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1 Introduction

In condensed matter physics a large variety of systems, as for example crystalline solids, magnets, su-
perconductors, superfluids, liquid crystals etc. are investigated and one aims to know how electrons and
atoms in the quantum world can originate their properties. Since the last century these quantum states
can be classified by the principle of spontaneous symmetry breaking [1]. For instance, a superconductor
breaks the gauge symmetry, which leads to phenomena as flux quantization and Josephson effects. There
exists a state which does not follow this principle: the quantum Hall state. This 2D state is insulating in
the bulk, but along the edge, electric current can be carried. This unidirectional current causes a quan-
tized Hall effect. The quantum Hall state is the first example of a quantum state which is topologically
distinct from all states of matter known before.

To distinguish such different quantum states, a mathematical concept is used: the concept of topological
invariance. Mathematicians classify different geometrical objects in terms of this concept into broad
classes. A popular example are 2D surfaces, which are classified by the number holes in them (also called
genus). For example, the surface of a square is topologically equivalent to the surface of a circle or a
triangle. Similarly one can smoothly deform a coffee cup into a donut, which in this terms also means
they are topologically equivalent: both have one hole.

The key concept which is used in physics for this topological classification is the “smooth deformation”.
To be more precise, one can consider a Hamiltonian of many particle systems with an energy gap. A
smooth deformation then is defined as a change in the Hamiltonian which does not close the bulk gap.
This concept can be applied to insulators as well as to superconductors with a full energy gap but not to
gapless states as for example metals. If two gapped states are in a different topological class, one gapped
state cannot be deformed into the other gapped state unless a quantum phase transition occurs where
the system becomes gapless.

Mathematicians expressed the concept of genus in terms of an integral over the local curvature of the
surface. This integral is called the topological invariant. Similarly topologically quantized physical
quantities can be expressed as invariant integrals over the frequency momentum space. Such an integral
uniquely determines the nature of the quantum states enabling it to serve as a topological order param-
eter.

In 2005 Kane and Mele [2] found such a topological invariant that could be computed for any 2D
material. This allows to predict, whether a material has a stable edge state and it enabled them to show
that there have to exist realistic 2D materials with a stable edge state. Soon after, Bernevig, Hughes and
Zhang predicted theoretically that a 2D topological insulator would be realized in HgTe/CdTe quantum
wells [3]. Konig et al. observed this experimentally in 2007. In 2006 it was found that the 2D topological
insulator can be generalized to 3D ([4], [5], [6]). Eventually, in 2008 the first 3D topological insulator,
the semiconducting alloy Biy_,Sb,, was experimentally identified [7].

These new 2D and 3D quantum states are invariant under time-reversal (TR) symmetry, and spin-
orbit coupling (SOC) plays an essential role. All TR invariant insulators in nature without ground state
degeneracy can be distributed into two classes which are classified by a Zs topological order parameter.
One class is formed by the topologically trivial states, which are gapped inside the bulk and on the
surface. The other class represents the topologically nontrivial insulators which have a full insulating
gap in the bulk, but gapless edge or surface states.

In a nutshell, topological insulators are new states of quantum matter whose electronic structure cannot
be adiabatically connected to conventional insulators and semiconductors. They are characterized by a
full insulating gap in the bulk and gapless edge or surface states which are protected by TR symmetry.
Moreover, they exhibit certain qualities, which make them particularly interesting for research.

Some of these exciting qualities we will employ in this thesis. We aim to calculate the Josephson
effect on topological insulator surfaces. We use not only the conductive property of the surface states,
but also the special form of the proximity-induced topological superconductivity and ferromagnetism. It
is a very convenient circumstance, that the surface states of the topological insulator can be described
by a simple 2 x 2 Dirac Hamiltonian.



To introduce the reader into the topic, the thesis begins with a theory part explaining topological
insulators, the BCS theory of superconductivity, proximity effects and Andreev reflection. In the main
part we provide a derivation of the Hamiltonians of the topological insulator surface states which are
used to calculate the Josephson effect. Afterwards we investigate the Josephson effect in topological
insulator planar, step and edge junctions and finally in ferromagnetic topological insulator planar and
step junctions.



2 Theory
2.1 2D topological insulators: HgTe/CdTe

To understand the concept of a 3D topological insulator we will begin with the simpler case of a 2D
topological insulator. The explanation of the topological band structure in 2D can then be generalized
to the band structure in 3D.

The first 2D topological insulator was discovered in HgTe/CdTe quantum wells theoretically in 2006
by Bernevig, Hughes, and Zhang [3] and experimentally in 2007 by Konig et al. [8]. They observed an
insulating state which is conducting only through 1D edge channels. Furthermore, the state is strongly
influenced by a TR symmetry-breaking magnetic field.

In this section we will make a brief introduction to 2D topological insulators and we will discuss
HgTe/CdTe quantum wells as a concrete example.

2.1.1 2D topological insulators

A 2D topological insulating state, also called quantum spin Hall (QSH) insulator state is characterized
by three specific features: it is invariant under TR, it has a charge excitation gap in the bulk and it
has topologically protected 1D gapless edge states that lie inside the bulk insulating gap. By topolog-
ically protected edge states we refer to the fact, that the TR symmetry prevents the edge states from
backscattering. The absence of backscattering relies on the destructive interference between all possible
backscattering paths taken by the edge electrons. This destructive interference is due to the helical
nature of the edge states which means: at a given edge, two spins with opposite spin polarization coun-
terpropagate, thus the spin is correlated with the direction of motion [9].

A key to understand these topological nontrivial edge states is the analysis of the TR symmetry. TR sym-
metry is represented by an anti unitary operator 7 = e™/2 K with the Pauli matrix oy and the complex
conjugation K. For a spin-1/2 particle the TR operator has the property 72 = —1 which is due to the fact
that TR leads to a spin flip. There exists a theorem, Kramers’ theorem, which states that all eigenstates
of a TR invariant Hamiltonian are at least twofold degenerate (up and down spins in absence of SOC).
Kramers’ theorem can be explained with the anti unitary TR operator 7. For a TR invariant system,
two states |x) and T |x) have the same energy. If we can prove, that they are two different quantum
states, it proves Kramers’ theorem. Thus, we assume a non degenerate state |x) existed and we assume,
that the state 7 |x) with the same energy is the same state. Then T2 |x) = Tc|x) = ¢*T |x) = Ic|? |x)
for a constant c. This is not allowed because |¢|? # —1 = T2 for spin-1/2 particles. Consequently, these
two states have to be different, implying that the edge states occur in Kramers doublets.

We can group TR invariant Hamiltonians in two topological classes. We try to understand this with
the energy dispersion illustrated in Fig. 1. The Fig. shows half of the Brillouin zone: 0 < k < 7/a,
where k is the crystal momentum along the edge. Due to TR symmetry we know that the other half,
—7/a < k < 0, is a mirror image. Furthermore, the conduction and the valence bands of the bulk,
separated by an energy gap, are drawn. Depending on the Hamiltonian near the edge there may be
edge states inside the gap. We assume there are such edge states inside the gap. Kramers’ theorem
now requires that they are twofold degenerate at TR invariant crystal momenta k. As TR symmetry
transfers k to —k, we have two such TR invariant points: k = 0 and k = 7/a. Away from these points,
SOC splits the degeneracy.

In a next step we want to connect these special points. There are two ways to do this: we can connect
them pairwise, as in Fig. 1(a) or not pairwise as in Fig. 1(b). In the first case, we can push the bound
states out of the gap by shifting the Fermi energy Fr. This is not possible in the second case, as Ep is
intersected an odd number of times. Each intersection of Er at k has a partner at —k. We can count
the number of Kramers’ pairs ny intersecting Er. This number can be related to the change in a Z,
topological invariant v across the interface: ng = dr mod2.

The topological properties of the 2D topological insulator are mathematically characterized by this Zo
topological invariant v: states with an even number of Kramers’ pairs of edge states at an edge are
topologically trivial (v = 0), those with an odd number are nontrivial (v = 1).
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Figure 1: Energy dispersion in half of the Brillouin zone. T', at k = 0 and T’y at k = 7 /a are the two
Kramers’ degenerate points. Away from these points the degeneracy is lifted by SOC. The points can
be connected in two ways such that the Fermi energy Fr is intersected (a) an even number of times and
(b) an odd number of times. Adapted from Ref. [10].

2.1.2 HgTe/CdTe quantum wells

As an example of a 2D topological insulator, the topological insulator in HgTe/CdTe quantum wells
is reviewed. The basic electronic structure of the bulk HgTe and CdTe can be depicted by a model
introduced by Bernevig, Hughes, and Zhang (BHZ) in 2006 [3]. It describes the physics of the subbands
of the quantum wells which are relevant for the QSH effect. Both, HgTe and CdTe, crystallize in zinc
blende lattice structure (diamond lattice formed by two interpenetrating fcc lattices shifted along the
body diagonal and each sublattice is made of a different atom). The important bands near the Fermi
level are close to the I" point in the Brillouin zone.
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Figure 2: Energy bands: red I's/H1 and blue I's/E1. (A) Bulk energy bands of HgTe and CdTe near
the I' point. (B) The quantum well in the normal regime E1 > H1 and d > d. (left) and in the inverted
regime H1 > E1 and d > d. (right). Adapted from Ref. [3].

In Fig. 2(A) the energy bands near the I' point of HgTe and CdTe are shown. CdTe has a s-type
I'¢ conduction band and a p-type I's valence band which is split into two bands (with total angular
momentum J = 3/2 and J = 1/2) due to SOC. In HgTe the p-levels rise above the s-levels due to the



heavy element Hg, thus it has an inverted band structure.

Now the HgTe is sandwiched between layers of CdTe. This is shown in Fig. 2(B). When the thickness
d of the HgTe layer is smaller than a critical thickness d. = 6.3nm, the 2D electronic states (E1, H1)
bound to the quantum well have the normal band order. But for d > d. the 2D bands invert. In [11]
they demonstrate with a simple model why quantum wells with d > d. are expected to be TR invariant
2D topological insulators with protected edge states.

BHZ showed that the band inversion as a function of the thickness d signals a quantum phase transition
between the trivial insulator and the QSH insulator. The system can be approximated by constructing
an effective Hamiltonian considering bulk symmetries. The opposite parity of the s- and p-states results
in the crossing of the bands at d. and the energy gap vanishes at d = d.. This signals a phase transition
in which the Zs topological invariant v changes.

In the basis {|E1+4),|H1+),|E1-),|H1—)}, where |[E1+) are the Kramers’ partners of the s-type elec-
tron band and |H1+) are the Kramers’ partners of the heavy-hole band (compare Fig. 2), the model

takes the following form:
_(hk) 0

h(k) = e(k)lzx2 + d;i(k)o;, (2)

with the 2 x 2 identity matrix Isx2 and the Pauli matrices o;. d;(k) can be expanded:
dy +idy = A(ky + iky), ds =M —B(k2+k}), ek =C-D(k:+Ek). (3)

A, B, C and D are expansion parameters that depend on the heterostructure [3]. M is the mass or gap
parameter, which is the energy difference between the E1 and H1 levels at the I point and thus the
most important quantity. When the thickness d gets bigger than the critical thickness d., the sign of M
changes, signifying that the F1 and H1 bands cross at d = d,.

Eventually we understand 2D topological insulators and know how they can be realized. The whole
concept can now be transferred to 3D topological insulators.

2.2 3D topological insulators: Bi;Se;

The topological characterization of the QSH insulator state has a natural generalization in three di-
mensions. This was discovered in 2006 ([4], [5], [6]). In contrast to the QSH insulator, 3D topological
insulators are characterized by four Z, topological invariants (vg;v1, ve,v3). In this chapter some basics
about 3D topological insulators are summarized and explained.

2.2.1 Strong and weak topological insulators

Figure 3: 2D surface Brillouin zone with the Fermi circles (red). (a) illustrates a weak topological
insulator, where the Fermi circle encloses an even number of Dirac points I'. In (b) the simplest case
of a strong topological insulator (one enclosed Dirac point) is shown. In (¢) the corresponding energy
relation is drawn. Adapted from Ref. [10].

The surface states of a 3D crystal can be described with a 2D crystal momentum. We analyze the 2D
surface states the same way as we did in the 2D case with the 1D edge states. To provide support, we



use Fig. 3, where the Fermi surfaces in the surface Brillouin zone are shown. In 2D the surface Brillouin
zone has four TR invariant points I'; 2 3.4 where the surface states must be Kramers degenerate. Away
from these points the degeneracy is lifted by SOC. A line joining a pair I', and T'y can be crossed by the
surface Fermi surface an even or an odd number of times, which is determined by the four topological
invariants. If it is odd, then the surface states are topologically protected, like in the 2D case.

Still, there exist several possibilities for nontrivial 3D topological insulators. A possible Fermi surface is
illustrated in 3(a). A single surface band intersects the Fermi energy between I'y and I's and between
I'; and I'y. This state is called a weak topological insulator. It can be constructed by stacking layers of
2D quantum spin Hall insulators. If we stack the layers along the y—direction, we would get something
like the Fermi surface illustrated in Fig. 3(a). We can interpret the indices (11, v2,v3) as Miller indices
describing the orientation of the layers. The important topological invariant is vg which determines,
whether an even or an odd number of Kramers’ points is enclosed by the surface Fermi circle. This
weak topological insulator has vy = 0 as the Fermi circle encloses I'y and I's. If the surface Fermi circle
encloses an odd number of Kramers’ degenerate Dirac points, it is called a strong topological insulator
and we have the topological invariant v9 = 1. This is illustrated in Fig. 3(b), where only the I'; point
is enclosed. In Fig. 3(c) we can see the energy dispersion which takes a cone form due to Kramers’
degeneracy. Strong topological insulators of the form shown in Fig. 3 are the simplest, as there is
only one Dirac point encircled by the Fermi energy. We can describe this topological insulator by the
Hamiltonian

H = —ihvpo -V, (4)

where o is the vector of Pauli matrices which characterizes the spin. The electronic structure of the
surface of a topological insulator is quite similar to that of graphene, but instead of the two Dirac points
and the spin degeneracy in graphene, there is just a single Dirac point without spin degeneracy in a
topological insulator. This appears to violate Kramers’ theorem, but it is solved as the partner Dirac
points reside on opposite surfaces.

The 2D topological metal formed by the surface states of a strong topological insulator is quite unique.
In contrast to an ordinary metal, which has up and down spins at every point of the Fermi surface, the
surface states of the strong topological insulator are not spin degenerate. TR symmetry requires that
states with momentum k and —k have opposite spin. Thus the spin must rotate with k around the
Fermi surface. This is shown in Fig. 3(b) by the arrows. If an electron goes around the Fermi circle,
it gains a so-called Berry phase of 0 or w. If an electron circles a Dirac point, its spin rotates by 2,
leading to a m Berry phase. Due to the fact that the surface is connected to the bulk, the metallic surface
state cannot vanish, even when disorder or impurities at the surface lead to scattering of the surface states.

To find 3D topological insulators one searches for insulators where the conduction and the valence
bands have opposite parity and a ’band inversion’ occurs when the strength of some parameter (for
example the SOC) is tuned. On the basis of such an analysis, in 2008 a Princeton University group led
by Hasan [7] could experimentally identify the first 3D topological insulator, the semiconducting alloy
Bi;_,Sb,. But the surface states in Bi;_,Sb, are very complicated and cannot be described by simple
model Hamiltonians. For this reason, this work focuses on the BisSes topological insulator which can be
described by a simple low-energy effective Hamiltonian.

2.2.2 Low-energy effective model of the Bi;Se; topological insulator

In this section, the effective model of the BisSes topological insulator is explained (also valid for BisTes
and SbyTes) in form of a summary of the paper “Topological insulators in BisSes, BisTes and SbyTeg
with a single Dirac cone on the surface” from Haijun Zhang et al., 2009 [12]. A detailed description of
the models can be found in Ref. [13].
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Figure 4: (a) Crystal structure of BisSes. A quintuple layer with Sel-Bil-Se2-Bil’-Sel’ is indicated by
the red square. (b) Top view along the z—direction. The triangle lattice in one quintuple layer has three
different positions, denoted as A, B and C. (c) Side view of the quintuple layer structure. Adapted from
Ref. [12].

BisSes has a rhombohedral crystal structure with the space group ng (R3m) with five atoms in one
unit cell (see Fig. 4). It has a three-fold rotation symmetry about the z—axis and a two fold rotation
symmetry about the x—axis. It consists of five-atom layers arranged along the z—direction, known as
quintuple layers. These layers consist of two equivalent Se atoms, Sel and Sel’, and two equivalent Bi
atoms, Bil and Bil’, and a third Se atom, Se2. The coupling between two atomic layers within one quin-
tuple layer is strong and the coupling between two quintuple layers is much weaker and predominantly of
the Van der Waals type. There exists an inversion symmetry, where the Se2 site is the inversion center.
This enables the construction of eigenstates with definite parity.

To get a physical picture of the band structure one looks at the atomic orbitals of Bi and Se. Bi
has the electron configuration 6s26p® and Se has 4s24p*. Only the outermost shells are considered (p-
orbitals) and the others are neglected. Within one quintuple layer there are five atoms in one unit cell
and each has three orbitals: p,, p, and p,. Figure 5 shows the orbitals of Bi and Se at the I' point. In
order to construct a low-energy effective Hamiltonian, we need to identify the low lying states at the
T" point. We do this in several steps where we examine one interaction at one time and search for the
states nearest the Fermi energy. The states farther away can then be neglected as their contribution to
a low-energy effective Hamiltonian is negligible. We proceed as follows:

1. At first, the spin is neglected. As all Se layers are separated by Bi layers, the strongest coupling is
the coupling between Bi and Se layers. This coupling causes level repulsion such that the Bi energy
levels are pushed up and form two hybridized states, while the Se energy levels are pushed down
and yield three states. Due to inversion symmetry, the system can be described by bonding and
antibonding states with definite parity. If the coupling between the Bi states is taken into account,
the bonding and antibonding states are split and the antibonding state has higher energy than the
bonding state. The only states which are considered are denoted as |P1}) (o = z,y, z) which is
the bonding state of Bi and |P2, ) which is the antibonding state of Se. These are the states found
near the Fermi surface and the others can be neglected. They are marked green in Fig. 5 at stage
(I) and (II).

