commute with the operator o (1). Therefore, we have to look at the boundary
translations of the first chain in detail. The anti-commutation relations between spin operators can
invert boundary translations,

o (k) [T (k)] = T (k) o () (A12)

and the squares of the translations are given by

[T = 1otk o3k + 1) (A.13)
(752 0)]” = 104k + 1) 03 (k) - (A.14)

The o7 (1) term can be calculated by commuting the boundary translations individually. In the follow-
ing, the terms we commute to a different position are highlighted in blue at their old location and in

red at their new one. The factor that has been relevant for the anti-commutation behaviour is printed
in bold:

TlJr in T1 ,out O-Clc(l) ' T’lJr out Tl,in

— Tle Tout(Nout) Tout( ) Tout( ) O‘T(l) . [Tlout(l)} [Tout( )}T [Tout(]\[out)yL . Tl,in
T out out out out 2 out out t out out f
= T TP T ) (1)) ek - (1) [ o) 7

2
= T TN - 10 3) [172)] [19 )] o) - [T )] [t ) T
By continuing in this fashion, we obtain
j=1 NE:
TlT in TLOUt ’ Uf(l) ’ TlT,out TLlH TlT in’ H j=Ngut [Tlom (J)} ) 0—:16(1) ’ Tl,in

2
=TIy [10)] - T -0 (1) - Tha (A.15)
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A.3 Single-interval braiding

which allows us to treat the translations of the inner boundary in a similar way:

T ot (1) Tipm

= [rrav)]' - )] )] et ) - T @) - TR
= [zirvi)]' - o) )] o) - [ i) - )
= [rrav)]' - )] ot ) - [P )] Tre) - T

= = )T )] (A.16)

J=1

For the complete o (1) term, this yields
Tl ,in T out * U%(l) Tl ,out T ,in
2 j:Nin ) . 2
=I1 e [T @) ot - TE [100)

=2 : =N woay i
=io{(N{" +1)- Hj:N?m o1 (j) - oi(1)-o7(1) - o (1) - Hj:2 L or() i (N + 1)

in jZNOUt+1 .
— VP Dof (N + 1) [T et ) (A.17)

Remembering the expression (A.11), we can now write down the effective braiding operator:

e 7

V2

This result is compatible with the expression for ya = y(2 Ni® +1) and v = v(2 NYU + 2).
Even though the state of the coupler is unchanged after the braiding operation, the coupler spin
undergoes non-trivial dynamics (and entanglement with the ferromagnetic interval) during braiding,
which results in the additional phase factor in Eq. .

The fermionic parity of the topological interval is conserved in the braiding operation. Therefore,
the eigenstates |+) of the fermionic parity operator for the topological zero mode,

j:Ni)llt+1

U = 14+i0f (N 4 1) of (NO™ 4 1) Hj af(4) (A.18)

:Nin“l‘l 1

s out
N ) (A.19)

ivaye = of (N + D)oV + 1) [T _yiu,, o

with iy yB |£) = £ |£), are the eigenstates of the braiding operation Uy,:

A

_ 7 ,

It =D
N .

Here, only the spin alignment of the ferromagnetic interval is indicated.

During the whole operation, at most one of the three-spin couplings in H, from Eq. ) is needed.
Therefore it is possible to emulate the braiding process in the purely one-dimensional geometry of only
two spin chains by including controlled rotations of the coupler spin into the protocol (see Ref. )

I+) =10) (A.20a)

=) =11) (A.20D)
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A Majorana braiding in spin representation

A.4 Two-interval braiding

Now we consider the spin equivalent of braiding Majorana modes of two topological intervals in the
fermionic system. For each interval, only one of the boundaries is shifted in this process, so the spins
contained in the intervals from the start do not change their alignment, unlike in the single-interval
process. However, two-interval braiding cannot be effected in such a way that at most one of the 3-spin
couplings in Eq. is relevant at each step. Therefore, the coupler spin Sy is necessarily rotated
in the process, which we will examine in the following.