2. As the crystal has a layered structure, the z—direction is different than the z— or y—direction.
The resulting energy splitting between p, and p, , yields that the conduction band mainly consists
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the Fermi energy. Adapted from Ref. [12].

of |P1]) while the valence band is dominated by the |P27) orbital (see Fig. 5 between stage (II)
and (III)).

3. Finally, SOC is included into the atomic picture. The states are all doubly degenerate: |P1}o)
and | P2, o) with the spin o =1, ). The SOC Hamiltonian is given by Hso = ALS with the orbital
angular momentum L, spin angular momentum S and the SOC parameter A. We transform the p,
and p, orbitals to py+;, with definite orbital angular momentum:

1 .
[Aztiyo) = *ﬁ(lAz@ +i|Aya)), ®)

1
\ﬁ

where A = P17, P2~. The spin orbit Hamiltonian mixes spin and orbital angular momenta but
preserves the total angular momentum. After some calculation it can be seen that SOC couples
A, 1) (JA; 1)) and [Az—iy ) (|Az—iy T)) such that it leads to a level repulsion between the states
resulting in the band diagram of stage (III) in Fig. 5. The states relevant to a low-energy effective
Hamiltonian are |P2;¢) and|P1} o). We can see, that the order of these levels is reversed. This
band inversion happens when the SOC is strong enough (A > A.). It resembles the quantum phase
transition in the HgTe/CdTe quantum wells discussed before.

|Az—iyo) = —=(|Azo) —i[Ayo)), (6)

The topological nature is determined by the physics near the I' point. We write down a low-energy
effective model to characterize the low-energy and long-wavelength properties of the system by using the
symmetries of the atomic structure.

As basis we choose the four low-lying states: (|P1F 1), |P2; 1), |P1} ), |P2; |)). The important
symmetries of the system are:

1. TR symmetry with the representation 7 = K - ioy ® Iaxa,
2. inversion symmetry with the representation I = Iyxo ® 7,

3. three-fold rotation symmetry Cs along the z—axis with the representation Cy = e*(7/3)7=®lzx2

10



K is the complex conjugation, o, . are the Pauli matrices in the spin space and 7, . are the Pauli
matrices in the orbital space. If one requires these three symmetries and keeps only the terms up to
quadratic order in k, the following effective Hamiltonian can be obtained:

Mk) Ak, 0 Ask_

Ak, —M(k)  Agk_ 0
H(k) = 60(k)1[4><4 + B A2k(+) ]\j(k) —Aqk, (7)
A2k+ 0 _Alkz _M(k)

where ky =k, +iky, co(k) = C+ Dyk2 + Dokyk_, M(K) = M — Bik? — Bokyk, and kyk_ = k2 + k2.
(The exact derivation is described in Ref. [13] as well as a derivation using the k- p perturbation theory.)

H. Zhang et al. [12] fitted the energy spectrum of the effective Hamiltonian with that of their ab
initio calculation and received the following parameters for the effective model for BisSes: M = 0.28
eV, Ay =2.2eVA, Ay =4.1 eVA, B; = 10 eVA2, B, = 56.6 eVA2, C' = —0.0068 eV, D; = 1.3 eVA?2,
Dy =19.6 eVAZ,
There exists a straightforward procedure to obtain the effective Hamiltonian describing the surface states
[14]. The effective Hamiltonian describing carriers in the (z — y) plane in a topological insulator is then
given by [14]

H™ =iV + i (o,ky — oyks), (8)

where €Y = C' + (D1/B1)M is the Dirac point energy. hvy’ = As\/1 — (D1/By)? represents the Fermi
velocity in the (z — y) plane, and oy, (¢ = z,y, 2) denote the usual Pauli matrices. The (y — z) plane can
be described by

Ay
oy e

with ef® = C + (D2/B2)M and hv'’ = Azy/1 — (D2/Bs)? and the (xz — z) plane by

HY? = ef” + hof ( k, —o.ky), (9)

A
2k, —0.ky), (10)

HY = ef” + i (os
A

with €} = C + (D3/Ba)M = &f° and hwiF = As\/1 — (Da/B3)? = hv¥’. Note that there is a factor
:?T; in front of k, in HY* and H®*. This signifies that in the (y — z) and (z — 2z) plane the topological
insulator has an elliptical Dirac cone. In the (z — y) plane, on the other hand, the Dirac cone is circular.
In addition, this prefactor implies that the Fermi velocity in z—direction is different from the Fermi
velocity in x— and y—direction.

There is so far no derivation of the Hamiltonians describing the (y — z) and (z — z) planes published,
this is why we will provide a detailed derivation in chapter 3.

Since we now have the required knowledge about topological insulators, we can continue with the theory
of superconductivity which will provide us the tools to calculate the Josephson effect on the surface of
topological insulators.

2.3 Superconductivity

The goal of this section is to understand the proximity-induced superconductivity in a topological in-
sulator surface. We will begin with a short introduction to the BCS theory of superconductivity, then
we derive the Bogoliubov-de-Gennes equation and finally we discuss the superconductivity for spinless
fermions in 2D which can be directly related to the proximity-induced superconductivity on the surface
of topological insulators.

Most of this section is based on “Introduction to Superconductivity” by M. Tinkham [15].

2.3.1 BCS theory of superconductivity

To explain the phenomenon of (type I) superconductivity, Bardeen, Cooper and Schrieffer created the
BCS theory in 1957 [16]. Their theory is based on the following knowledge:
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1. There is a critical temperature 7. above which the superconductor is a normal material. In the
normal state (T' > T,) the specific heat C(T) is linearly dependent on T: C(T) =~T. For T < T, in
contrast, the specific heat is dominated by an exponential dependence on T: C(T') = Toae0Te/T,
where a and b are constants. This jump in the specific heat at T" = T, is a second order phase
transition.

2. Resistivity p vanishes for T' < T, which also means that the electric field E vanishes (because the
current I = E/p can not be infinite).

3. Meissner effect: a superconductor is a perfect diamagnet: no magnetic field B can penetrate.

4. Tsotope effect: the critical temperature T, depends on the mass M of the ion, meaning supercon-
ductivity cannot be explained by electrons alone.

5. Bardeen-Pines & Frohlich proposed a theory which states that for small energy transfers, phonon
mediated electron-electron interaction can be attractive.

The last point is closely related to the problem Cooper solved: what is the ground state of two attractive
electrons in the presence of a dormant Fermi sea? Let’s assume, the formation of a bound pair of two
electrons near the dormant Fermi sea lowers the energy. Consequently, pairs of electrons would condense
until an equilibrium point is reached leading to a new ground state. As it happens, this is exactly the
case. Cooper discovered these bound pairs of two electrons, therefore they are called Cooper pairs.
Since the Cooper pairs are the basis in understanding superconductivity, we want to derive them, by
answering Coopers question of the ground state of two attractive electrons in the presence of a dormant
Fermi sea. We start by splitting the wave function into an orbital and a spin part:

W(ry,r2) = ¢¥(r1,r2) - X(01,02), (11)

where ry and ry are the positions of the two electrons. In the ground state we expect the total momentum
to be 0, thus, we can write the orbital wave function as

Y(r) = ngeikr, r=ry —ra. (12)
k

Fermionic wave functions are always antisymmetric. If we assume that the antisymmetry comes from
the orbital part, we will see that ¢)(r) — 0 for r — 0. Since we have attractive electrons, 1(0) should
be finite. Consequently, the sign change must come from the spin part, meaning it must be in a singlet
state:

1
x = = (1th - ). (13)
With the Schrédinger equation we get
2Ext)(r1,r2) + V(ry — r2)¢(r1,12) = (2EF + E)(r1,12), (14)

where the factor 2 arises from the two electrons at the same energy. The total energy is 2Er + E and
E is the extra energy to the Fermi energy. Our aim is to get energy E < 0, such that the ground state
energy is lowered by having two electrons in the presence of a dormant Fermi sea. By including the
orbital wave functions we can write

> 2Bigie™ +V(r) Y gie™ =D (2Ep + E)gie™. (15)
k k k

Integration over the normalization volume Q (operate & [ d®re= ™ on the equation) results in

_ 1 .
(E — ka)gk = Z ka/gk/ with ka/ = 5 /d37‘V(T)6 (k—k’) and fk = Ek - EF. (16)
k/

Vikk is the matrix element of the interaction potential. It characterizes the strength of the potential for
scattering a pair of electrons with momenta (k/, —k’) to momenta (k, —k). To show the existence of
a bound-pair state, we have to find a set of gy satisfying Eq. (16). To simplify the problem, Cooper
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introduced a very serviceable approximation, the “on shell” approximation, where he uses a cut-off energy
hw, to define the potential:

Viw — -V |Ex — Er| < hw. and |Eyx — Er| < hw,,
K= 0 otherwise.

By solving Eq. (16) for gx

V *
g = 72 Ik’ , (where the * indicates that the summation is only over the shell,)  (17)
2k — B4

and applying the summation over the shell, we finally get

! . e 1 E — 2hw,
v =X g =P [t = P (E), "

where D(EF) is the density of states at the Fermi energy. This diverges whenever E = 2£. In most classic
superconductors we have D(Er)V < 0.3. This allows the use of the “weak-coupling approximation”,
which is valid for small potentials D(Er)V < 1. The energy is then approximated by

2

FE =~ _2h€£}c exp(—m)

(19)

No matter how thin the shell is, there is always a negative energy solution (as the shell is around the
Fermi energy and thus the Fermi energy is always in the shell). Thus, we found a bound state which
lowers the energy of the system meaning that, if we want to minimize the ground state energy, we should
pair up the electrons. This results in Cooper pairs, with the Cooper pair wave functions

() = 3 g™, (20)
k

or in second quantization

)= > giclpcly 1F) (21)

‘k|>k?F

where kp is the Fermi momentum and |F) the Fermi sea. In this form it is obvious that pairs of time-
reversed states are always occupied together. In the presence of N electrons (IV is even) we have N/2
Cooper pairs:

W) = O grclpel )N luacuum) . (22)
k

To know this state, we need to know a large number of gy’s since there are a lot of k values. Because there
are so many particles, BCS argued, it would be a good approximation to use a Hartree self-consistent
field or mean-field approach. There the occupancy of each state k is taken to depend only on the average
occupancy of the other states. Using this, BCS wrote the ground state:

[WBcs) = My (uk + vkcLTcT_M) lvacuum)  with  |ug|? + |vi|? = 1. (23)
|v|? is the probability that the state (k 1, —k |) is occupied and |uy| the probability that this state is

unoccupied. This BCS ground state should minimize the energy of the system. To verify this, we use
the minimal model Hamiltonian which still describes all the interactions of the system:

H — EFN = kac;r(,ockﬁ + Z ka’CL’Tcik}ic—k',ick’,m (24)
k,o k., k’

where N is the electron number operator. We want to minimize

(Ypos|H — EpN [¢pcs) - (25)
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By evaluating this, substituting uyx = sin(fx) and v = cos(fx) and taking the derivative with respect to

Oy, we finally get
- Zk’ ka/ Sin(?@k/) Ak

tan(20x) = =—— 26
(20 2% & (26)
with A = —1/23",, Viae sin(26k/) and Ex = /& + AZ, which leads to sin(20x) = 2uxvx = %‘: and
cos(20y) = vi —ui = —g—‘]‘(. This results in the BCS gap equation
1 Ay
A = —— R VW (27)
2 ; &+ AL

The trivial solution Ay = 0 of this equation describes the normal state. We are looking for nontrivial
solutions, which describe the superconducting state. In the discussion of Viyxs, we suggested that the
relevant energy is |Ex — Ex/|. To get a simple solution, we need to make the stronger restriction that
|Ex — Er| and |Ex — EF| are separately smaller than fiw.. Inserting this Vix in Eq. (27) we can see
that this is satisfied by
Ay = { AO |Ek — EF| < hwc,
0 |Ek — EF| > hwe.

For this approximation the gap equation can be solved and results in

Ao= — e PEDS e (VD) (28)
smh(iD(EF)V)

where D(Er) < 1 means that the attractive interaction is very small. We find that Ay < Tw. < Ep,
2= 30— 5 and ud = 31+ &),

After this brief introduction to the BCS theory of superconductivity we want to present equations which
are very suitable to calculate systems with superconducting regions. These equations are the so-called
Bogoliubov-de-Gennes equations.

2.3.2 Bogoliubov-de-Gennes (BdG) equations

The BdG equations are convenient equations in which the direct relation between the electron and hole
wave functions of a system can be seen. In this chapter we derive the BdG equations in real space. This
derivation is also applicable in the presence of a magnetic field. The method presented is a generaliza-
tion of the Hartree-Fock equations to the case of superconductivity. It was first published in the book
“Superconductivity of Metals and Alloys” from Pierre de Gennes [17] and this chapter is based on this
book.

At first we write the Hamiltonian of the electron system. The operators ¥(ro) and Uf(ro) are de-
fined as ,
U(ro) = e*¢,q,

Ul (ro) = e~ *cf

To)

(29)

where o =1, | is the spin index. They satisfy the anticommutation relations {¥(ri07), U(raoq)} =
{UT(r101), ¥ (r202)} = 0 and {¥T(r101), ¥(ra202)} = 0sy0,0(r1 —r2). In terms of ¥(ro) and ¥i(ro) we
can write the Hamiltonian H as

H= Z/‘I’T(ra)H(r)\II(rU)dr (30)

H is the electron Hamiltonian defined in the section before. As in the book of de Gennes we can write
the electron Hamiltonian with the vector potential A and the spin independent potential Up(r):

H(I‘) = ﬁ (—th - &CA) + UQ(I') — EF, (31)
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with the charge of the electron e and the velocity of light ¢. We include an interaction by adding an
average potential which acts only on one particle at a time. Thus, we insert a potential U and a pairing
potential A(r) and we get the effective Hamiltonian Heg

Hege = / (Z Ul (ro)H(r)¥(ro) + U(I‘)\I’T(I‘U)\II(I'O')> + A@)UT (e )T (r )+ A% ()T (r })T(r 1)dr.

(32)
We aim to determine the eigenstates of Heg. The Hamiltonian is diagonalized by performing a unitary

transformation:
U(r 1) =D (yrtun(r) =5 vn(r)),
- (33)
(e )= (rnytn(r) + 7} 405(x)).

n

Yno and i are new operators which also satisfy the fermion anticommutation relations. The transfor-
mation has to diagonalize the effective Hamiltonian, such that

Heff = Eg + Zgn'ij'yna' (34)

no

E, is the ground state energy and €, is the energy of the excitation n. By taking the commutator we
get

[/Heffv'Yno] = —&nVno> (35)
[Heffv ’Y;rzo] = En'yjla'

We also calculate the commutators
[W(r 1), He] = [H + U(x)]¥(r 1) + A(r)¥i(r |),

. (36)
(W(r 1), Hoal = [H + U] U(r ) — A @)W 1).

By replacing the ¥ operators by the Egs. (33) and using the anticommutation relations of the fermions
and the commutation relations of Eq. (35) and finally by comparing the coefficients of 7,, and ~] we get
the Bogoliubov equations:

() _ (HAUE] AE) Y (ul) -
v(r) A*(r)  —[H+U([)]") \v(r))"
It can be seen that the BAG equations take the same form for both spins. Thus, we can write them in a
Nambu basis where the spins are included:

Py (U8
Yyl Ho(r)  A(r) Uy

: % _(Ao(r)* Hg(r)) % ' (38)
7//¢ w¢

Hy is the free fermion Hamiltonian. For p-wave superconductivity in 2D (which we will get when using
the proximity effect on the surface of a topological superconductor, as explained later) we have the gap
matrix A(r) = Aio, where A = Age’ is independent of r [18]. In the Nambu basis which we use in
this project, the BAG equations take the form:

U}T 1/% q/;T ¢T
Yy | (Ho(r) A Yy | (Ho(r) A O Uy
S ﬂ}]t = ( _A* —O'yH()k (I‘)O'y> ,(/)I = ( A* _THO (r)T1> wI = H(I‘) wl 5
~¥i ¥ ] !
(39)

with the gap matrix A = Age'® - Iyo and the TR operator 7 = ioy KX (more details in Appendix A).

Furthermore, we will identify this basis with electron and hole wave functions: (¢T7¢¢7¢Ia —z/#)T =
(P, Up)T. Solving the BAG equations leads to two sets of energy eigenstates, because with the Nambu
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states, we have artificially doubled the dimension of the Hamiltonian and consequently also doubled the
number of eigenstates. The solutions with negative energies would represent electrons with k& < kp and
holes with k > kg, which contradicts the conventional definition of electrons and holes in a normal metal.
Therefore it is usual to use only positive energy solutions, which represent a complete set of solutions.
Since the number of independent solutions remains the same, there must be a symmetry relation between
the eigenstates. This symmetry is the particle-hole symmetry.

In principle there are two very important symmetries: the TR symmetry and the particle-hole symmetry.
They are explained in detail in Appendix A.

So far we discussed superconductivity for normal Dirac fermions with spin-1/2. What happens if we
assume spinless fermions?

2.3.3 Superconductivity for spinless fermions in 2D

Superconductivity for spinless fermions has a certain importance for this work, as the topological super-
conducting state which we receive due to the proximity of a s-wave superconductor to the topological
insulator resembles the spinless p, + ip, topological superconductor. Still, there are some differences,
which will be explained in the section about topological superconductors.

As it is not obvious that superconductivity is possible for spinless particles, we want to derive it here.
This chapter is adapted from a review by Read and Green [19]. We start with the Hamiltonian which
describes the 2D system of spinless fermions:

1
H= Z kaCk + = (Akc kCk T AkaC]L k) (40)

& = % — 1 is the energy for free fermions and p is the chemical potential (which is equal to the Fermi
energy Er at temperature T' = 0). The spinless fermions also fulfill the anticommutation relations. With
spinless particles we have the problem that for a constant gap Ax = A we don’t have any pairing:

A¥c_yex = %/drdrw Ze U=l g—i(l)r’ — —/drw (41)

where L? is the volume of the two dimensional system. This problem can be solved by using a
k—dependent pairing potential. There are several symmetries which the pairing potential can have.
A superconductor with a constant gap Ax = A is called s-wave superconductor. In 2D, the simplest
nontrivial pairing is the so-called p-wave superconductor where Ay = A(k, £ ik, ). With such a pairing
potential the Hamiltonian is not invariant under parity and TR symmetry anymore.

T
To diagonalize the Hamiltonian, we introduce the Nambu spinors ¢y = (c?[k ) and ¢, = (Cck ) As a
—k

. . . d stant t .
further simplification we use: fkchk = §k(—ckcL +1) rop coziant bat _kakCL, since constant parts do

not change the physics of the system. The Hamiltonian of Eq. (40) can now be rewritten in terms of the

Nambu spinors:
Zwk (5“ _Ak) e (42)

with the eigenvalues Ex = ++/& + |Ak[?. We diagonalize the Hamiltonian by doing a Bogoliubov

transformation: ay = ugck — vkcik and aL = uf(cli —vic_k. By demanding that these two quasiparticles

should fulfill anticommutation relations we get the condition |uy|?+|vk|? = 1. In terms of the Bogoliubov
particles the diagonalized Hamiltonian is H = ) ;. Ekcv;r(ak. For uy and vy we get equations, the BAG
equations, that have to be fulfilled:

Eyuy = &ux — Agvy, (43)
Ekvk = —§kvk — Akuk- (44)
The solutions are
Uk By — & o 1 &k o 1 3"
= =1+ =-(1-= 45
o T =g = 0 ) (15)



We can see that if uy and vy are solutions, e*®*uy and e*®*vy are solutions as well.
The ground state can be written as
_ 1/2) 3 (Zy grefel ) ; _ B &
[) = (Hi|uk|/=)e? x99k lpacuum) with gx = — = —————. (46)
Uk Ak
We can expand the exponential function and because of the Pauli principle all higher order terms vanish
and we get
) = (M /) Thie (1 + gl ) [vacuum) (47)

For p-wave superconductivity we have A — 0 for k — 0 and thus Ey — |{k| — 0 for k — 0. Hence, we
have three options for k — 0:

e strong-pairing phase when p < 0 which implies £k > O:

This leads to g %(km — iky) *2% 0 and in real space g(r) o< e”*/T for r — oo which means
that the wave functions of the Cooper pairs are exponentially localized and the Cooper pairs are

strongly bound.

e weak-pairing phase when g > 0 which implies &, < O:

. 2p 1 k—0 . 1
This leads to gk < =X ==, — o° and in real space 9(r) < =%

the wave functions decay very slowly and the Cooper pairs are weakly bound. The weak-pairing
phase does not require that the coupling is weak, but that it is continuously connected to the weak
coupling BCS region.

for r — oo which means that

e weak-strong transition when p = 0 which implies § = 0:
At small k we find gy = kmlzlky and in real space g(r)
mixed behaviour of the two former cases.

1 .
N CEEmIEEm for r — oo. This shows a

Apparently, depending on the sign of the chemical potential u, we have different phases. As soon as
1 # 0 we get a gapped spectrum. We will see that, if 4 < 0 (strong-pairing phase) we have a topological
trivial superconductor which can be adiabatically transformed into an insulator, like vacuum. For p > 0
(weak-pairing phase) this is not possible and we have a topologically nontrivial state. We call this a
p-wave superconductor. To analyze consequences of this new state, we calculate the BAG equations in
position and time representation.

BdG equations in position and time representation
We write the wave functions in position and time representation and we use & ~ —p < 0 (weak-pairing

phase) and
U(I', t) — Z eikr—z’Ektuk7
oo (48)
v(r,t) = Z elkr=iBity,
k
The BdG equations now become
4
2400 e ) st (2 iy, b,
ot oxr 0
(49)
200D ety +in( 2 - i L)
o M ox Oy ’
These two equations are compatible with u(r,t) = v*(r,t) (x). This has consequences for the Bogoliubov
quasiparticles ay:
a(r,t) = Z ety = Z ™ =it (e — vgeel ) (50)
k k

We use the Fourier transformation for fermions cx = 1 [ d?re~*¢(r), include () and finally get our
Bogoliubov quasiparticle in position and time space:

a(r,t) = % /dr’(u(r —1)e(r)) — u*(r — ')t (r)). (51)
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Thus, we have af(r,t) = —a(r,t). Now we can define a fermionic state which is its own antiparticle:
y(r,t) = ia(r,t) — v" = 7. Such a particle is called a Majorana fermion. More about these Majorana
fermions is explained later. At this point it is only important to see, that Majorana fermions can appear
as a solution of the BdG equations. This raises the question, where they can appear as solutions. One
example is at the edge of a weak-pairing phase superconductor and a strong-pairing phase superconduc-
tor.

Edge of a weak- and a strong-pairing phase superconductor

yl
—Wy Uy

[
>

0 X

Figure 6: Edge of a topological nontrivial weak-pairing phase superconductor (1 = po > 0) and a
strong-pairing phase superconductor (1 = —pp < 0).

Figure 6 shows the system we want to calculate. We have a chemical potential u(x) which is dependent
on x: for x < 0 we have pu(z) = —po < 0 and for x > 0 we have u(x) = po > 0. A change in sign
across a line represents a domain wall between the weak and strong-pairing phases and py = 0 is the
point at which the transition occurs. The weak-pairing phase is nontrivial and it makes sense to capture
the generic properties of an edge by a domain wall. The strong pairing phase, on the other hand, has
the same topology as the vacuum and can be continuously connected to it. Therefore the strong-pairing
phase does not need to have a domain wall. In a next step we want to solve the BAG equations. We
consider solutions with definite k,. At first we set k, = 0 and Ej = 0:

dvg OJug
1IA— = p(x)ug, IA— = —p(x)vg. 52
5y — M@)uo 5, — M@)o (52)
uo and vg are the wave functions at k, = 0 and EFx = 0. To solve the equation we use the Ansatz
Vo = iUO.
3u0
—A— —p(x)up =0 53
0 — o (53)
has a unique normalizable solution ( p(z) =5 0): ug(x) = e~ /4~ =a Jo d2’n=")  This state satisfies
ug = vy = tug and for |z| — 00, ug(z) is exponentially suppressed, thus, the state is bound in z—direction.
We have found a Majorana fermion. It is time independent, as it is a zero energy solution. Next we

assume finite k, and a small energy Fx = —Ak,. The BdG equations become
. C{)Uky
Eyuy, = —p(x)ug, +iA( T kyv, ),
B Y (54)
Eyvy, = p(z)vk, + iA(ﬂ + kyug, ).
Y Y 8ky v
We can find bound states in x— direction, meaning they are bound to the domain wall:
Uk, (2,9, 1) = ug, (@)™ VA =y (z)eyWHAD, (55)

This state is propagating in time along the domain wall in one direction. This is only possible, because
parity and TR symmetry are broken.

Vortices in p-wave superconductors
A vortex in a superconductor is a topological defect. Such vortices can be created by bringing the super-
conductor into a magnetic field. The magnetic flux then flows through vortices. We will only take into
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account vortices of minimal flux which is half-flux quantum. We can consider a vortex as a small circular
edge with vacuum at the center. If we have vortices in the strong-pairing phase, we expect nothing
interesting to happen. In the weak-pairing phase, on the contrary, we must include a concentric circular
domain wall to separate the vacuum at the center of the vortex from the weak-pairing phase outside.

Figure 7: Vortex in a weak-pairing phase superconductor (u = po > 0). At the core of the vortex the
chemical potential is 4 = —pg < 0. The circle signals the domain wall which corresponds to the phase
transition with p = 0.

We want to study what is happening on the boundary of a vortex with strong-pairing phase in a
weak-pairing phase superconductor. The setting is shown in Fig. 7. We write the BAG equations for a
single vortex and for E = 0 in polar coordinates r = y/22 + 32 and 0 = arctan (¥):

o (0 10
. 0 [ 2 s Y _
iAe (87’ + . 80) v = pu, (56)
o[ 0 i 0
. —i0 [ Y —
iAe ((% + " 89) u [, (57)

with the boundary conditions u(r, 0 + 27) = —u(r,0) and v(r,0 4+ 27) = —v(r,6). For r — co we have
w — o > 0 (weak-pairing phase), and for » — 0 we have y — —pg. We can get normalizable solutions
of the form

u=(i(e—iy)"2f(r)  and  v=(=i(w+iy) V() = u (58)
where f(r) is a real function which fulfills
ng) = *ﬂ(’")% with solution f(r) o e™ Jo dr'u(r)/A (59)

Finally, we found a Majorana state bound to the vortex core. This was calculated at E' = 0. This should,
like in the edge case, persist when we relax our assumptions, as long as the bulk outside the vortex is in
the weak-pairing phase.

The main problem about this weak-pairing phase p-wave superconductor is, that it does not exist in
real materials. Nevertheless, if we bring a s-wave superconductor near to the surface of a topological
insulator, we receive a surface state which resembles the spinless p, + ip, topological superconductor.

2.3.4 Proximity-induced superconductivity on the surface of a topological insulator

When we put a superconductor on top of the surface of a topological insulator, Cooper pairs may
tunnel from the superconductor to the surface of the topological insulator. This results in an induced
superconducting energy gap in the surface states. Here we use a s-wave superconductor which we bring
on top of our BisSes topological insulator. The resulting superconducting state resembles the spinless
Dz + ipy superconductor. In contrast to the spinless superconductor, the topological superconductor we
get does not violate TR symmetry, and its Cooper pairs have even parity. In this section we want to
describe what happens, when the superconductor is brought near to the topological insulator, and we
want to show, how it is related to the spinless p, + ip, superconductor. The following argumentation is
based on Ref. [20].

We start with the TR invariant surface Hamiltonians H? where p = zy,yz,xz refers to the different
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surface planes of the BisSes topological insulator. We write the Hamiltonian with the electron field

operators (g, 1)T: T
— 2 P _ Uy
Hy = ( f) (HP — 1) (%) : (60)

Next we suppose that an s-wave superconductor is deposited on the surface. If there is a good interface
between the topological insulator and the superconductor, electrons tunnel between these two systems.
The electrons in the topological insulator then feel an effective proximity-induced superconducting pairing
field. We include the pairing effect in the topological insulator by adding V = A¢$¢l + ATep 4py, where
A = Age'®, to the phenomenological Hamiltonian Hy. Eventually, we write the total Hamiltonian H in
Nambu basis:

(U8 (Ch
m=L 0 a0 (61)
& +
—] —]
s __ (Hp - :U’) A
H® = ( A* —T(Hp _ M)T_1> ’ (62)

where A = Age® - Iys. The excitation spectrum of this system is ex = 21/|A¢|2 + (1 £ hor|k])2,
where vg is the Fermi velocity of the corresponding surface and k the two dimensional momentum of
the surface. Owing to the TR invariance of the surface Hamiltonian, the second diagonal element equals
—T(H?—p)T ' = —(HP—p). For i > A the low energy spectrum resembles that of a spinless p, +ip,
superconductor. We can compare the Hamiltonian H® to that of Eq. (42). Apparently, it is formally
equivalent to a spinless p, + ¢p, superconductor, but in contrast to the spinless superconductor, H® is
still TR invariant.

We have already shown that in 2D spinless p, & ip, superconductors Majorana bound states can be
found. With the proximity-induced superconductivity on the surface of topological insulators we found
an existent system which resembles that of a p, 4 ip,. In contrast to the Hamiltonian of a p-wave super-
conductor, the Hamiltonian of the proximity-induced superconducting surface is TR invariant. To enable
the existence of Majorana fermions, we need to bring the superconducting surface into contact with a
surface which is described by a Hamiltonian which breaks TR symmetry. The edge of these two surfaces
then may host a Majorana. One option to create a TR breaking surface state is proximity-induced
ferromagnetism.

2.3.5 Proximity-induced ferromagnetism on the surface of a topological insulator

By placing a ferromagnetic insulator on top of the topological insulator, the topological insulator becomes
a ferromagnetic insulator due to the exchange coupling [21]. This is called the magnetic proximity effect.
The Hamiltonian for the surface of a topological ferromagnet reads:

Hf — (Hp — o+ myo, +myoy, +m,o, 0 )

0 —HP + p+myo, +myoy +m,o, (63)

where HP, p = xy,yz,xz, is the surface Hamiltonian of the topological insulator. The ferromagnetic
contribution is M = m - o, where m = (m,, my,m.) is an exchange field. If the magnetization M is
perpendicular to the surface, the magnetization opens up a gap. For instance, we consider the (z — y)
plane (H? = H®Y) and put a ferromagnet on top, which induces a perpendicular magnetization, m-o =

(0,0,m.)T-o. The band dispersion becomes € = £hvy? | [k2 + k2 + m? — pu+ £, thus no energy states
with |e] < |m.| exist, meaning m, opens up a gap. The property making the ferromagnetic insulator
interesting is, that it breaks TR symmetry, as it can be seen from the form of Hf. We recall from the
section about superconductivity for spinless fermions in 2D, that we can find Majorana fermions on edges
of a topological superconductor to a topologically trivial state, if parity and TR symmetry are broken.
Indeed, it has been calculated that the edge between a topological superconductor and a topological
ferromagnet can host Majorana fermions [20].

Since we are eventually able to establish a system which may host Majorana fermions, we are interested
in the properties of of these fermions.
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2.3.6 Majorana bound states

In this section we briefly explain some of the characteristics of Majorana fermions and conclude by ex-
plaining, why they are so interesting to the physical community. The content is based on the review [22]
about topological superconductivity and Majorana fermions.

Majorana fermions are fermionic particles, which are their own antiparticles. Thus, their annihilation
operator v is equal to their creation operator vf. Isolated Majorana fermions may occur, for instance,
in vortices and on edges of effectively spinless superconducting systems with triplet pairing symmetry
(p-wave superconductivity). In two dimensions this means p, =+ ip, pairing symmetry.

In a sense a Majorana fermion is half of a normal fermion since a fermionic operator ¢; on site 4
can be written as a superposition of two Majorana operators v; 1, ;2 on site i: ¢; = %(’yi,l + i%,g),

cj = %(%’,1 —i7v;2). In a one dimensional system this can be easily sketched in terms of a so-called

Kitaev’s chain, as it is shown in Fig. 8.
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Figure 8: Kitaev’s 1D p-wave superconducting tightbinding chain. Upper panel: the fermion operators
c; on each site i can be split into two Majorana operators 7; 1 and 7; 2. Lower panel: fermion operators
¢; are created by combining Majorana operators on neighboring sites ;11,1 and ;2. This leaves two
unpaired Majorana operators ;1 and yn 2. Adapted from Ref. [22].

Usually — when the two Majorana fermions are spatially localized close to each other and overlap

such that they cannot be addressed individually — this is only a mathematical operation without physical
consequences. But here we talk about Majorana fermions which are spatially separated like v; ;1 and yn 2
in the lower panel of Fig. 8. Such a state is protected from most types of decoherence since it cannot
be changed by local perturbations that only affect one of the Majoranas forming the fermion. We can
write the Majoranas in terms of the fermionic operators: ;1 = ¢; + c;r and y;2 = Z(CI —¢;). They satisfy
the anticommutation relation {7; p,Vj.q} = 26i;0p, and we can see that 72 = 1. When we construct a
“Majorana number operator” n; = ’y;r v; = 1, we recognize that a Majorana mode is “always empty and
always filled”.
Even though a Majorana state is protected against local perturbations, we can change the state by physi-
cal exchange of the Majorana fermions. This is enabled due to their non-Abelian statistics. Non-Abelian
statistics is only possible, if we have a degenerate ground state which is separated from all excited states
by a gap. By performing adiabatic operations, like a slow exchange of the quasiparticle positions, we
can bring the system from one ground state to another. In the case of Majorana fermions in a p, =+ ip,
superconductor this can be easily understood.
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Figure 9: Two vortices in a 2D p, & ip, superconductor which host Majorana fermions described by the
operators 71 and 2. The red dashed lines are the branch cuts emanating from the vortex cores. (a)
shows a clockwise exchange of the two vortices. In (b) vortex 1 is brought around vortex 2. Both vortices
cross the branch cut of the other vortex.

We imagine a 2D topological superconductor with two vortices (1 and 2) where both of them have a
Majorana fermion 71, 72 at their cores (see Fig. 9). Each vortex has a winding of 27 of the supercon-
ducting phase ¢. We choose ¢ to be single-valued everywhere, except for a branch cut that emanates
from each vortex. The phase changes by 27 when this branch cut is crossed. If we now exchange the
vortices in a clockwise manner (see Fig. 9(a)), one vortex crosses the branch cut of the other and gains
a phase shift of 27, whereas the other does not get any additional phase. The Majorana fermion in the
vortex then acquires a phase of 7w (thus a sign change) when it crosses the branch cut. Consequently, the
result of this operation is:

M 2 Y2 = M- (64)
These transformations can be described by so-called braid operators Bis = %(1 + 7172):
Y1 — Biam1 By, Y2 = Biav2Bl,. (65)

If we do the same operation counterclockwise, the other Majorana fermion would get the phase shift and
the braid operator used is By = %(1 — 717y2)- The braid operations are non-Abelian, because, when
they involve some of the same Majorana fermions, they do not commute.

If we exchange the vortices twice, thus bringing them back to their original position, both Majorana
fermions gain a negative sign: v — —v1 and 2 — —72. This is similar to two successive exchanges,
thus, the operator is B?,. This can also be seen in Fig. 9(b), where both vortices cross the branch cut
of the other vortex when vortex 1 is brought around vortex 2.