The topological intervals and adiabatic shifts of their boundaries within a fermionic chain can be
translated to the ferromagnetic intervals in the spin representation exactly like for the case of a single
topological interval (Sec.[A.3). At the beginning, the ferromagnetic intervals have to be prepared, e. g.,
in the first and third chain in some distance to the coupler spin Sy. At first, we consider an initial
state with the spins in both intervals as well as the coupler aligned in +2z direction:

[¢0) = [1110), ®[00); @011 1) @[5 1) - (A.21)

Here the indices denote the three spin chains; the corresponding arrows indicate the spin orientation in
ferromagnetic (1 /1) and paramagnetic areas (®). Their alignment roughly symbolises the locations of
the intervals in the T-junction geometry, but this calculation does not depend on the specific interval
lengths and distances to the coupler (thought to be in the middle above the second chain as shown in
Fig.[A.1). The first step comprises shifting the right boundary of the first interval (i. e. one Majorana
mode in the fermionic system) onto the second chain, resulting in the state

[Py =ttt @tt)helortt);®[S 1) . (A.22)

If the coupler state were ‘So 1), the spins in the second chain would just be flipped compared to those
in the first chain.

The non-trivial part begins when the second interval is also shifted to the junction. While the spin
alignments of the ferromagnetic intervals stay fixed, the coupler spin rotates to adjust to the change

. . . 3 . 0 .o 1
of its effective magnetic field from the z direction <(1)) about the axis @ = - (—()1) to the space

s
diagonal % (%)
= [a) =[O 111), @ [11),® [t 110),@exp(iZa-5) S 1)
=011, ®[11),®[1110),® [cos(g) 1S01) +¢'1 sin() |So ¢>} : (A.23)

Similarly, when the ferromagnetic interval in the first chain is shifted away from the junction after this,

o 2 1
the coupler undergoes another rotation exp (i b SO> from the space diagonal % (%) about the axis

- 0 1
b= % (—1) to the = direction (0). This results in the state
2 1 0

) = €12 [1110), @[ 11),® [1110)5 @ L[ |50 1) + S0 1)] - (A.24)

Retracting the remaining ferromagnetic interval is a trivial step again:

[a) = €12 [1110), ® [00), ® [0111); ® 5 [[50 1) + S )] - (A.25)
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A.4 Two-interval braiding

Unlike in the case of single-interval braiding (Sec.[A.3]), the coupler spin does not return to its intial
state at the end of the operation.
For other initial conditions, the operation can be treated in a similar way, giving the complete result

[4000), @ [0008), @[S0 1) — 12 | 4080), @ 0488 ), 0 L[]S0 1) + S0 1) ] (A.26a)
| 4440), ® 0000 ); @[S 1) — e%%|000Cﬁ1®\®000>3®;%[wa>—|&LD](A26m
| 0000), ®[0008),®[So 1) — —c'12 | 4660), @ |0 444 >3®%[|SOT>—|SO¢>] (A.26¢)
| #000), 0000 ), @[S 1) — <12 | 4480), ®[0000 ), @ L[]S0 1) + S0 1)] (A.26d)

with placeholders {#,0} = {1, | }. The initial as well as final state of the second chain is always
|®®),. Using the parity eigenstates (A.20) for the two intervals, we can verify that Eqs. (A.26) indeed
correspond to Majorana braiding, e. g. (neglecting the phase factor)

A+ [Ldd)y [T t)s+[44d
‘O>1 ® ‘0>3 ® ‘SO ,]\> _ ‘ >1ﬂ{ >1 ® ’ >3\/§| >3 ® |SO /]\>
. |TTT>1®|TTT>3+|H¢>1®|¢N>3®\SoT>+|So¢>
2 V2
+!TTT>1®|¢H>3+HH>1®\TTT>3®|50T>—\So¢>
2 V2
:%[‘0>1®’0>3®’SO T +11); ®[1);® [So ¢>} (A.27)

In addition to the ferromagnetic intervals, the superposition involves the coupler spin, in accordance
with the expression , which is compatible with the results .

Actually, the coupling .Ji3 is unnecessary for the operation we considered here. The choice of Ji3 =0
simplifies the coupler rotations and leads to the same results only without the phase factor of 5. [This
geometric phase depends on the details of the coupler rotations , and therefore cannot
be described by the general expression (2.16).] Phase factors as well as symmetries which can be used
to relax the requirement of ideal angle-5 spin rotations have been analysed in more detail for this
two-interval spin equivalent of braiding in Refs. .
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Appendix B

Effective action and phase fluctuations

For small charging energies, the dynamics of the Majorana island from Chap.[3 can be expressed
conveniently in terms of the electromagnetic phase. An effective phase action for the system is derived
in the first part of this appendix. The second part introduces the counting fields that are necessary to
calculate transport quantities and explicates a decoupling of the phase action. In the third part, the
decoupled action is used to evaluate phase-fluctuation averages in a low-energy limit.