Consequently, the ground state of a system with two Majorana fermions is twofold degenerate. If we have
2N vortices, we can define N Dirac fermions consisting of two Majorana fermions and each of these Dirac
fermions can be occupied or empty. For 2N vortices we have a 2V-fold degeneracy of the ground state.
In a system with only two Majorana fermions the exchange operation cannot change the eigenvalue of
the number operator which encodes, whether there are in total an even or odd number of particles in
the superconductor. To find nontrivial effects of exchange operations, we need at least four Majorana
fermions. Then exchange operations can lead to superposition state of different number states. Only the
total parity (all number states added up) must stay the same (meaning must stay odd or even).

By using four Majorana fermions, one can define a Majorana qubit. Such qubits keep the quantum
information encoded in delocalized fermionic states and are therefore expected to be robust against most
sources of decoherence. This makes the Majorana fermions interesting for quantum computation, even
though the braiding operations of the Majorana-based qubits can only explore a tiny fraction of the total
Hilbert space, making them insufficient for universal quantum computations. However, by including
non-protected operations or by coupling Majorana qubits to other qubit systems, this restriction can be
lifted.

In the last sections we provided an introduction to topological insulators, briefly motivated the low-
energy effective model Hamiltonian of the BisSes topological insulator and summarized the theory of
superconductivity until we finished with systems hosting Majorana fermions. Nevertheless, we aim to
calculate the Josephson effect on the surface of a topological insulator. For this reason, we need to
discuss what happens, when an electron coming from a normal conductor hits a superconductor. The
occurring event is called Andreev reflection.
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2.4 Andreev reflection and Josephson current

This section is based on the book by Yuli V. Nazarov and Yaroslav M. Blanter [23]. In the beginning
we introduce the scattering matrix s for a nanostructure. By considering an ideal contact between a
normal metal and a superconductor, we derive the scattering on superconductors. Later we place a
nanostructure between two superconductors and explain the process called Andreev reflection.

2.4.1 Scattering matrix

When nanostructures are fabricated, there are a lot of uncontrollable parameters and it is not possible to
construct two identical nanostructures. Nevertheless, the transport properties can be expressed through
a smaller set of parameters, such that these fabrication problems do not influence the physics. The con-
dition that must be fulfilled is, that electrons traverse the structure without energy loss and experience
only elastic scattering. This is always achieved at sufficiently low temperature and applied voltage.

We can characterize the scattering in a nanostructure by a scattering matrix s which contains the infor-
mation on the electron wave functions far from the structure. The transport is then described by the
transmission eigenvalues of this scattering matrix.

aLn aRm
left right

Figure 10: Scattering in a nanostructure. The dark blue regions are the (left and right) reservoirs.
The scattering takes place in the scattering region (gray) in the nanostructure (light blue) far from the
reservoirs. arn, Arm, Orn, Orm represent the amplitude of the plane waves, the arrow shows the direction
of transport of the corresponding plane wave.

At first we will derive the scattering matrix. We use the system shown in Fig. 10. It consists of two
reservoirs referred to as left and right. In between is the nanostructure in which the scattering happens.
The scattering takes place in a finite region (see Fig. 10, gray) and the superconducting reservoirs (see
Fig. 10, blue) are far from this region. The wave functions in the scattering region are unknown and
may take very complicated form. However, we can assume that the scattering region is connected to
the reservoirs by ideal waveguides (see Fig. 10, light blue). The wave functions in ideal waveguides are
always combinations of plane waves. As the left and right waveguides are independent of each other, we
use different coordinates: zy < 0,yr, 2z for the left waveguide and xg > 0,yg, zg for the right one. At
fixed energy E we can write the wave function as a linear combination of the plane waves:

ik(™) o k(M) g
(I)n(yL7ZL) [aLnelkm oL +bLne i .LL:|a

1
1/1($La YL, ZL) = Z \/TT%
! (66)

U(zLR,yr,2r) = ) W@m(ymm) [CLRme RUER 4 b, et R] :

v; is the velocity in channel j, ®,(yr,2r) and ®,,(yr, zr) are the transverse wave functions and the
energies of the transverse motion are E,,, E,,. For any transport channel n or m, the energy E fixes

the value of the wave vector k;(] ) = v 2m(E — E Here, the transport is due to propagating, not

evanescent, waves and kmj ) has to be real. This means, we only have a finite number of open channels
to the left and right at a fixed energy. The coefficients ar, and ag,, are the amplitudes of the waves
coming from the reservoirs and by, and bg, are the amplitudes of the waves transmitted through or
reflected back from the scattering region. These coefficients are related to each other:

Z Z Sal,pl’ABI" , a = L, R, | = n,m. (67)

B=L,R U
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We can write the proportionality coefficients s,; in terms of a matrix:

_ (SLL SLRY\ _ (T t/
S(SRL SRR><t 7“’)’ (68)

with the block matrices sap where A, B = {L, R}. The reflection matrix r describes the reflection of
the waves coming from the left, " the reflection of the particles coming from the right. ¢ describes the
transmission through the scattering region. If we have TR symmetry, the scattering matrix is symmetric:
s = sT. Any scattering matrix is unitary: sfs = 1.

2.4.2 Andreev reflection

Andreev reflection is a special form of a scattering process which can happen, when electrons are scattered
at the boundary to a superconductor. To explain this process, we first look at the quasiparticle states
in a superconductor. The energies of the quasiparticle states are separated from the Fermi energy by
the superconducting gap Ag. In the gap no states are found. If we bring a metal into contact with the
superconductor, an electron in the metal with energy above Ag can enter the superconductor, where it
will be converted into a quasiparticle of the same energy. But if an electron has an energy E < Aq this
cannot happen, as there are no quasiparticles in the superconductor with such small energy. This means,
for voltages and temperatures below Ag, no current may flow through the superconductor, at least not
in this picture.

As afore mentioned, there exists a different process which enables charge transfer at low energy, the so-
called Andreev reflection. An electron coming from the metal hitting a superconductor can be reflected
back as a hole, as it is shown in Fig. 11. This process conserves energy but not charge. In the metal we will
have a charge deficit of ¢,, = —2e. In the superconductor, on the other hand, there is a Cooper pair with

charge gs = 2e. Consequently, charge is transfered from the normal metal to the superconductor. The

E|<E
momentum of the hole Ak, is almost equal to that of the electron: hkj, = hk, — 2E /vp | l% g ke = kp,

where hkp is the Fermi momentum. The velocity of the holes is v, = ok meaning that holes with
kp, > 0 move away from the superconductor.

normal
conductor superconductor

Figure 11: Andreev reflection: an electron is reflected back as a hole inducing a Cooper pair in the
superconductor. While energy is conserved, the metal will have a charge deficit of ¢,, = —2e and the
superconductor will gain a charge ¢, = 2e.

As explained in the preceding chapters, the wave function in a superconductor has to solve the BAG

equation |
(i) = (8™ iy +) (G060). )

Hy is the Hamiltonian for the electrons in the absence of superconductivity. We assume that A and ¢ are
constant in the superconductor and A is the superconducting energy gap far away from the boundaries
in the superconductor.

We briefly explain the meaning of this BdG equations. In a normal metal there is no gap (Ag = 0) and
the solutions are plane waves . p (r) e'ke.n” If we solve the equations for excitations close to the Fermi
surface, |E| < Ep, we find that k = kp £ % thus the momenta of the electron and hole-like solutions
can be either above or below kr. In the conventional definition of quasiparticles in a normal metal,
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electrons have momentum k > kr and holes k < kr. We can see that the BAG equations allow solutions
with positive energies E; = |hvp(k — kp)| and solutions with negative energies E_ = —|hvp(k — kp)|
which are not dependent on each other, but they are obtained from each other by a flip of components.
As explained in the section above, the underlying symmetry is the particle-hole symmetry. The BdG
equations contain a double set of solutions. The solutions with negative energies would represent electrons
with & < kr and holes with k& > kr which contradicts the conventional definition of electrons and holes
in a normal metal. Thus, we retain the positive energies only, which represent a complete set of solutions.
We look at the solutions of the BdG in a superconductor. By using plane waves for the electron and
hole wave functions we get

E = \/52+A%, é‘:h’l)p(k—kp) for Ao, E < EF. (70)

For E > Aq the quasiparticles can freely propagate in the superconductor. For ' < Aj no quasiparticles
in the superconductor exist.

We consider an ideal (no scattering) contact between a normal metal (x < 0) and a superconductor
(z > 0). Since the transport channels are not mixed we can consider only one channel and we suppress
the index. We look at solutions of the form . p,(z) o< then(2)e*7* that correspond to an electron

propagating to the right and a hole moving in the opposite direction. v is the envelope function and
varies at a space scale that is much bigger than the electron wavelength. It satisfies the BAG

fitha@ A(ZL')GZd)) (Zze(x)> (1[)@(%)>

iz ~ =FE|* . 71
(i Tz ) () =2 (o) )
In the normal metal the envelope function describes the incoming electron and the outgoing Andreev-
reflected hole. With the amplitude 74 of the Andreev reflection we can write

- e’ixE/hUp)
¢(35 < 0) = (rAeimE/th) : (72)
For F < A we have only evanescent solutions in the superconductors:
1;(.%‘ > 0) —C (;a) e—x\/A2_E2/h'UF. (73)
h

C' is an arbitrary constant and the coefficients f. ; are found from the BdG equation and the normaliza-
tion condition |f.|? + |fr|? = 1. We find

e ; _ E—iJA2—E?
N A TN

The superconducting correlation length which describes the scale of penetration into the superconductor
is of the order hvgp/A > Ap and it diverges at the threshold energy E = A. By demanding continuity
of the wave functions at x = 0, we can calculate r4 and C:

1 . E VAZ — E2 . E
= =e | X | =i ith = ) -
C 7 TA=¢ ( i ) e wit b% arccos ( > 0. (75)

e
In other words, the phase of the outgoing hole is shifted by x with respect to the phase of the incoming
electron. Similarly, the phase shift of the amplitude of an incoming hole with respect to an outgoing
electron can be calculated: x = — arccos(E/A) + ¢.

fe= (74)

In a next step we look at a system in which a nanostructure is placed between a normal and a su-
perconducting region. The nanostructure in the normal state is described by the scattering matrix s(E)
which depends on energy. At first, we need to find the scattering matrix for electrons and holes. For
electrons with energy E > 0 it is s, = s(F). For the holes at the same energy it is related to a scattering
matrix with —FE. We know that an electron and a hole at the same momentum have opposite velocities,
meaning that the incoming electrons correspond to outgoing holes and vice versa. Consequently, we have
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to invert the usual scattering matrix. As the holes obey a time-reversed Hamiltonian, the matrix has to
be transposed. Altogether, we get the scattering matrix sy, for a hole: s, = s*(—F).

Like before, we consider only scattering in one channel. As a result, we can write in our scattering matri-
ces: 7o =r(E), r, =1*(—F), te = t(E) and t;, = t*(—FE). The same is valid for ' and ¢'. Furthermore,
we know that Andreev reflection from the superconductor leads to a phase factor: e*X for electrons and
eX for holes.

Next, we look at a superconducting junction, where a nanostructure is placed between two super-

conductors with the same gap Ay but different phases ¢, ¢r, as shown in Fig. 12. We assume that
the nanostructure is sufficiently short, such that the energy dependence of its scattering matrix is not
manifested at the energy scale Ag. This implies that the electrons spend a very short time 74 in the
nanostructure and according to Heisenberg’s uncertainty principle, this time is too short to allow a
response to the superconductivity inside the nanostructure, 7¢A¢ < h. The scattering matrix of the
nanostructure is thus its scattering matrix in the normal state which we know from the calculations
above.
We examine an electron in the nanostructure at sufficiently low energy. It will be Andreev reflected while
it tries to enter the superconductor. The same happens to the reflected hole. Consequently, electrons
and holes are reflected back and forth which gives rise to discrete energy levels. The bound states for
quasiparticles between two superconductors at different phases are called Andreev bound states. At last,
we calculate the energy for these bound states.

Figure 12: Scattering in the nanostructure and Andreev reflection at the superconductor. The blue
regions are the (left and right) superconducting reservoirs. The scattering takes place in the scattering
region (gray) in the nanostructure (light blue) far from the reservoirs. At the boundaries to the reservoirs,
the plane waves are Andreev reflected, and get an additional phase. ar, ag, by, br represent the
amplitude of the plane waves and the arrow shows the direction of transport of the corresponding plane
wave. s describes the scattering of the electrons and s* the scattering of the holes in the nanostructure.

Again we first consider only one channel. Figure 12 illustrates the scattering processes in the nanos-
tructure and at the boundaries to the superconductor. The scattering matrix of the nanostructure relates
the amplitudes of the incoming states (d., dy) and the amplitudes of the outgoing states (b, by, ):

()=6 2) () m

The two components of the amplitude vectors correspond to the left and right side of the nanostructure:

_ (0L _ (0L, _ (oL, _ (oL,
be - (bRe) ’ bh - (th> 9 ae - (aRe) ’ a‘h - (a'Rh * (77)

The scattering of the holes is given by the complex conjugate s* of the scattering matrix. The matrix
is block-diagonal as the nanostructure does not convert electrons to holes (see Fig. 12). The supercon-
ductors, on the contrary, convert electrons to holes and vice versa and lead to an additional phase. This
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leads to the relation

ac\ (0 sen be
(o) = 2) () ™
eXe 0 exr 0
Seh = ( 0 eif{R) ) She = ( 0 eiXR> )

=—¢LRrR— A XL,R = PL,R — A
T I .
XL,R L,R — arccos s XL,R L,R — arccos .

0

where

(79)

In Fig. 12 this is shown by the arrows in the superconductor which are labeled with the corresponding
phase. By replacing ae j in Eq. (76) with Eq. (78) we get an equation for b, . We require nontrivial
solutions. This can be expressed in terms of a determinant:

s 0 0  Sen _
(5 2)(2 %) 1) =0 -

Solving the equation yields the energy of the bound state:

E = Agy/1 — 7sin*(¢/2), (81)

where 7 is the so-called transmission eigenvalue — the eigenvalue of the scattering matrix s — and
¢ = ¢, — ¢ is the phase difference of the two superconductors. Now we evaluate the solution for many
channels. We call k,, the channel n. For any channel we get such a solution E,, (7).

2.4.3 Josephson current

So far, we computed the excitations in form of bound states. In superconductivity we want to analyze the
correspondence between the properties of the excitations and those of the ground state of the supercon-
ductor. This is manifested in the symmetry of the BAG equation with respect to positive and negative
energies. The solutions at negative energies can be associated with the filled levels contributing to the
ground state energy, which is the sum of single particle excitation energies: E, = — )" F,. All excita-
tion energies contribute to the ground state energy: those corresponding to propagating quasiparticles
above the superconducting gap and those of the bound Andreev states. Only the latter contributions
depend on the phase difference of the superconductors. This phase dependent part is:

E(¢) =Y En(¢) =80 Y _\/1—7asin’(¢/2), (82)

where the sum over n adds all the possible channels in the normal region. This phase dependent energy
gives rise to a persistent current in the ground state — a supercurrent. We slowly vary the phase
difference. This leads to an energy shift per unit time:

dE  OE(¢) do

— = . 83

dt 0¢p dt (83)
The global gauge invariance dictates that the time derivative of the superconducting phase is simply the
potential of the corresponding superconductor, % = % The energy change per unit time is the power

dissipated at the junction. On the other hand, this pbwer is the product of current and voltage. We
conclude that the current in the junction is given by

Io) =S O =y ) en

2h < \J1—7, sin2(¢/2)'

This Josephson current is an odd periodic function of the phase difference and vanishes at ¢ = 0. For
a tunnel junction where 7, < 1, the supercurrent is J(¢) = J.sin(¢), where J. = ezAhO > o Tn is the
maximal possible supercurrent achieved at ¢ = /2.

We calculated the Josephson current due to Andreev reflection. We have seen that it can be described in
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terms of the transmission eigenvalues of the scattering matrix describing the normal region (the nanos-
tructure). Now we analyze the problem from a slightly different point of view: instead of the scattering
approach, we use the wave functions which solve the BdG equations in the different regions and apply
conditions for the interfaces. We calculate the energy as a function of the phase difference ¢ of the two
superconductors and by taking the derivative of the energy with respect to ¢ we finally get the Josephson
current.

In fact, the so-called Josephson effect is an effect which Brian D. Josephson predicted in 1962 [24]. He
stated that at zero voltage a supercurrent Jy; = J, sin(¢) should flow between two superconducting elec-
trodes which are separated by a thin insulating barrier. ¢ is the phase difference of the wave functions
of the two superconducting electrodes. J. is called the critical current and is the maximum supercurrent
that the junction can support. The more general expression Josephson used to calculate the current
requires the ground state energy E, of the junction

J(g) = 2% (85)

h 0¢’
and is valid at temperature 7" = 0.
The expression of the Josephson current may take a form similar to Eq. (84) with a transmission eigen-
value 7 (for instance if the junction is a normal metal). But as soon as we have a ferromagnetic junction,
the form becomes different, because ferromagnetism breaks the TR symmetry.

By understanding the Josephson effect, we eventually have the basic knowledge to begin with the calcu-
lations.
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3 Derivation of the surface Hamiltonians of the topological insulator
BigSGg

3.1 Calculation of the surface Hamiltonian in the (y—z) plane

The Hamiltonian describing the bulk of the BisSes topological insulator is given by (see chapter 2)

M(k) Ak, 0 Ask_
Ak, —M(K) Ask_ 0

0 Asky M(k) —Ak.
Asky 0 —Ak, —M(k)

H(k) = Eo(k)ﬂ4><4 + (86)

X N
Yy |
z (x-y)-plane

(y-z)-plane

Figure 13: Bulk with the coordinate system.

To get the Hamiltonian for the surfaces, we use the method of Zhou et al. [25] for quantum spin Hall
systems and follow the procedure of Ref. [26]. To calculate our surface states in the (y — z) plane (see
Fig. 13 for the coordinate orientation) we start with the bulk Hamiltonian (Eq. (86)) and we suggest a
four-component trial solution of the form:

U = hre™”. (87)

By putting this in the Hamiltonian of the bulk (Eq. (86)) and using (ky, ky, k.) = (—i0z, ky, k.) we can
write the Hamiltonian as follows:

L1 —D_\2 Ak, 0 iy (ky + A)
- Ak, Lo — DX —iAy(ky +\) 0
H{(k) = 0 “iAy(A\—k,) Ly —D_N2 Ak, | (88)
Cids(A— ky) 0 Ak, Ly — DA?

where Ly = C+ M+ S_k?+ D_k., Ly =C — M + S k2 + D1k, S+ = Dy £ By and D1 = Dy + Bs.
We solve the secular equation det |[H (k) — ¢ - Iyx4| = 0 for A:

F R
haslc) = 6\/ o g )

with F = A3+ Dy (e—L1)+D_(e—Ly), R=F*>—4D,D_((e — L1)(e — Ly) — ATk? — A3k2) and o = =,
[ = +. Each of these solutions is doubly degenerate, implying that for each A\ there are two linearly
independent v,. Next, we calculate

¢1
Py = zj (90)
P4
by solving the equation
H(k)p, = etby. (91)

29



We obtain two linearly independent solutions for each A:

e—Ly+ D )\? —iAs(\ + ky)
1 _ Ark, @) _ 0
N 0 and ¥y = ALk . (92)
—iAg(/\ — ky) e—Li+ D_)\2

With these we can devise a general solution
Ve, ky ko) = > > Y CLyp] o™, (93)
a=+ B=4~v=1,2

Afterwards we use the boundary conditions ¥(z = 0) = ¥(z = —oo0) = 0. The latter implies that all
CJ_ = 0. Thus, there are only solutions for 3 = +. We apply ¥(z = 0) = 0 and demand a nontrivial
solution for C, (which means the determinant of the coefficient matrix has to be 0). This leads to the
important equation:

Ar+2A)?=- 43 (94)
+ - - D+D7 )
where we abbreviated A1y to AL. We compare this expression with A\, (¢) from Eq. (89)
F F? R
A +A0) =00 + A2 42050 = — 2 —
A+ +A-) +EAST A D,D_ + \/(2D+D_)2 (2D, D_)? (95)
and we conclude
F? - R=(-A3+F)> (96)

This can be solved for the energy e:

g_C—i——Mi,/l—?,/A?k?—i-Azk? Dl——Bl)kZ. (97)
Furthermore, we find from ¥(x = 0) = 0 that
C! =-C} and C? = -C%, (98)

and two similar expressions for CJQF:

Di(Ap+2A0) iAo
2 1 P+ (A4 2 1
= — d fr— _—mm
Ci =0y i and C7 C*D_(/\++)\_) (99)
We can simplify the total surface wave functions in Eq. (93) to

¢\/ \/A2k2 +A2K2 — Dy (A + M)k,

Ak
lI/(kya k'z,l') = Ci Ak 1 'L'Az (6A+x — ek,w). (100)
TR DT A
iA D_ )
e PV —D—+\/A§k:§ + AfkZ + iAok,

Now we expand the Hamiltonian H (k) (Eq. (88)) for small |k|. This is possible due to the low-energy
long-wavelength nature of the Dirac cone of the surface states at the I' point. This expansion is valid
when the energy is limited within the band gap between the conduction and valence bands [26]. For this
reason we use:

H(k)=Hy(k=0)+ AH, (101)
where
C+M—D_)\? 0 0 —iAgA
me=o=| g T e (102)
—i A\ 0 0 C—M — D)\
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and

S_kZ + D_k; Ak, 0 —iAsk,
B Ark, Sik?+ Dok —idgk, 0
Al = 0 iAgk, | S_K24+D_K2  —Ak. (103)
iAsk, 0 — Ak, SykZ4+Dik?
By using

é1

B = gppet = [ 92| e, (104)
¢3
¢4

we recognize that we can write the eigenvalue equation H(k = 0)1 = e in terms of two decoupled

equations:
¢\ _ (¢ 3\ _ _(¢3
h<¢4)—5<¢4) andh<¢2>—5<¢2), (105)

C+M—D_)\? —3 A >

where h:( iAo C’—M—D+)\2

(106)

Solving the secular equation det |h —e-I4x4| = 0 leads to the same A, from Eq. (89) but with k = 0.
We calculate the solution of the eigenvalue equation:

¢1> (CMD+/\ag€) Aap®
= Cap . s, (107)
<¢4 tot az:;:;;i iA2Xap
ue to the boundary condition x = —o0) = 0 we know that a w— = 0. e calculate
D he bound diti zl 0 we k hat all C 0. We calcul
4/ tot
(¢1> (z = 0) = 0. This results in the equations:
P14/ 11
A
C_y=——"C4y,
+ N+t (108)
- M — —e) A =(C—-—M — 2 —e)A;,
C—M—DyN, —e)A C — M — D, )\? Ay
and finally
e=C-M+Di . (109)
Now our wave function can be further simplified to
¢1 _ O/ _D+()\+ + )\*) e)ur:b _ 6)\,1’ (110)
b4/, 1A ’

where C” is the normalization constant. We use Eq. (94) and normalize the spinors. This ends in

(¢1>: —D_ <_D+\/ﬂ>_ (111)

¢4 2A%B2 ZAQ

The complete set of spinor solutions for H(k = 0)® = £® is given by the two basis spinors:

¢ -D 1/—A7% 0 _0
i 0 —D- ’ 0 o and @ 04 —D- e (112)
= = = = — 2 .
! ne w2 2428, | D, A3

0 2A2B, 0 b1
b4 iA, 0 0

DyD_

We can use these two basis states to expand the Hamiltonian (88). This leads to a new effective surface
Hamiltonian:

Hcf‘f - / dx[(pl7©2]TH(k)>\_>87 [@1’@2]7 (113)

— 00
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where we replaced A\ by 9, and finally

D D N N
Cﬁfc+—2M+(D1 ZZB1)k2 — Ay BQUZk + A 32 k., (114)

which is the same as the surface Hamiltonian HY* (Eq. (9)) when keeping only the terms to linear order
in |k|.
3.2 Calculation of the surface Hamiltonian in the ((x cos(?)—y sin(¢))-z) plane

The idea here is to calculate the Hamiltonian of a surface when the bulk is cut at an angle . The setup
is shown in Fig. 14.

(xcos(9)—ysin(9))

y X
4 (x-y)-plane

(y-2)-plane

(x-2)iplane | ((xcos(8)5sin (9))—z) -plane

Figure 14: Bulk cut at an angle ¥ and the used coordinate system.

The Hamiltonian describing the bulk of the BizSes topological insulator is given by (see chapter 2)
M(k) Ak, 0 Agk_

Ak, —M(K) Aok 0
H(k) = eo(k)laxa + B Agk(+) ]\4f2(k) ALk, (115)
Asks 0 —Aik, —M(K)

To get the Hamiltonian for the surfaces, we again use the method of Zhou et al. [25] for quantum spin
Hall systems and follow the procedure of Ref. [26]. To calculate our surface states in the ((zcos(d) —
ysin(d)) — z) plane we start with the bulk Hamiltonian (Eq. (115))and we suggest a four-component
trial solution of the form:

U = ¢A€)\(z sin(9)+y cos(9))+ikp (z cos(9)—y sin(ﬂ))+ikzz. (116)

k, is the momentum in the plane at angle ¥. By putting this in the Hamiltonian of the bulk (equation
(115)) and using (ky, ky, kz) = (—i0y, —i0y, —i0,) we get:

H(k) = eollaxat+

M (k) Ak, 0 Az (kp — A)(cos(9) + isin(¥))
—M (k) As(kp — X)(cos(¥) + isin(d)) 0
0 As(N + kp)(co (9) —isin(¥)) M(k) —Aik,
Ag(A =+ kp)(cos(d) — isin(d)) —Ak, —M(k)

(117)
where g9 = C' + D1kZ — Do(A* — k2) and M (k) = M — B1k2 + B(A\? — k7). In the new coordinates we
have k = (kp, kv, k,)T where k, is in plane and k, is perpendicular to the plane. We solve the secular
equation det |H (k) — ¢ - Iyx4| = 0 for A:

F VR
/\aﬁ(a)zﬁ\/_2DD+ o o (118)

with
F=A3—-2D_D,k}—D_(C—M+k2S;y —¢)— Dy (C+M+Ek2S_ —¢), (119)

R=F?—4D,D_((C+ M +k2S_ —e+ D_k)(C+ M + k2S. — e+ D,k}) — ATk — A3k2)), (120)
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and o = 4+, 8 =+, S = D1 + B; and Dy = Dy + By. Each of these solution is doubly degenerate,
meaning for each A\ there are two linearly independent ). Next, we calculate

P1
b2
= 121
¥a b5 (121)
P4
by solving the equation
H(k)Yy = ey (122)
We obtain two linearly independent solutions for each A:
Az (kp — A)(cos(9) + isin(V)) —((C = M) + S1k? + D+(k£ - A% —¢)
M _ 0 2 _ Ak,
AT —Aik, TTA T 0
—((C+ M)+ S_k2+D_(k2 —\°) —¢) Ag(kp 4+ A)(cos(¥) — isin(¥))
(123)

With these we can construct a general solution

Ve, kp, ks, y) = Z Z Z CgﬁwzaBeAaﬁ(mSin(ﬂ)erCOS(ﬁ)). (124)
=t f—ty=1,2

Afterwards we use the boundary conditions ¥((zsin(d) + ycos(d)) = 0) = U((asin(d) + ycos(?)) =
—00) = 0. The latter implies that all C]_ = 0, implying that there are only solutions for 8 = +. We put
the wave function in W((xsin(d) + ycos(d)) = 0) = 0 and demand a nontrivial solution for C7 (which
means the determinant of the coefficient matrix has to be 0). This leads to the important equation:

A3
D.D_’

A +A2)2 = (125)
where we abbreviated Ay to Ay. We expand the Hamiltonian H (k) (Eq. (88)) for small |k|. This is
possible due to the low-energy long-wavelength nature of the Dirac cone of the surface states at the Dirac
point I'. This expansion is valid when the energy is limited within the band gap between the conduction
and valence bands [26]. For this reason we use:

H(k) = Hy(k =0) + AH, (126)
where
Ho(k =0) =
C+M—D_)\? 0 0 — Az A(cos() + isin(0))
0 C — M — D, )\? —AsA(cos(¥) + isin(d)) 0
0 Az A(cos(¥) — isin(1})) C+M—D_)\? 0
Az A(cos(¥) — isin(1))) 0 0 C—M — D, )\?
(127)
and
AH =
S_k2+D_k2 Ak, 0 Ask,(cos(¥) + isin(d))
Ak, SykZ+ Dyk2 Aok, (cos(d) + isin(¥)) 0
0 Aok, (cos(¥) —isin(d)) S_kZ+ D_k; —Aik,
Asky(cos(¥) — isin(dF)) 0 —Ak, SykZ4+Dik2
(128)
By using
b1
U = w}\e/\(:v sin(9)+y cos(¥)) _ 3?2 e)\(w sin(9¥)+y cos(9)) (129)
3
o
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we recognize that we can write the eigenvalue equation H(k = 0)1 = e in terms of two decoupled

equations:
o1 o 1 P2 _ o2
<¢4) - <¢4) and hy <¢3> - <¢3> (130)
where
C+M—D_X  Ap(cos(9) +isin(¥))
= (Az)\(cos(ﬁ) — isin(0)) CCSSM — Di>\2 > (131)
and
C—M—DiN  —As\(cos(0) + isin(v))
ha = (Az)\(cos(ﬁ) — iJsrin(ﬁ)) C+M~—D_)\2 > . (132)

Solving the secular equations det |h; o — € - 44| = 0 leads to the same A,g from Eq. (118) but with
k = 0. We calculate the solution of the eigenvalue equations:

(Zﬁ)m aziﬂzi c. (AQC 15]\203(12 —F/\i;in(i))> s (asin(9)+y cos(9)) (133)
nd C+M-D_X\
()= X S i (L3 m ity ) e s
Due to the boundary condition (23}) ((xsin(¥) + y cos(¥)) = —oo) = 0 we know that all C,— =0
tot
and similarly C7,_ = 0. We calculate il ((xsin(¥) +y cos(¥)) = 0) = 0. Because we want nontrivial
tot

solutions for the coefficients, we can write the equation in Matrix form and ask for a nonzero determinant.
This leads to
e=CH+M+D_A . (135)

Now our wave function can be further simplified by using Eq. (125)

@R @) ()

D,
where N = oo B is the normalization constant.

The complete set of spinor solutions for H(k = 0)® = £® is given by the two basis spinors:

o cos(¥) + isin(dd) 0 0

0 D, 0 ®2 Dy \/ b-
® = =1/ and @, = =1/ Dy . 137
! 0 2B, 0 5 ? b3 2B3 | cos(v9) — isin(0) (137
2 Vo 0 0

We can use these two basis states to expand the Hamiltonian (88). This leads to a new effective surface
Hamiltonian:

H.g = /00 d(zsin(¥) 4 y cos(9))[®1, D] H (k) r_sa, [P1, Do), (138)

— 00

and finally

D,
Hyg=C+ B—ZM + (Dy — —Dg k2 — A1 32 azk + A1y 1 - 32 (0 cos(9) + o, sin(9))
Q:CJr—M Az /1 BQUZIC + A1 - B2 (05 cos(¥) + oy sin(d)).
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For ¥ = m/2 we get k, = k, and we can restore the Hamiltonian for HY* (Eq. (9)). If ¥ = 0 we have
k, = k; and we receive the Hamiltonian H*# in the (x — z) plane which is

D D2 A
e :c+B—zM+A2,/1—§§(kZI;am—azkm). (140)
2

This result for the (z — 2z) plane can also be calculated similarly as we presented it for (y — z) plane.
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4 Josephson effect in topological insulator planar, step and edge
junctions

We derived the Josephson current which is transported through a junction due to Andreev bound states.
Such calculations can be done easily in one dimensional and two dimensional systems, as for example
nanowires and two dimensional conducting surfaces of topological insulators. In the theory part we also
showed that the surfaces can be described by 2 x 2 Hamiltonians which are TR invariant. All these
properties are used to calculate the Josephson effect on surfaces of topological insulators. We do this
for three different geometries: planar, step and edge junctions. We begin by briefly summarizing the
relevant Hamiltonians of the system.

The bulk material we consider is BizSes. As demonstrated, the low-energy effective Hamiltonian for
BizSes in the basis of four hybridized states of Se and Bi p,—orbitals denoted as (|P1f 1), [P2] 1),
|P1f 1), |[P2; |)) can be written as

M(k) Ak, 0 Agk_
_ Ak, —M(k) Agk_ 0
H(k) = co(®)Lixa + | Aok, M(K) —Avk. | (141)
Agky 0 — Ak, —M(k)

where ki = k, £iky, eo(k) = C+ D1k? + Dokyk_, M(k) = M — BikZ — Bokyk_, and kyk_ = k2 + k.
Here 1 (}) stands for up (down) spin and + (—) stands for even (odd) parity.

X N
Yy |
z (x-y)-plane

(y-z)-plane

Figure 15: Bulk material and coordinate system.

We use the coordinate orientation shown in Fig. 15. To induce a Josephson effect, we need supercon-
ducting regions. This is achieved by bringing the surface in contact with an s-wave superconductor. The
proximity effect then induces effective p-wave superconductivity in the surface states. Since the topo-
logical insulator BisSes has an insulating bulk and only the surface states are conducting, it is sufficient
to know the surface Hamiltonians and we don’t have to worry about the bulk anymore.

The effective Hamiltonian describing carriers in the (z —y) plane of the topological insulator is given by

H™ =iV + i (o,ky — oyks), (142)

where €Y = C'+ (D1/B1)M is the energy at the Dirac point, hvy’ = As\/1 — (D1/B1)? represents the
Fermi velocity in the (z — y) plane, and oy, (i = z,y, z) denote the Pauli matrices. In the (y — z) plane
it is
z Yz Yz Al
HY* =¢e§” + vy, (JyA—kz —o0:ky), (143)
2
with the Dirac point energy ef® = C + (D2/Bs)M and the Fermi velocity vy = Asy/1 — (D2/Bs)?.

These two surface Hamiltonians are TR invariant. The TR operator is 7 = Iax2 ® 0, K. To describe
the electrons and holes in one Hamiltonian, we write the surface states in the Nambu basis and subtract

the chemical potential p which is equal to the Fermi energy Er at T =0 (u =0 Ep):
n _ (H™ —p 0 n _ (HY —p 0
ny - ( 0 _ny + u) ) Hyz - ( 0 _Hyz + /1') . (144)
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The eigenvalue problem now takes the form:
HY, ¥ =¢V, HY,V =cV. (145)

PT = (., U,)T is a four component vector which contains a two component vector ¥, representing
the electrons and similarly a two component vector W;, for the holes. In a normal metal electrons and
holes move separately and are decoupled. This changes as soon as superconductivity is induced. In the
superconducting surface, the electron and hole states are coupled to each other. This is described by the
BdG equation. Therefore, the surface Hamiltonians for the superconducting (x — y) plane and (y — z)
plane take the following form:

H™ — Uo — U A06i¢ HY? — U() — U Aoew)
S = N S frng N
ny - ( Aoe—w& —H™ + Uy + 1 ’ Hyz Aoe—w& —HY* + Uy + 11 ’ (146)
and the corresponding BdG equations
H3 U, = eV, H, Vs =cl,. (147)

Note the simple form of the diagonal elements due to the TR invariance of the surface state Hamiltonian.
These are all the Hamiltonians needed for the calculation of the Josephson effect in topological insulator
planar, step and edge junctions. The setups are drawn in Fig. 16. The junctions are divided into three
regions: region I and III denote topological superconducting planes and region II denotes a topological
insulator plane (which is normal conducting). We are doing our calculations in the small junction limit,
L < W, where W is the width in y—direction, which is still finite. The superconducting regions are
assumed to be infinite on the open sides.

x=0 x=L

(a)

Figure 16: Schematics of the three topological junctions: (a) planar junction, (b) step junction, (c) edge
junction. The blue planes are the superconductors inducing p-wave superconductivity in the surface
of the topological insulator. The superconducting regions (s) are referred to as region I and III. The
junction in between is the normal conducting (n) surface of the topological insulator (region IT).