B.1 Derivation of the effective action

In order to describe the Majorana island and its coupling to the leads, we start from the assumption
of a large superconducting gap A on the island. The gap is assumed to be sufficiently large that the
Majorana modes v;, j € {L, R}, with anti-commutation relation

{vjs e} = ok (B.1)

are the only fermionic degrees of freedom on the island. The electromagnetic phase ¢ appears in the
charging-energy term (¢2 JAE. + ng qﬁ), with gate charge gy = eng, as well as in the tunnel coupling to
the leads. Following Ref. , we perform a gauge transformation that shifts the chemical potentials 1;
of the leads to the tunneling terms. Using the dispersion relation €;;, and fermion fields 1), for lead j,
we obtain the fermionic part of the Langrangian:

1 , _ T
Lp=75D %100 + 3 i (10— k) ik — (ij N e 400] o 4 . C-) : (B-2)
j J

jk

For completeness, we briefly reiterate further derivation steps from Ref. : To use the Keldysh
formalism, we double all fields for the forward and backward branch. This leads to the new Lagrangian

1 . - . - il t+d
Lyp =527 =107+ 3wk 7= (10 — k) Yy - (zk: N L LIRS 1 C-) , (B3)
j jk j

where the phase is expressed as a matrix qB = diag(¢t,¢7), or qE = ¢, + T, ¢4 in terms of the classical
and quantum Keldysh components, 7; are Pauli matrices in Keldysh space and the fermion fields are
now vectors, e. g. ,ij = (ﬁ',fyj_).
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B Effective action and phase fluctuations

The chemical potential of the Majorana island, uy = <qﬁc>, is determined by current conservation
and fixes the average time derivative of the classical phase component ¢.. We can separate this
time dependence from ¢., which then contains only the fluctuations of the phase around the mean-
field value (unt). To compensate the resulting changes in the Lagrangian, we renormalise the gate
charge gy and both lead chemical potentials, which are thereby transformed into the voltages at the
contacts to the leads, p; — V. After that, integrating out the lead fermions 1, in a wide-band
approximation and using the Keldysh rotation

L= \2 G _11> (B.4)

for the Majorana operators, 7; = i’yj, yields an effective action

1 v
St = QZ/dtdt”ij [reidna(t — 1)+ Q;(t1)] % (B.5)
J
. . Y _ ) LD (L) ) ,
Qj(t,t') =iyl (V)2 (Mto . 2F(t5 Et)et:) ) EUR (B.6)
St

Here, F' is the thermal distribution function for both leads, the coupling I'; = 27 v; |)\j]2 contains the
density of states v; = > d(¢;) in the corresponding lead, the functions 64 (¢) = (¢t + 07) include
infinitesimal shifts to ensure proper causality, and the quantities @; are defined in Eq. . Integration
over the Majorana fields results in the fermionic action [22]

iSy = %ZTrln[Tx i0,0(t —t') +/Ij(t,t/)} ) (B.7)
J

At t") = % Qi) - QI (¢, )] - (B.3)

All Keldysh components of the Majorana Green’s function

" 0 G4
5= (@ ob) (®9)
are defined using the classical part of /Ij only:

Gt t) = [midn ot =) + i t)] (B.10)

Expansion of Sy to second order in the quantum phase ¢, then yields the expression (3.3).

B.2 Fluctuation kernel and decoupling

This appendix contains full expressions for the quantum fluctuation of the effective action and their
Hubbard—Stratonovich decoupling (Sec.3.3), including the counting fields xr,, xg used to calculate
the currents at both contacts and their correlations. They appear alongside ¢, in the action terms
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B.3 Low-energy evaluation of noise averages

originating from the coupling to the leads:

iS70xuxw] =13 [ATi(0) [0a(t) +x:(0)
- ;;/dt dt’ [%(t) + Xj(t)] Kj(t—t) [¢q(t’) + xj(t’)] . (B.11)

Like the current operator Z(t), the fluctuation kernel K (t—t') = 3, K;(t—t') with j € {L, R}, consists
of contributions from the left and right contact . The complete expressions also depend on the
classical phase component ¢.:

Ki(t,t') = %Fj S(t—t) 17 /dt1 dty G5 (t — t1) G3(t — ta)
[Pt =) cosd;(t, ) Pt — 1) cos ®j(t, t2)
+ Pty — ) sind;(ty, ¥) F(ta — t) sin ®;(ta, 1)) . (B.12)

As phase fluctuations are strongly suppressed for a small charging energy E., we neglect the ¢. de-
pendence of K,

K;(t,t") ~ K;(t,t")|g.=0 = Kj(t — ) , (B.13)

in the rest of our calculations. Then, we can easily decouple the ¢,-quadratic part of the action:
1 / / /
Hexp[—2 / dtat’ [og(t) +x; ()] Kj(t =) |64(t) + x5t ﬂ
J
1 / -1 / / .
- /D[gL,gR] Hexp[—Q/dtdt &(t) K; (t—t)fj(t)ﬂ/dt [6a() + x5(1)] @(t)] . (B.14)
J

B.3 Low-energy evaluation of noise averages

In the low energy limit w < I, the Langevin equation (3.9) can be simplified by approximating the
dampening kernel n with its zero-frequency value,

nt—t)=ndt—t), (B.15)

which is calculated in Ref. for both finite temperature and T = 0:

Z/ < Vi 2+1
4Tcosh2 L I

T

Too 2~ L (B.17)
™5 (Vj/rj) +1

-1

(B.16)

For the Langevin equation in the time domain, this yields

2E. Z@(t) X e+ 2 e(t) (B.18)
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B Effective action and phase fluctuations

with the inverse RC time given by {2 = 19 E,. The retarded propagator D® takes on the form :

1—e i 1
N O(l) = DMw) ~ - —

DR(t
®) 1o w 2—-iw

+ 7é(w) . (B.19)

To calculate the currents and their correlation, we have to evaluate some noise averages of the
fluctuation fields &; and the classical phase ¢.. Using the relations (3.8) and (3.10), we easily obtain

an expression for a phase—phase average:

<§Ec(t) q@c(t’)>§ - /dT dr' DX(t —7) > <£j(7) §j(7')> DRt —7')

J
— [drar DRt - 1) K(r = ) DR~ 7). (B.20)

For this calculation, it is convenient to define the quantity

70 = 5 ([6:6 - 5:0)]") = (= [3:(6) - 6.00)] Ge(0))

; ¢
_ 1 fdw w 1 — cos(wt) o
o /27T Klw) w2 (1 +w2/(22) J(=1) . (B.21)

(K is symmetrical.) Similarly, a mixed average of b, and &, is given by

(3:(0)6u(t)), = [dr DRt = 7) {u(r) u(t)) = [ar DR(t = 1) Ko —¢)

dw : /
= EDR(W) Kp(w)e @t (B.22)
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Appendix C

Details of the correlation calculation

Charging energy on a Majorana island can mediate current correlations between different contacts
(Chap.[3). The first part of this appendiz contains the derivation of analytical expressions for the
correlation at large coupling I'. Further approximations in the limit of zero temperature are detailed
in the second part.

C.1 Current and correlation in the limit of large I

Starting from the assumptions (3.17) in Sec. [3.5, we will omit any corrections beyond the leading order
in Fj_l. Both J(t) and the distribution function F'(t) have the same time argument as the exponential

decay of G?(t) in the current
Li(t) = <zj(t)>§ =T / At F(t =) sin[Vy(t' = 1) Gt = t') e 707 (C.1)

Therefore, we neglect the function J(t), which is continuous with J(0) = 0, at this point and approxi-
mate F(t) by its zero-temperature limit,

Ft) = smh_(leTt) ~ _% — R (C.2)

to obtain the following result for the current:

Ii(t) = I /dr Fo(T) sin(V; 1) G;R(—T) _ L arctan(?) 2 Y . (C.3)

T )i T
The correlation expressions can be treated in a similar way. By symmetry, in the term
Ii(t) Gt = Iy [t/ F( — ) siny(#,1) GR(t — #) (1) (C.4)
(unlike for the current), the second contribution from the angle addition formula,

sin @;(t', 1) = sin | V;(¢' — )| cos[ge(t') = de(t)] + cos[V;(t' = )] sin[ge(t') = de(t)] , (C.5)
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C Details of the correlation calculation

yields a finite expectation value:

(L) &), = Ty [dr P(r) cos(V; ) GR(-1) <sin [Gelt; +7) = Gelty)] g,§(7sk)>5

=1 [ F(r) cos(V 1) G} (=r) ) <[¢§C(tj +7) - delty)] gk(t,f)>g

= 1 [t For) eos(Vi ) GR(=r) ( [6elts +7) = 6ett)] ) )