In general, regions I and III are topological superconductors and thus described by the BAG Egs.
(147). Furthermore, it is assumed that there is an electrostatic potential U in the three regions which can
be adjusted independently by a gate voltage or doping. The zero potential is chosen to be in region II. In
region I and III the potential is U = —Uy. Moreover, we use Uy > | — €gl, €. This means that the Fermi
wave length A% in the superconductor is sufficiently small, such that M < &, Ap, where Ap = hop/p is
the Fermi wave length in the normal region IT and £ = hvp /Ay is the superconducting coherence length.
In this regime of a heavily doped superconductor with |k,| < |(1 — €¢)/hvr| the wave functions can be
simplified. In addition, it is assumed that the interface is smooth and impurity free on the scale of .

When the calculation is done for the different setups, it can soon be seen, that the results of the planar
junction can be derived from the step junction by a simple change of variables. This is why the main part
of the discussion is always about the step junction, with the intention, that it includes the discussion of
the planar case.
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In the next section, we will talk about the interfaces. The most common boundary condition to de-
scribe interfaces is the continuity of the wave functions at the interfaces. But for Hamiltonians with TR
symmetry, a boundary may be described in terms of a more general condition by including a very thin
potential barrier at the interface.

4.1 Boundary conditions

The usual boundary conditions are the continuity of the wave functions and current conservation. We
derive a different set of boundary conditions, which fulfills the usual condition of current conservation
but is more general than the continuity of the wave functions. More specifically, it includes the continuity
of the wave functions as a special case.

4.1.1 Current conservation

Naturally, the current has to be conserved at the interfaces. In second quantization we can calculate
the current density operator j(r,t) by using Heisenberg’s equation of motion for the probability density

p(r,t) = Ui(r, t)¥(r, t):
Ip(r,t)

h——= = t),H 148
in 2 — (e, 1), ), (148)
and the continuity equation
dp
V.j+——==0 149
it 5 (149)

In second quantization we have H = [ dr¥T(r,t)H (r,t)¥(r,t) where H(r,t) is the Hamiltonian density.
U(r,t)T = (U, ¥y)T denote the wave functions.

Independent of whether we are dealing with a topological insulator or superconductor, the current
operator in the (z — y) plane becomes:

fvf,yllllay‘lle + v;y\IiThoy\Ifh
Jxy = | vV, U, — v Ul o, W) |- (150)
0

Similarly in the (y — z) plane the current becomes

0
jyz = _U%‘Z\I}lgije + v;‘yq}}:gijh . (151)
v Ao, U, — U%‘Z%\PILUy\I/h

In the step junction, the current which flows in z—direction is conserved by flowing in z—direction in
region II.

4.1.2 Hermiticity of the total Hamiltonian

Planar junction

In a TR invariant system an interface between a superconducting and a normal conducting region can be
described by a single parameter which determines the scattering at the interface [27]. Since the normal
conducting junctions are described by TR-invariant Hamiltonians, we derive such a boundary condition
similar to Ref. [27] for our normal conducting junctions. To explain the idea of the method, we derive
the boundary conditions for the planar junction in detail.

The Hamiltonian for the entire system is given by HS, for z < 0, Hyy for 0 <z < L and HS, for z > L.
We demand that this total Hamiltonian H is hermitian. We proceed by doing an integration by parts,
requiring all the surface terms have to vanish. In second quantization

0o 0 L oo
’H:/ dy / d:ch/ dx+/ dx
—o0 —o0 0 L

v HY (152)
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has to be hermitian. We simplify the problem by considering only one interface for the moment. Then,
for the first interface, the Hamiltonian Hz with H3 , for x < 0, HY, for 0 < x shall be hermitian. This
means, when doing an integration by parts all the surface terms have to vanish:

o) 0 0o
HI:/ dy[/ da;+/ dx]\I/TH\I/
—00 —0o0 0
> ws\T e, 00 [
/ dy <‘I'SI) va’I<O —ay ) \ ! 20+
/dy/daz
(153)

where v F ' is the Fermi velocity in region I, v} F ; and vy, F ;7 in region II and III respectively. This leads
to the boundary condition

I\ T II
_ \I/?I ihvff’n Oy 0 \IJ?I
- Uy : 0 —oy vy

It wll
‘I’Z/h”FIUy e/h|x—>0* —‘I’e/hUFyqu e/hlz—0+ (154)

for the first interface. An analogous argumentation leads to the boundary condition

@I;h”;yngy gfh‘oc—w— = \I’Z%Hv}?ynl y‘I’szILI|z—>L+ (155)
for the second interface. It can be seen, that we get the same boundary conditions for the electrons and
the holes. In a next step, a general relation between U*!|,_ o+ and W!f|,_, o+ is derived. The functions
hereafter refer only to the electron part, but the index “e” is omitted for simplicity. (It is exactly the
same derivation for the hole part, with the exception of a sign change during the calculation which
cancels out in the end.)

At first, we solve the equation
o, =Ulo,U. (156)

The identity matrix I and the three Pauli matrices o; (i = x,y, z) form a basis for 2 x 2 matrices. In
this case
U= e—aaz—iﬁﬂ—ivay—tsaz (157)

is a general solution for Eq. (156). This can be physically interpreted by considering a thin barrier of
width d extending from x = 0 to x = d. Consequently, in this region we have to include an additional
constant term V' consisting of both, potential and magnetic parts,

V(z) = Al + Bo, + Co. + Doy, (158)

where A, B,C and D are real in order that the Hamiltonian is hermitian. A can be thought of as a
potential, and B,C and D as being proportional to the three components of a magnetic field which has a
Zeeman coupling to the spin of the electron. We will eventually be interested in the limit of a J-function
barrier, so that A, B,C, D — oo and d — 0, keeping Ad, Bd, Cd and Dd fixed. The Hamiltonian in the
region 0 < z < d is now given by

Hy=¢e? — i (0,0y — 0,0;) — p+ Al + Bo, + Co, + Doy, (159)

We look for a state with energy F and momentum k, in the y—direction. The corresponding wave
function is of the form:

V(@ y,t) = fz)etvo T, (160)
In the region 0 < x < d it satisfies the equation

(e0Y + Yo, 0, + ihvioy0, — p+ Al+ Bo, + Co, + Do) f = Ef. (161)

Since we are interested in the limit A, B, C, D — oo, we can ignore the terms of finite order (terms of F,
ky, e5” and p). The equation then can be solved with

f($) — ex(iAcrerBaszcrIJriDH)/v;y (162)
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and thus
£(d) = (iAo, +Bo.—Co,+iDI) /v (163)

Next we take the limit A, B,C,D — oo and d — 0 and keep Ad = —vi’y, Bd = —vi’d, Cd = —viia
and Dd = —v7¥ 8 fixed. By superposing states with different values of E and k,, we recognize that any
wave function ¥ (z,y,t) must satisfy

(0%, y,t) = (07, y, t)e e PImNT 00, (164)

By imposing invariance under TR (we know that our surface Hamiltonians are TR invariant), only one
parameter (A) will be left and the other three parameters (B, C, D) must be zero, since they can be
interpreted as arising from a magnetic field. TR invariance of the surface Hamiltonian for the electrons
means THT = io,H*(—io,) = 0yH*0, = H. By applying this transformation, it can be seen that only
v (or A) can be nonzero if V' is invariant under TR.

Using Eq. (154), the boundary condition for the first interface reads

xy
v .
II _ F.I  —iyoy, sl
Vernlo—or = v ¢ R 7% PERE (165)

FII

and similarly, with Eq. (155), for the second interface

zy
v .
sIIT _ FJII  —iyo 11
\Ile h ‘312—>LJr - Ty € y\I]e h|x—>L*' (166>
/
Vprrr

In the planar case all the velocities are the same, as the same material and surface are used.
We refer to the fact that current conservation is fulfilled with the boundary conditions Eqgs. (165 and 166).

Step junction

The Hamiltonian for the entire system is given by H5, for x < 0, Hy, for 0 < z < L and H3, for z > 0.
As before, we demand that this total Hamiltonian is hermitian. Again we consider only one interface at
a time and the Hamiltonian Hz with HSy for z < 0, 2 = 0, Hy, for 0 < 2z, = 0 shall be hermitian.
This implies, the surface terms of the following equation have to vanish:

o) 0 o]
HI:/ dy[/ dm+/ dz}\IITH\IJ:
—00 —00 0
> ws\T L (e, 00 [
—/dy/dxdz...,
(167)

where v7; is the Fermi velocity in region I, v, and v;Y;;; in region II and III respectively. This leads
to the boundary condition

vt A (o, 0 (Ul
m—>0+<\II{LI> Zth’”/TQ 0 —o,) \ W

A
sIt = s II z 1
\IJC/LUF?,JIO-y\IIefh lems0- = *‘I’e/;rzv%,n Aj%‘l’ﬁfthm (168)

for the first interface. An analogous derivation leads to the boundary condition
IT 1 T ITT SITT
We/;“?’i[gayq’e/ﬂz—w* = _\IIZ/h va?,yulayq’é/h |20+ (169)

for the second interface. It can be seen that we have the same equation as in the planar case, just with
a different sign. Thus, the solution for the first interface is

xry A2
11 . F.I —iyoy\ysL
\I’e/h|z~>0+ =1 Yz A € K J\I/e/h‘m%O*7 (170)
Vp r4t
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and for the second interface

v Ay
sIIT .| YFa1 — 11
U oot =iy = e vl | - (171)
/ v A /
FI11432

Contrary to the planar junction, the velocities in region I and III are equal (both in (z — y) plane) but
different from the velocity in region IT ((y —z) plane). Current conservation is fulfilled with the boundary
conditions (170, 171).

Edge junction
Completely analogously the boundary condition for the edge junction at z = L, = 0 can be calculated:

Uzy A2
II _ F,I —iyoy gy sl
\I]e/h|z—>0+ =1 Yz A € y‘lje/h‘w—ﬂ)*' (172)
Vg 141

The boundary condition for the second interface is

WS | = e wld (173)

The above derived boundary conditions are used when the system is TR invariant. For a TR sym-
metry breaking system such more general boundary conditions would be more complicated, since the
magnetic parts are nonzero. Thats why, for simplicity, we will use the continuity of the wave functions
for TR invariant systems.

4.2 Planar junction
4.2.1 Solutions of the BdG equations

In all three junctions region I (x < 0, z = 0) is superconducting and described by the Hamiltonian
HS, and the corresponding BdG equations. We are looking for solutions of the BdG equations in the
superconducting region which decay exponentially for £ < Ag. In the regime Uy + p — €p? > {Ag, e}
and € < Ag we find

oFiB
T (3 ) ‘ , T Fibtia
\I}Iﬂz _ se Y _ ikyytiksrtra ) 174
s (l'vy) <\I/£f(x,y) e e b1 ) ( 7 )
:Fiefiqb[iia
where 8 = arccos(e/Ag), sin(a) = %, ky = \/% — k2 and
0 F
K= % sin(8). These solutions decay as x — —oo. The sign 4+ denotes the direction +x of

transport of the wave. The heavily doped regime (Up > |u — £3Y|,€) can be approximated with o = 0
and thus with the wave functions
eTib
:Fie:Fi/B
e b1
Fie 01

\Ilgi(z,y) _ eikyy:tikzermc (175)

For the planar case the effective Hamiltonian in region IT (0 < < L, z = 0) is Hy,. The solutions of
the eigenvalue equation are superpositions of states in the form

1 0
o tia
\Ijéli(Ly) _ ?ZGO © eikyyiikz(e)w7 \II}ILI:I:(x’y) _ . eikyyiikw(fs)w, (176)
0 :Fiezl:ia(—s)
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where sin(a(e)) = ET;LF gﬁy and k,(e) = % — k2.
Region IIT of the planar Junction is described by HZ, . In contrast to the wave functions in region I,
these need to decay for z — oco. Consequently, we get similar solutions of the BAG equation in region

III (for > L, z = 0) but with some changes in sign:

+if
e
\I,IIIi z,y ) ) N _ :Fiej:iﬁj:ioc
\Ijglli(x’y) _ (\I,UH:( 5 — thyytike (z—L)—r(z—L) oidirr , (177)
:Fie—idﬁlnzl:ia
where § = arccos(e/Ap), sin(a) = %, ky = \/% — k2 and k = %sin(ﬂ).

These solutions decay for x — oc.
Here we also restrict ourselves to the heavily doped regime and use o = 0, resulting in

oEiB

o ]
'3 tky(x—L)—k(xz— :er
GHIE (g ) = ihvytike(@—L)—r(z—L) iou (178)

:Fiefﬁﬁnl

4.2.2 Boundary conditions

The Hamiltonians describing our system are TR invariant and we can use the more general boundary
conditions with the small potential barrier at the interface. For the first interface (between region I and
II), the most general boundary conditions are:

(0 Wi ) + ag, W @ )]l = e [0 WIE L (0y) + a7 VI @)oo (179)

The indices e, h denote the electron and hole wave functions. In the superconducting wave function, e
refers to the first two entries and h to the last two entries of the four component wave vectors. ozi j, are
the amplitudes of the electron and hole wave functions propagating in £x—direction. They are d1ﬁ'erent
for electrons and holes in the second region. In the superconducting surface, on the contrary, the electron
and hole wave functions have the same amplitudes a®, as there the electron and holes are coupled to
each other via the BdG equations. For the interface between region II and IIT we get similar equations:

[6+\I/£(Iel—;t) (x y) + ﬁ—\pi(fiz) (33’ y)”maLJr =e % [a::h\l/g}j_ (‘ra y) + a;h\pgh_ (73, y)] |m—>L*a (180)

with the amplitudes 8% for the superconducting wave functions propagating in +z—direction. The
boundary conditions yield eight equations for eight variables (aeih, a® and BT) and two parameters v,
and o for the “potential” of the first and the second interface resbectively. We write the eight equations
in matrix representation:

af
Ge
ay
M| % | =0 (181)
at | 7
o
ﬂ+
5
with
My Mo
M = : 182
<M21 M22> (182)
where
THol W 01 0 0 1 1 0 0
Uro2 w702 0 0 —jeta(e)  je—iale) 0 0
Mu=|"% 0 P01 T,01| " 0 0 1 1 ’ (183)
0 0 U 02 ¥, 02 0 0 —jet(=8)  jeial=e)
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cos 71 PIF01 — siny U102 cos'yllllgg()lfsin’yllllggOZ 00
Moo = siny W01 + cos 1 UIF02 siny WIZ01 + cosy1 P02 0 0
2= cos'yl\llg,fm—sin’yl\lliferQ cosm\IfI Ol—sm’yl\ll ;02 0 0
siny U101 + cos 1 UL02  siny L, 01+ cosy ¥, 02 00
e~ tm—if e!m+ip 0 0 (184)
—iem =B jemimtiB g 0
| emm—ier gim—-idr g o
—_jem—idr  je—im—idr ()
ULl W L1 0 0
Mor — UrL2 o L2 0 0
27010 0 ULl ¥, L1
0 0 UrL2 W, L2
eikw(s)L efikw(a)L 0 0 (185)
_ieia(e)eikm(a)L ie—ia(a)e—ikm(e)L 0 0
- 0 0 eikx(—e)L e—ikz(—s)L ’
0 0 _ieia(fs)eikm(fs)L ieia(fs)efikx(fe)L
0 0 cosyUIHH L1 4+ sinyWIHIT L2 cosyoWIII— L1 + sinypWIII— 12
Moo — 0 0 cosyUIUFTL2 —sinypWIIIT 1 cosyWIH=L2 —sinypWIlI-L1
2710 0 cosyU L1 +sinp Ul L2 cosyoWl] T L1 + sinyp Wl 1T L2
0 0 COS’}/Q\Péil—"—LQ*SiH’YQ\Ilﬁ}ILI—FL]. cosyg\Ilf,ILI LQfsin’yQ\I!gLI L1
0 0 eiv2—if e~ 2+if (186)
0 0 —jeir2—if jetv2tip
~ 10 0 etr2—idrrr e~ 2—id111
0 0 —je—fr2—idrir jeiva—idrir

The first label (0, L) behind the wave functions ¥ indicates the z—position at which the wave function
is evaluated and the second label (1,2) denotes the component.

Any matrix equation A - ¥ = 0, where A is a n X n square matrix and ¥ a n component vector of
solution variables, is solved by the trivial solution & = 0. If the determinant of A is nonzero, the trivial
solution is the only solution of the equation. In our case this implies, that our wave functions are 0 as
their components are 0. But since we want nontrivial solutions, we need the determinant of the matrix
to be zero: det(M) = 0. We solve the equation for the phase difference ¢ = ¢ — ¢yr1 of the two
superconducting regions by writing the phases of the superconductors in terms of the phase difference

¢: ¢r = ¢/2 and ¢r;r = —¢/2. We get:

cos(s) = (conle (L) cosli (o)) + T

sin(ky (e)L) cos(kz(—€)L)  cos(ky(e)L) sin(ky
(S cos(a(~2))
z(—

—sin(kg () L) sin(ky(—¢) L) tan(a(e)) tan(a(—¢)).

We find that Eq. (187) is independent of the interface parameters «; and 75. This means, we obtain the
same expression for cos(¢) in the special case y;1 = 72 = 0 which corresponds to the continuity of the
wave functions. Naturally, the wave functions look different, if we use the boundary conditions with the
potential barriers 7; and 7» at the boundaries than if we only demand continuity. In our general case
the wave functions are functions of v and ~s.