-F /d Fo(T) cos(V; T)GR /d’]‘ DR(t+T—T) DR(t—T)} Kp(t' —tg)

::Ft/dTFMT)aEUGT)G§(~ﬂ gwlﬁw ) Ki(w) [e7197 = 1] eiw (=)
dw VE+ (I —iw)?
— e lw (t—tx) DR
27T 5 © D*(w) Ki(w) In VI T2 (C.6)

Both J(t) and the finite temperature in F(¢) have, again, been neglected for small time arguments
t =171 < Fj_l. Additionally, the Fourier tranform can be expanded in the small voltage V; and
frequency w:

V2 + (I P —iw)?
2 2
Vi + 1

02
o2y e Kk -
(C.7)

In both factors of the last term, Zr,(¢1,) Zr (¢r ), the angle addition formula (C.5) can be used, yielding
two non-vanishing contributions:

<g?§ [¢c(tL) (Ec(tL)] : g?r? [(z_)c(ti{) - éc(tR)}>

I
fi DR (w) Kjy(w) In

4

- 1 N 1 w?
1w — —
Q20 205 02

3

=wp};<@ﬁb—&ﬁm—&ﬁw+$ﬂmrkl

+ exp

— %2 —[J(tL—t})+I(tr—t5)] . cosh
sinh

<ﬁﬁa—@mﬂﬁﬁw—&mﬂkl

= 27 L) oI Unt) . cosh [ (1, — ty) + J (1, — tr) — J(t, — tR) — J(tL — tw)| - (C.8)

s

Obtaining the leading contributions is slightly more complex, here. The prefactor exponentials can be
neglected, as J(t) appears with a small argument there. Using ¢ = 1, — ¢t in the expression

<IL(tL)IR(tR)> NFL/dTLF TL) GR( TL FR/dTRF TR)G ( TR) (Cg)
. {sin(VL 11,) sin(Vgr ) cosh [J(t —1m)+J({t+1)—Jt+T1 —T]R)— J(t)}

+cos(Vi, ) cos(Vi ) sinh [ (= 7r) + J(t 4+ 71) — (¢ + 7 — ) — J(0)] } ,
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C.2 Further treatment of the zero-temperature case

we expand the (hyperbolic) sine and cosine functions in the small parameters 7;. The constant part
of the cosh expansion cancels with the term Iy, (t,) Ir(tr):

(Tult) Taltw), — Tultn) Tutr) ~ T / dr, Fy(m) GR(=m) - Tk / dr Fo(m) GR (=)

2 2
. |j'L = J"(t) + LR TR 5 TLTR J(3)(t)]

1, 1 (1 1)
S (10 [ . t) . 1
Wrim+2ﬁ(n{ &)J () (©.10)
By inserting the quantity 79 &~ 2 into the definition (B.21) of J,
1 fdw cos(wt) dw 2 (22
") =5 [ — — R | — t) — ——=K 11
= ) 77(2)/277 (w)l—i—wQ/QQ 27 COS(w)lG w? + (22 (@), (C.11)

we obtain simple expressions for the Fourier transform of the terms in Eq. (C.10):

Loy, L 1Y 5 1wl 1
WQJ(t)+2W2<FR FL>J O = G |' 2\ \m 5

Combining the results of the Zy,(t1,) Zg (tr) term, Eq. (C.12), and of both Z;(t;) & (%) terms, given
in Eq. (C.7), we arrive at the correlation function

92

S K. (012)

1 ) 1 1 w2 02
CLR(LU) ~ _Z 14+iw <Q+ 2FL> — oL 0| Wt 2 KR(w)
1 1 1 w? 02
s 1w = — K
4[ 1w(9+2FR> IR 2| w2+ 22 L(w)
1 iw (1 1 02
=2 = =) ———— KW). 1
TR (FL FR> oy KW (C.13)

In the symmetrised correlator, the imaginary part obviously vanishes. Taking into account the leading-
order contributions to the real part only, we obtain the expression (3.18).

C.2 Further treatment of the zero-temperature case

At T = 0, the fluctuation kernels are given by

Kj(w) = 25 tan~! (w :Ft]V]) + K} (w) ~ K (w) + K (w) (C.14)

i27T

I
K} (@) = 52 0(21V| - |«])

J
(LY s (W=l 1 [l el) 422
tan " | —— tan | ————— — 1 . 1
an I, + tan 3 + o] n ‘/}2+sz (C.15)
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C Details of the correlation calculation

We can use a linear spectrum for the first, leading contribution,

K (w) = ] , (C.16)

™

to compute an approximation for the function J” (C.11):

02
T =2 (e Bi(—02¢) + e~ Bi(21)] (C.17)
where Ei(z) = — [* 42 ¢~ is an exponential integral.

The sin-sin—cosh term in Eq. (C.9)) vanishes in equilibrium. Otherwise, the lowest-order expansion
in the small times 7; yields

7_2 7_2
Iy, / dr, F(m) G} (—m) - Tw / drg F(r) G5 (—7r) Vo 7. VR TR % J"(t)*
2VL VR 174\ 2
= = J)?. 1

By using the approximation J”(t) ~ J{/(t) and applying the Fourier transformation,

_ lwl o2 w?
FT VLVR£47T(2 2(Zarctan<ﬂ)+]w\<1+2w2>ln<1+92> “}_>:()793VLVR

C.19
7272 32n Y msrerg (O

we obtain an additional contribution relevant for small frequencies.
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Appendix D

Supercurrent in a thermal state

The Josephson current in a system containing two superconductors can be determined from a quantum-
mechanical partition function with a dependence on the superconducting phase difference x. Starting
from the partition function for the canonical or grand-canonical ensemble, quite general expressions
for the thermal supercurrent, which are useful for the calculations in App.|E and Chap. |4, are derived
in this appendiz.

Phase and charge are conjugate observables. Therefore the Josephson current Zy in a junction of two
superconductors can be calculated from the (grand-)canonical partition function for the Hamiltonian H,

Z=Tr[e ] =3 e PP (D.1)

where 8 = (kg T)~! gives the temperature scale and the eigenvalues of H are
E, = (n|H|n) , (D.2)
as a derivative of the thermodynamic potential
F=-p"1In2) (D.3)

with respect to the phase difference x:

2e OF  2e 8E”ef,3En

D= ax " hz oy (D4)

Given the expression for the Hamiltonian H = }° |n) E; (n|, it easily follows that for any energy
eigenstate |n), we can use the derivative of the expectation value and the expectation value of the
derivative interchangeably:

OE; h _ 2e 0H
= oy 2e (n|Iy|n) for Iy = W oy (D.5)
Hence, the current is given by
I=z'Y <n]IJ e_’BH‘n> —z 1Ty [IJ e—ﬁH} . (D.6)
n
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D Supercurrent in a thermal state

Discrete sums over eigenstates |n) are not well suited to the limit of a continuous spectrum. There-
fore, it can be useful to introduce the density of states p(e) = Y, 6(E,, —e¢), which becomes a continuous
function in this limit. There are two possibilities to introduce p in the current calculation: If we start
from the expression

Z- / de p(e) e B¢ (D.7)

for the partition function, only p has a phase dependence (via the eigenenergies E,, ), so the current is
given by

RO
IJ__h/BZ/dG Iy e . (D.8)

The alternative is carrying out the phase derivative first, which yields Eq. (D.4). If the current
contribution per state is a function of energy,

_ 2e 0E,

I(E,) = — D.9
we can express the total current via the density of states in a different way:
I =z / de p(e) I(e) e=Pc . (D.10)

From a simple comparison between equations (D.8)) and (D.10), it follows that the current contribution
at energy e is, in fact, given by

2e Op
hBpox’
which is a function of energy (with parameter x).

Note that, in general, the density of states p consists of both extensive and subextensive contribu-
tions. For a two-dimensional system of area L?, e.g., it can be written

I(e) = (D.11)

pzpo+p1L+p2L2. (D.12)

in the limit L — oo. Like the distance of energy levels, the quantity I(e) scales as 1/L. From the
relation , we conclude that only subextensive contributions to the density of states can depend
on the phase x. Both the product L? ps(e) I(€) involving the extensive part of p in Eq. for the
second approach and the derivative of a subextensive part, L dp;/dx, in the first approach scale
linear in L, yielding the leading contribution to the current Zy. A more detailed analysis has been
carried out for similar scaling behaviour of flux-dependent persistent currents in Ref. .
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Appendix E

Current calculation via eigenmodes

The current—phase relation of a Josephson junction can be determined from the dependence of the
eigenenergies of the Hamiltonian on the superconducting phase difference (cf. App.|D). However,
this dependence can be rather difficult to determine in a system with a continuous spectrum. In this
appendiz, the supercurrent contribution for any eigenmode of the topological Josephson contact from
Chap. 4| will be expressed in terms of the particular wave function, instead.