)sin(k,(—¢)L)
>mm6»>mm>

(—s)L)> sin(26) (187)

4.2.3 Josephson current

In a next step, a finite width W is introduced to quantize the transverse wave vectors, k, — kyp,

n=0,1,2,... . With p, (g, ¢), the density of states in mode n, the Josephson current at zero temperature
is given by:
2e d [* &
J(P) = — == — d n(€, d)e. 188
@)=~ ], Do (18%)
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With the “infinite mass” boundary conditions [28] at y = 0 and y = W quantized values ky, = (n +
1/2)m/W can be used [29]. As a result of this quantization, we get kyp, = \/(( —ep?) /i )? — k2

yno

which means, the lowest N(u) = (u — e5”)W/(whv¥) modes are propagating as kg is real, while the
higher modes are evanescent, since for these modes k;, is imaginary. The analysis of the Josephson
current is done in the short-junction regime where the length L of the normal region is small relative to
the superconducting coherence length £. This requires Ay < hvy’/L. This implicates that the energy
¢ is small, making the following simplifications valid to leading order in the small parameter AgL/hvy’
al(—e) = ale) = a(0) = o and ky(—¢) = kz(e) = kz(0) =: kyn. The solution is a single bound state per
mode:

en(p) = Agy/1 — 7, 8in%(¢/2), (189)
k2
Tn = Ln ) . (190)
k2, cos?(kznL) + (’;}2% ) sin?(kpnL)

In Eq. (189) we have written the energy in a special form. This enables us to compare it to the
expression of the energy which we derived in chapter 2 for Andreev scattering. We see that the Andreev
bound states of a topological insulator junction look like those in a normal (trivial) Josephson junction.
Consequently, we may interpret 7,, as the transmission probability of region II — the conducting surface
of the topological insulator. By using pn(g,¢) = d(¢ — ,(¢)) the supercurrent due to the discrete
spectrum becomes:

T - ﬂ I~ T, sin(¢) _ er w T, sin(¢) Ay, (191)

1 — 7, sin?(¢/2) hoom 1 — 7, sin?(¢/2)

Contributions to the supercurrent from the continuous spectrum are smaller by a factor proportional to
L /& where € is the superconducting coherence length and may be neglected in the short-junction regime
[30]. For L <« W the summation over n may be replaced by an integration. The integral can be solved
numerically. Since the chemical potential p can be tuned (e.g. by a gate voltage), it makes sense to plot
the critical Josephson current as a function of the chemical potential with respect to the Dirac point
energy. This is done in Fig. 17 (blue line). The current is a combination of propagating (real k,) and
evanescent (imaginary k) waves. The red line in Fig. 17 shows the contribution of the propagating waves

only. We can see that the contribution of the evanescent waves can be neglected for |[A| = “hvi% | > 2

but becomes dominant for |A| — 0. The limiting behaviour at the Dirac point (Ju —e5?| < hv“’ /L) for
a short junction can be calculated analytically by doing a Taylor expansion of the sum around Tn (the
calculation can be found in the analysis of the step junction). This results in

A
J(¢) = 6270% cos(¢/2) arctan(sin(¢/2)) for |u—ep?| < hvi? /L, (192)
T
which leads to the critical current AW
€A
Jemin = 0. 2177 (193)

This is plotted in Fig. 17 (red line). In the opposite regime (|u — e?| > kv’ /L) the critical current

becomes: Ao (i ooy
(7AW €o
Jcsoe—06177x7 194
fop ho (194)
which is plotted in Fig. 17 (black line). In this regime the oscillating behaviour of the critical current
can be considered as a small deviation.
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n—eg”
[y
the chemical potential is the tunable parameter) in the normal region (blue). The black lines are the
asymptotes and the red lines show the contribution of the propagating waves only.

Figure 17: Critical current J. of a planar Josephson junction, as a function of A = (where

In 2006 Titov and Beenakker [31] made a similar calculation of the “Josephson effect in ballistic
graphene”. In graphene low-lying excitations are also described by a Dirac equation Hy = —ihvp (0,0, +
o,0y). But in contrast to a topological insulator, the energy spectrum of graphene consists of two Dirac
cones instead of one. Due to this degeneracy, graphene gives twice the Josephson current of a topological
insulator.

4.3 Step junction
4.3.1 Solutions of the BdG equations

Region I (x < 0, z = 0) is equal to region I of the planar case and we use the solutions of the BAG in
the heavily doped regime (Up > |u — €Y], €):
eTiB
:FiejFiﬁ
e~ io1
Fie 91

\Ifgi(ﬂl‘,y) — eikyy:tikmz+mc (195)

The effective Hamiltonian in region II (0 < 2 < L, z = 0) for the step junction is HY,. The solutions of
the eigenvalue problem are any linear combination of the eigenstates

Ficos(afe))
Wl (y, ) = 1 1+ sin(a(e)) gikvuiks(e)z (196)
‘ 1+ sin(a(e)) 0
0
0
1 0

\I,}Illi(y’z) _ eikyyzl:ilcz(—s)z7 (197)

1+ sin(a(—¢ Ficos(a(—¢))
+einfa(=e)) 1+ sin(a(—¢))

. Rk, Tu——<l)?
where sin(a(e)) = S and %k‘z(s) = w/% — k2.
The solution of the BAG equations of region III (z > 0, z = L) with the Hamiltonian H5, are similar
to those of the planar case:

oiB
QT (5 + ] _ TieFibia
IRRES ’ kyytiks -
\I’s (33, y) = <\Ijzzli (1,7 y)) = e"¥E (@)=r(=) e~ iPrrr ’ (198)

:Fie—i‘ﬁln +io
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. Yk (Uo+n—eg?) (Uo+ NAgp .
where § = arccos(e/Ap), sin(a) = (= ky = \/% — k2 and k = %sm(ﬂ).
These solutions decay as z — oco. We again assume heavy doping of the superconducting region such
that the wave functions can be simplified with o = 0:

oEiB

WITE (g ) = eihuibe (2) =) TFie . (199)

67i¢111

:Fz'e*i(ﬁlu

4.3.2 Boundary conditions

In the step junction the Hamiltonians describing the three regions are TR invariant too. We use the
boundary condition with the thin potential barrier. For the first interface (between region I and II) we
have:

Ty
o, (. 2) + g W (4, ) = ij Mt WE L (@) + o WL () lmso
(200)
The indices e, h denote the electron and the hole wave functions. In the superconducting wave function,
e refers to the first two entries and h to the last two entries of the four component wave vectors. ajE p, are
the amplitudes of the electron and hole wave functions propagating in +z—direction. They are dlfferent
for electrons and holes in the second region. In the superconductor on the contrary, the electron and
hole wave functions have the same amplitudes a* as there the electron and holes are coupled to each
other via the BAG equations. For the interface between region II and III we get similar equations:

. UyZAl — oo — —
BHUIE () + 57U (2, y)] o =u/v§y R O A TR wE Zral U0 [BRVAS

(201)
In contrast to the planar junction, the velocities of the superconducting and normal regions are different,
this is why they appear in the boundary conditions. The factor ¢ appears because the sign of the
discontinuous part changes at the interface.
With the same procedure like in the planar case — writing the eight equations in matrix representation
and demanding nontrivial solutions for the coefficients — we get a similar condition for ¢ as in the planar
case Eq. (187), but with different signs:

cos(¢) = (cos(kz(s)L) cos(k,(—e)L) + Sul(oks((e()];; ig;(( (5))) )> cos(20)

cos(k,(e)L) sin(k,(—¢)L) _sln( 2(e)L) cos(k,(—e)L) sin
(TS ey ) smies)

—sin(k,(e)L) sin(k,(—e)L) tan(a(e)) tan(a(—¢)).

(202)

As before, it is calculated in the heavily doped regime, meaning the parameters o — 0 in the supercon-
ducting regions.

4.3.3 Josephson current

To calculate the Josephson current, a finite width W is introduced to quantize the transverse wave vectors
in region II, k, — ky,, n =0,1,2,... . With p,(e, ¢), the density of states of mode n, the Josephson
current at zero temperature is given by:

16 =22 [ 43 poteone (203)
) o J, nzo Pn\E, .
Using again the “infinite mass” boundary conditions [28] at y = 0 and y = W, ky,, = (n + 1/2)7/W
is valid. This quantizes k., and 4 km = (” ,;) f;iz> — kyn, which means the lowest N(u — 532) =
F
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(“ o ?:) % modes are propagating as k.., is real, while the higher modes are evanescent, since for these
modes k., is imaginary. The analysis of the Josephson current is done in the short-junction regime
where the length L of the normal region is small relative to the superconducting coherence length &.
This requires Ag < ¥’ /L making a(—¢) ~ a(e) = a(0) =: a and k.(—¢) = k.(¢) = k.(0) =: k.,, a
good approximation. The solution is a single bound state per mode:

en(9) = Agy/1 — 7, sin%(¢/2), (204)

2
A 2 (ikn)_ PRI - (205)
(T;kzn> cos?(k.pn L) + (lmz‘l ) sin?(k,, L)

We compare Eq. (204) to the energy modes of the usual Andreev reflection. This enables us to identify
T, as the transmission probability of the topological insulator surface sandwiched between two heavily
doped topological superconducting surfaces. We realize that the solutions of the step case are the same
as those of the planar case (see Eq. (190)) with exception of the additional scaling factor ﬁ—; in the
step case. This scaling factor means, that the Fermi velocity in direction of transport (z—direction) is
different from the velocity in transverse direction (y—direction).

By using pn (€, ¢) = 6(g — £,(¢)) the supercurrent due to the discrete spectrum becomes

Tp =

eAy — Tp, Sin(o) e W Tn, Sin(o)

ﬁnZ:O 1—Tnsin2(¢/2)_ ho2m \/1— 7, sin? q5/2 o

As L <« W, the summation over n may be replaced by an integration. The integral can be solved

(206)

numerically. In Fig. 18 we plotted the Josephson current for different values of A = £ o ffiz (AA2 IL ), where
F

the chemical potential u is the parameter that can be tuned.
_ AW A
J ( h L Ag)
2 L

A
A
A
A=
A
A
A

) 0

Figure 18: Current J(¢) of a Josephson junction for different values of A = £ —ef” (AzL).

hvﬁ,’f Al

The A = 0 curve shows the small u — &f° limit, which is calculated analytically later. The other
curves are the numerical solutions of the integral in Eq. (206).
By maximizing the current with respect to ¢, the critical Josephson current can be calculated. This
is shown in Fig. 19 for different values of A; and A,. Figure 20 (blue line) shows the most general
case, where the dependence of A; and A, is absorbed in the axis scaling of the plot. The red line is the
contribution of the propagating waves only.
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Figure 19: Critical current J, of a Josephson junction for different values of A; and As, as a function of
the chemical potential p.

005550 25 00 25 50 75

Figure 20: Critical current J. of a Josephson junction, as a function of the chemical potential A =

Y%
uhvf,‘; (AXIL ) of the normal region (blue). This is the most general case, where the whole dependence on
F

the factor ﬁ—; is absorbed in the plotting variable and in the critical current J.. In red, the contribution

of the propagating waves only is shown. The black line is the slope of the critical current (|A| > 1).

y=
The limiting behaviour at the Dirac point u — e < MTF can be calculated:

eAg > T sin()

J(6) = 3 —
=1 rasin®(6/2) (207)

_elg > 72sin?(4/2)  3r3sin*(¢/2)  5risin®(¢/2)
—%5111((15)2(7'”—1— 5 + 3 + 16 —|—)

n=0

To get an analytical expression, ZZOZO T, 18 calculated under the assumption k,,, = ik, which means that

and thus
> Ay [ d(kL A
Zm:ﬁ;/ _del) WA (208)
o cosh®(kL) Lm Ay

_ 1
Tn = Cosh2 (kL)
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Similarly the other sums can be computed:

o~ Th WA [ 1 LW A,
oo 22 gkl ——— = s 209
nz;o 2 Lm Ay /0 S comi(nD) 3 Lr A, (209)
3 WA /°° 3 1WA
_n _ - d - 210
nz::o 8 Lm Ay Jy (s )8 COShG(IiL) 5 Lw Ag (210)
—5Th WA /°° 5 1WA
— = drl)—mMmM ———— = = — =, 211
,;0 16 L Ay Jo 6o ()~ 7 L7 Ay (211)
Using these approximations, the current becomes:
Ao W A & . 1. I 1.
J(p) = A cos(¢/2)(sin(p/2) + = sin®(¢/2) 4 = sin®(¢/2) = sin®(¢/2) +...)
h L Ay 2 3 5 7
=0 (212)
er w Al .
=— 7" 2 h 2)).
W Ln A, cos(¢/2)arctanh(sin(¢/2))
This leads to the following critical current in the small | — 47| regime:
CAO w Al
in =021 ———. 21
Jc,mzn 0 n L A2 ( 3)

The Josephson current for these regime (A = 0) is plotted in Fig. 18.

The slope (Fig. 20, black) of the numerically calculated critical current, corresponding to the opposite
regime (|u —e§?| > ¥’ /L), is:
(:’AO W A1

_ v -t _ Yz
Jc,slope—0~6]- h Ln A2 (,Uz €o ) (214)

4.4 Edge junction
4.4.1 Solutions of the BdG equations

In region I (z < 0, z = 0) and in region IT (0 < z < L, = 0) of the edge junction we have the same
solutions W!* (x,y), WLIF(y, 2) and W] *(y, 2) as for the step junction. Region III is described by HS,.

The solutions for |k,| < ’“h_vigzz and Uy + p —ef” > {Ag,e} and ¢ < Aj can be obtained by
F

performing a rotation by 7/2 about the z—axis and a rotation by /2 about the y—axis in spin- and
real-space. The transformation is described in Appendix B. The real-space transformation changes the
{z,y, 2} dependent part, whereas the spin rotation changes the prefactor. The decay parameter k has
to be adapted and should be dependent on k.. Eventually, we find the solutions of the BAG equations
in region III:

+if
e
\I’sellli y R i ik, (z—L)—k(z— +i 1—;(1:10%&) eiiﬁ
GITE(y ) = (\Ilsh”&g )= ikyyEiks (z=L)—r(2—L) e(_i)(p , (215)

+ 14-cos(a)  —ig

sin (o)

Fw¥? ALy _yz\ 2 —e¥* .
where 3 = arccos(e/A), sin(a) = 227 Alg — \/(U‘H_HEU> —kZand k = Wotn=eo) A gin(B).

Uo+p—ef™? Az hv¥? (hv%z%)Zkz
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The heavily doped regime (very large Up) of region III can be approximated using:

2
Aol Al
Ly /1= <UO+#—>
1 +cos(a) 0

sin(a) ol 4Lk,
Uo+u—88z
2
U _ =Yz U _ Yz
L (e I (216)
h’UF Tzkz FL’UF Tgkz
2
_ Uo+p—ef° n Up+p—ef’ .
VU0 + = e7)? — (o )2k o+ =) = (hof)2k3
~ 1.
Finally we obtain the wave functions in the heavily doped region III:
ot
2 7 z—L)—kr(z— iieiiﬁ
PITE(y 5) = eibyytiks(z=D)=r(z=L) i |- (217)
+ie~i?

4.4.2 Boundary conditions

Again the Hamiltonians are TR invariant and the most general boundary condition for the first interface
(between region I and II) is given by:

_ —_ . /nyAQ i R
[a;hwgﬁj (y7 Z) + ae,hqjgfh (y7 Z)]|Z—>O+ =1 ngAl e "M [a+\11£(+e,h) ((E, y) +a \Ijg(e,h) (.’IJ, y)] |w—>0_ .

(218)
The indices e, h denote the electron and hole wave functions. In the superconducting wave function,
e refers to the first two entries and h to the last two entries of the four component wave vectors. af:h
are the amplitudes of the electron and hole wave functions propagating in +z—direction in the normal
region and a® are the amplitudes of the wave functions in the superconducting region. For the interface
between region II and III we get similar equations:

Bl @oy) + 87V @)l ne = €727 o, U1 (5, 2) + ag O (v )] (219)

In the edge junction the velocity changes only at the first interface. This is why only the boundary
conditions for the first interface are dependent on the velocities.

4.4.3 Josephson current

We perform the same procedure as in the planar and step case and use the same “infinite mass” boundary
conditions [28] as in the step case to quantize ky, = (n + 1/2)m/W. In the heavily doped regime
and in the low energy limit some parameters can be simplified: a(—¢) = a(e) = «a(0) := «, and
k,(—¢) =~ k,(—¢) = k,(0) := k,,. Finally, we get:

en = Ao/ (1 — T sin(¢/2)2), (220)
B 1
~ tan(a)?sin(k.,L)? (221)

Naturally, 7,, < 0 corresponds to €, > Ag implying absence of Andreev bound states. The formation
of Andreev bound states in the central region requires the presence of electrons with opposite spins in
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regions I and III. Due to spin momentum locking in the topological insulator and because the spins in
region I and IIT lie in different planes, the formation of Andreev bound states is prohibited. The only
possibility is k, = 0 implying spin along y—direction. This is not allowed due to the boundary conditions:
kyn = (n+1/2)7/W > 0. Thus, the contribution of the Andreev bound states to the Josephson current
vanishes in these edge junctions.
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5 Josephson effect in ferromagnetic topological insulator junctions

So far, we have analyzed the Josephson effect on a topological insulator planar and step junction. Now we
perform a similar examination of a junction with induced ferromagnetism. We aim to see the influences
of the magnetization M = m - ¢ on the Josephson current. The analysis becomes a lot simpler, when we
limit ourselves to a magnetization perpendicular to the junction. There the magnetization opens up a
gap. Using the magnetization as a parameter, we can tune the critical current. To investigate how the
magnetization in different directions affects the Josephson current, we will carry out an analysis of the
Josephson current at the Dirac point.

We look at two systems (see Fig. 21), a planar junction in the (x — y) plane and a step junction
with superconducting electrodes in the (z — y) plane and a weak link between them in the (y — z) plane.

X x=0 x=L X=z=0

7

L

(a) (b)

Figure 21: Schematics of the two ferromagnetic topological insulator junctions: (a) planar junction and
(b) step junction. The blue planes are the superconductors inducing superconductivity in the surface
states of the topological insulator (s). The left superconducting region is referred to as region I, the
right as region III. The yellow plane is the ferromagnetic insulator inducing the magnetization M in the
surface states of the topological insulator (f, region II).