In the following, we will derive the supercurrent contribution for an excitation with a 4-component
spinor wavefunction = = [£1, &, &3, £4] T, created by

al = /da: dy O (z,y) Z(x,y) . (E.1)
The Hamiltonian (4.1) has the diagonal form

1
H:Eo—iz:ej—l—Zeja}aj (E.2)
J J

with eigenmodes ;. (For the continuous part of the spectrum, the sums are to be taken as integrals,
of course.)

Due to the particle-hole doubling in the initial expression for the Hamiltonian, an additional sum
over the energies of all eigenmodes appears here. That is why excitations are relevant even for the
zero-temperature supercurrent. As we have already derived the scattering modes and bound states of
the system, we can restrict our calculation to these wavefunctions. For a bound state, we can determine
the current contribution directly from the phase dependence of the energy € (cf. App. D):

2
R oox

In the following, we will show that the current contribution for an arbitrary eigenmode « is given by

(E.3)

Ia:ev/dy [§T§2+§§§1 +§§§4+§Z§3L:0 ) (E.4)
which is, for scattering states (and bound states in the SNS case), identical to the expression
ev?ky B -
fo = € /dy <|Aé)|2 - |A(e)|2 - ’A&)‘Q + |A(h)|2> (E.5)
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E Current calculation via eigenmodes

in terms of the momentum kyy, the energy € and the coefficients A of the eigenfunctions (4.4).
First, we apply a gauge transformation by redefining the fermionic operators,

Wt e iw(x)/2 Uy
o e—iw(z)/2 un
t] ip(a)/2 1| (E.6)
+9, +e Y,
—yf —iel@)/2 ]

in order to shift the phase dependence in the Hamiltonian from the order parameters in the super-
conducting areas to the middle region. The phase ¢ depends on the coordinate x; it has to satisfy
o(x) = ¢r, for © < —B/2 and ¢(x) = ¢ for x > B/2. In the middle region, the choice of gauge is not
important and does not need to be fixed yet.

A gauge transformation generally involves a change of the wavefunctions. However, the expres-
sion (E.4) mixes components only within the particle or the hole block, so the phase shift ¢ in the
wavefunction cancels out and can be ignored in this calculation. The only phase dependence remaining
in the transformed Hamiltonian,

h
h—vp-G1,+ M@)o, + |A@)| 7o — = oy Op(z)

—— E.

comes from the gauge transformation itself. Therefore the current operator, defined in App. D] by
Eq. (D.5)), takes on the convenient form

ev 0?p(x)
= — 2 ylte, W
2 /da:dy Ox Ox “

2
_ —ev/dxdy %}fg;) M Y, + ] M . (E.8)

Starting from the superconducting ground state |2), we calculate the current contribution I, using
the relations aval [2) = Q) and « [2) = 0 as well as a bit of (anti-)commutation algebra:

I, = <Q‘aIJ oﬁ’9> —(Q|1;]9)
- <Q‘a [IJ,OJHQ>
_ <Q {a, [IJ,aT] }‘Q> . (E.9)

With the usual fermionic anti-commutation relation {t,,(7), 1 (5)} = 6,, §(7—35), both the commutator
and the anti-commutator can easily be determined:

Ca = [Ial Z—ev/dxd [Mwwgwm@—mg} (E.10)

a
R4C))

= {a.Cah = —ev [ty TED 616+ G+ g6+ i8] (B.11)
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What remains to be fixed is the gauge in the region between the superconductors. As, in fact, the rest
of the integrand does not depend on position in the interval —B/2 < z < B/2, it does not matter how
exactly ¢ is defined there. A simple choice is a jump at x = 0,

28] (61— om) 3(a) (E.12)
’ X
Po(x) _
> F o —8(z) (E.13)

yielding the expression (E.4)).
Now we can use the relations 1) and 1} as well as the diagonal Hamilton 1) to determine
the total Josephson current for an arbitrary temperature (kg7 = 5~ 1):

1
_ f
Iy = —521% +Zlaj <oz]- ozj>
J J
1 .
=32 I, tanh<ﬁ2€]> : (E.14)
j

where (- - -) is the thermal expectation value, yielding a Fermi distribution.
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