5.1 Ferromagnetic planar junction

The junction to be investigated is shown in Fig. 21(a). Here, region II is covered by a ferromagnetic
insulator, which leads to induced magnetization in the surface of the topological insulator. The simplest
case is a magnetization perpendicular to the junction, thus M = m,o,. This is why we will first restrict
ourselves to a junction with perpendicular magnetization only and afterwards we will extend our analysis
by considering magnetizations in all directions for a chemical potential at the Dirac point energy.

5.1.1 General case

The ferromagnetic region is described by

H™ — u+mgoy +myo, +m,o 0
f _ 12 z0x yOy 202
Hyy = ( 0 —sz—i—u—i—mmam—kmyay—i—mza,z)' (222)

We can separate the BdG equation in two equations, one for holes and one for electrons. Then we can
solve the simplified equation Hgy (Mg, my, m,)Ve(x,y) = e¥.(z,y) for the first two components of the
electron wave functions (the remaining two components are 0 due to the block diagonal form of the
Hamiltonian), where:

Vb b (0, + i0y) + my — imy) 2

f =

For the hole wave functions the last two components (the first two are 0) can be obtained by solving:
ny(—mx, —My, —m; )W (z,y) = —eV¥p(x,y). Doing so, we find that the BdG equations are solved by
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any linear combination of the basis states

%;f + 7o
\I,gli(x’ y) = ky + %iy F k(e, mg,my) eikyy+(i%§yin(a,m$,mz))w (224)
0
0
and
0
W (2,y) = et e M iRy e T ) (225)

with &(g, mg,m.) = /m2 — (u—eg? + )2 + (kyhvy + m,)?/(}’). The wave functions of the super-
conducting regions were calculated in the previous chapter.

The magnetization M breaks TR symmetry, thus we cannot use the general boundary conditions
we used in the preceding sections. Instead, for simplicity, we demand continuity of the wave functions
at the interfaces. We follow the same procedure as in the preceding chapters and write the boundary
conditions in matrix form and search for nontrivial solutions. Consequently, we want the determinant
of the matrix to be 0. We assume that the chemical potential satisfies | — e;?| > € and we call this
the low energy regime. It can be seen that we can apply this assumption by setting ¢ = 0 in the wave
functions W!/*(z,y) and Wi'*(z,y) of region IT as ¢ is very small compared to p — f?. This simplifies
the problem, since only the wave functions of the superconducting regions remain energy dependent,
whereas the wave functions of region II become independent of the excitation energy €. Finally, we find
solutions for e. Unfortunately, this ends in very complicated solutions, thus, for further analysis, we
distinguish between two special cases: perpendicular magnetization (m, = 0 and m, = 0) and chemical
potential at the Dirac point energy (u —e5? = 0).

5.1.2 Perpendicular magnetization (m, = 0 and m, = 0)

In this case we see that in the low energy limit xk(—¢e, —my, —m,) = k(g,my,m;) ~ £(0,0,m,) =: Kk =
Vm2 — (n—eg”)2 + (kyhwi?)2/(hvy?) such that we get a simple expression for the energy:

2+ k2sinh®(kL 2 gin?
c_ A, K 2sin (n2) B k2 sin*(¢/2) i (226)
K%+ (k2 +m2)sinh”(kL) K%+ (k2 + m?2)sinh” (kL)

A discussion of the results will be provided in the next section, where we perform the same analysis for

a step junction. We can adopt the complete analysis from the step case by substituting m, — m, and
. A

setting A—; =

Small magnetization: m, <y —ep¥:

For this case we assume, that we have only propagating states and no decaying states, thus instead of

k(g) we have k;(¢). The propagating wave functions which solve the BAG equation in the junction are:

sin(a(e)) +iy/cos(a(e)?) — p(m.,€)?

W () = 1- p(omz, €) eikyyiks @) (227)
0
0
\IJ{LI:‘:(:L,7 y) — 0 eikyyﬂ:ikz(fs)x’ (228)



hElk (e+p—eg?)? m2
e Ry _ 0 _ : 1.2 o oms
Er—— k.(e) = (R Tl k2 and p(m.,e) = Er—

As the magnetization m,o, breaks the TR symmetry, we use continuity of the wave functions at the
interfaces and demand nontrivial solutions for the coefficient vectors. As always, we have heavily doped
superconducting regions and we analyze low energy solutions, a(—¢) =~ a(e) =~ a(0) =: a, p(m,, —¢) =
p(mz,e) = p(m,,0) =: p(m,), and k,(—¢) = k() = k,(0) =: k. We get the following bound states:

where sin(a(e)) =

1
€= AO\/1+N — 7sin?(¢/2) (229)
with
vzy sin?(k, L)
N = i y (230)
—e m2
(kz)z cos?(kg L) + ((Mr‘wﬁ% ) BREIE >Sm (ko L)
and )
r= (k) . (231)

xy 2 A
(ky)? cos?(k, L) + (ﬁ) sin?(k, L)

After performing the calculations we find that the detailed analysis and the calculation of the Joseph-
son current can be adopted from the ferromagnetic step junction by replacing ‘2—; — 1, k, — kg,

my — myg, £ — oY and v}y — v3.

5.1.3 Chemical potential at the Dirac point (¢ — ;¥ = 0)

By considering only the case where the chemical potential is at the Dirac point energy, it is possible to
get results for the magnetization pointing in any direction. If we assume /m? + m2 > e we can employ
k(e,mgz,m;) = K(0,myz,m;) =: K(my) and k(—e, —my, —m,) =~ k(0,—mz, —m,) = K(—m,). Then the
energy reads:

£ _
Ao

cos(2L 2 + O)r(ma)k(—m.) + <k2 (hv$y>2—({3@)2)Sinh(ﬁ(mm)L)sinh(ﬁ(—mm)L)
2k(my)k(—my ) cosh(k(my) L) cosh(k(—my)L) '

5 +
(232)

In this case we can inherit the solutions from the step case as well. We only have to replace k(m,) —
k(—mgz), K(—m;) — k(my) and —m, £2 — m,. The only difference in the analysis appears in the shift

of the phase difference of the superconducting regions due to m, in COb(QL m, + ¢). In the planar case

the phase is shifted in the opposite direction and does not have the prefactor A—f.

5.2 Ferromagnetic step junction

The ferromagnetic step junction is illustrated in Fig. 21(b). Region I and III are covered by a super-
conductor and region II by a ferromagnet, leading to a superconducting or a ferromagnetic proximity
effect respectively. Again we begin with the examination of a junction with perpendicular magnetization
and later we will analyze the effects of the magnetization in all directions for the case of the chemical
potential at the Dirac point energy.

5.2.1 General case

The Hamiltonian describing the ferromagnetic region II is:

o — (Hyz — o+ myo, +myoy, +m,o, 0 >

0 —HY? + Bt MyOy +mMyoy + Mo, (233)

55



As in the planar case we can separate the BdG equation in two equations, one for holes and one for
electrons. Solving the simplified equation ng(mx,my,mz)\lle(y,z) = eW,.(y,z) gives us the first two
components W, (y, z) of the electron wave functions (the remaining two components are 0), where

yz B0y Y2 yz A i

ey — p+ihw 0y +m, —hvy 220, +mg —im
ng(mm,my,mz) =0 y“ﬁ By " F a7z vz ” v (234)
hy, A—Z(‘)z +mg +imy ey — p—ithvg 0y —m,

For the hole wave functions we find the last two components (the first two are 0) by solving
H/ (—mg, —my, —m, )W (y, 2) = —eW;(y, 2) for the wave function. The BdG equations are then fulfilled

Yz
by any linear combination of the wave functions:

;J,fsngre

ms
hv}’f - ky + hv%z u
my _ _ ikyy+(—i e 22 tr(e,my,m.))z
i = | g e | s e -
0
0
and
0
0 ik iy 22
yyF(i—y G2 E£r(—e,mg,m;))z
U (y,2) = | pmebioe po_om. e e ; (236)
hvi? Y hvy’
—ET}ZZ + k(—e,my, m;)

with r(e,mz, m.) = /m2 — (u—ef° +¢)% + (kyhvy + mz)2m£73141.

The wave functions for the superconducting regions are known from the previous chapter.

As the magnetization breaks TR symmetry we use continuity of the wave functions as boundary condi-
tion. We assume | —£§°| > ¢ (low energy regime) and follow the same procedure as in the planar case;
we write the eight equations in matrix representation and demand nontrivial solutions for the coefficients
of the wave functions. Again we restrict ourselves to the special cases of perpendicular magnetization
and chemical potential at the Dirac point.

5.2.2 Perpendicular magnetization (m, = 0 and m, = 0)

In this case we see that in the low energy regime (|u — &f°| > ) we can use k(—¢&, —mg, —m,) =

k(e,mg,m,) ~ /m2 —(u—ey)? + (k:yhv%z)meizzAl =: k resulting in a handsome solution for the
energy: "
K2 + k2 sinh® (kL 25in%(¢/2
£ = A yS(el) w2 sin” (¢/2) (237)

k% + (k2 +m3) sinh?(kL) k2 + (k2 +m3) sinh?(kL)

Next we want to calculate the Josephson current. Therefore, we introduce a finite width W to quantize
the transverse wave vectors of region II, k, — ky, = (n+ 1/2)n/W, n = 0,1,2,... (“infinite mass”
boundary conditions [28]). With p, (e, ¢), the density of states in mode n, the Josephson current at zero
temperature is given by:

2 d [ &
J(p) = ——— de pn(g, @)e. 238
@ =i [ ELmieo (23%)
K is quantized as well and x, = /m2— (u—¢ej§’ )%+ (kynhv%Z)mefAl. The lowest N(p —ef?) =
F

modes are propagating as k,, is imaginary while the higher modes are evanescent,

Ve mz \ w
T

hv¥?
since for these modes k is real. The analysis of the Josephson current is done in the short-junction regime
where the length L of the ferromagnetic region is small relative to the superconducting coherence length
¢. This requires Ag < hw¥ /L. Finally, we have a single bound state per mode:

K2 + k2 sinh?(k,, L 2 gin%(¢h/2
en = Ao y Sinh( 2) - i sin”(6/2) ; . (239)
k2 + (kZ, +m2)sinh™(k, L) k2 + (kZ, +m3)sinh”(k,L)
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By using p, (e, ) = 6(e — e,(¢)) the supercurrent due to the discrete spectrum is

2 2
H"L o H"L 1
ey > K2 +(kZ,+m2) sinh?(k,, L) Sln(¢) eAg W e k2 +(k2,,+m2)sinh?(k, L) Sln(¢5)

T =5 2 en(0) = w2, a0

dhyy. (240)

As L <« W, the summation over n may be replaced by an integration. The integral can be solved
numerically. We calculate the critical Josephson current by maximizing the current with respect to
the phase difference ¢ of the superconductors. This is done with Mathematica. Figure 22 shows the

behaviour of the critical current for different values of ¢, = ;74 “ZL . By plotting the solutions of the
F
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Figure 22: Critical Josephson current J. of a ferromagnetic step junction as a function of A =

yz
H—¢&g AsL : _ my AsL
Rl ( e ) for different values of ¢, = Rol® Ay

normal step junction and the solution here for ¢, = 0 in the same figure, we find that the ¢, = 0 plot

_e¥®
restores the solutions of the normal step junction. Calculation shows that for A = £ hvi‘% (‘?421]“ ) =0 and
F

q. = 0 we get the same critical current as in the step case:

- BAO w Al
J, = O'2leA7' (241)
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Figure 23: Josephson current for different values of ¢, = ;9= AA2L while A = £ o f;iz (%) =5 is fixed.
v 1 v 1

The Josephson current gets suppressed by a perpendicular magnetization. This can be seen in Fig.
23, where the Josephson current for different magnetization strengths ¢, is plotted while A =5 is fixed.
As the magnetization is increased, the current decreases. From Fig. 22 we know that the magnetization
q. can be used to tune the critical Josephson current. The stronger the magnetization, the larger the
chemical potential needs to be, to result in a finite current. For large magnetization the finite Josephson
current at the Dirac point (A = 0) vanishes. This can be seen in Fig. 24 which illustrates the dependence
of J. on ¢, at A = 0. It corresponds to the points at A = 0 in Fig. 22.

At larger values of A we get a strange behaviour, as can be seen for ¢, = 7 in Fig. 22. Certain values
of J. can be achieved by different values of A. In Fig. 25 the critical Josephson current is plotted as
a function of A and ¢,. We will analyze this non-monotonic behaviour of J. in Appendix C in more detail.
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Figure 24: Critical Josephson current J, of a ferromagnetic step junction as a function of ¢, =
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Figure 25: Critical Josephson current J.(A,q,) of a ferromagnetic junction with ¢, = hmy’z ’LZL and

_e¥®
A= “M‘Z% ("3421 ) As soon as ¢, is large enough, the same critical current can appear for different A.
F

Small magnetization: m, < u—¢ef” (g < A):
In this limit only propagating waves contribute to the Josephson current. Consequently, instead of (e)
we use k. (g). The BAG equations are solved by the wave functions

1 —sin(a(e))

\Iléli (y7 Z) _ p(mzv 5) + i\/COS(Oa(E)z) - p(mxa 5)2 6ikyy:|:ikz(e)z7 (242)
0
0
0 ) )
II+ ikyytik.(—e)z
W 2) = 1 —sin(a(—¢)) e ) (243)

p(_mma _5) + i\/COS(Oé(—E)z) - p(_mmv _5)2

hwiky (etp—eg”)? m2 2 . mg
Er—g Azk (e) = )T~ ~ Tl — k2 and p(mg,e) = et

We can see, that magnetlzatlon mgo, breaks the TR symmetry. As a result the boundary conditions
are given by the continuity of the wave functions. As before, we assume heavily doped superconducting
regions. Furthermore, we consider only low energy solutions, enabling us to simplify some parameters:
al—e) = a(e) = a(0) =: a, p(my, —¢) = p(Mmg,e) = p(m,,0) =: p(m,), and k.(—¢) = k.(¢) = k.(0) =
k.. Finally, demanding nontrivial solutions leads to

where sin(a(e)) =

= AO\/ ﬁ — rsin(6)2), (244)

with

2
o yz)z sin?(k, L)

2 vz 2
(42h:) cos?(k.L) + ((“m?:% ) - <”>> sin®(k.L)

N = (245)
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and

r— (‘%kf . (246)
(%kz)Qcosz(kzL) + (M{U?Z) sin® (k. L)

With the “infinite mass” boundary conditions [28] at y = 0 and y = W, quantized k,, = (n+1/2)7/W

can be used which quantizes k., as well. Then, %kz (ébhf )22 — (hvm;é)Q — k'yn, which means the
_ LYz 2
lowest N = (“ sz“z ) - (FLZ?)Q % modes are propagating as k,, is real, while the higher modes are

evanescent, since for these modes k,,, is imaginary. The analysis of the Josephson current is done in the
short-junction regime where the length L of the normal region is small relative to the superconducting
coherence length €. The solution is a single bound state per mode where the index n denotes the nth
mode:

e(¢) = en(ep), 7—71, and N — N,. (247)

Then the supercurrent due to the discrete spectrum becomes:

[J.E 2

eAg > T, sin(o) _eAg W /\/ Tl ) Tt Ty sin(¢)
0

J(¢) = =
2h n=0 \/1-‘,—1]\7 — Tn sin2(¢/2 b2 \/H_an — Tpsin?(¢/2)

dkiyn.

(248)
As L <« W, the summation over n may be replaced by an integration. We only integrate over real k..

2.0 ——
¢, = 0 propagating waves
— =0
¢, = 2 propagating waves
1.5
— @ = 2
T ¢, = 4 propagating waves
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= Gz =
<‘|'| < 10F
N8}
N———
Q
~
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Figure 26: Critical current J.. of a ferromagnetic step junction as a function of A for three different values

of ¢, = hT};;z LAAf. The contributions due to propagating waves only (labeled with “propagating waves”)

and the critical Josephson current (including the current due to decaying waves) are plotted.

As before we maximize the current with respect to ¢ and receive the critical current. Figure 26 shows
the total critical current and the critical current due to propagating waves only for ¢, = 0, ¢, = 2 and
gr = 4. It can be seen that the critical Josephson current for |A| < |g.| arises due to decaying waves
only. Both, propagating and decaying waves, contribute for chemical potentials with |g,| < |A] < |g.|+7,
where 6 > 0 gives the range. As soon as |A| > |¢.| + 0, the critical Josephson current arises singly due
to propagating waves.

In the succeeding discussion, the use of x refers to decaying waves in z—direction, whereas k, refers
to the propagating waves. They are related by k = —ik,.
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5.2.3 Chemical potential at the Dirac point (¢ —cf* = 0)

With this simplification it is possible to examine an arbitrary direction of magnetization. If we as-
sume y/m2 +m?2 > e then k(e, —my, —m;) =~ k(0,—my, —m,) =: k(—m,) and k(—e,my, m;) =~
k(0,my,m;) =: k(m,). Again we calculate the energy:

6 J—
A
cos(2L h”;iz ’2—? — ¢)k(m;)k(—m;) + (12%)2 <k§ - (h”;% )2 B (hTiz )2) sinh(x(m,)L) sinh(x(—m,)L)
2 + 2k(m;)k(—m;) cosh(k(m,)L) cosh(k(—m,)L) '
(249)
1 1
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Figure 27: Energy dependence on ¢, = ;%= 52 and q, = ;.7 sz for ¢ = 0 for different values of
Vi 1 Ve 1

qy = ﬁflyzz Lﬁz. (a) ¢y =0, (b) g, =1.5 and (c) ¢, = 5.

We can plot the energy as a function of g, = ;7= Ljff and q, = ;7= Lfﬁ. Figure 27 shows such plots
F F

for 3 different values of ¢, = hT;‘z Lff for the superconducting phase difference ¢ = 0. The energy fulfills
F

e < Ag. We can calculate the Josephson current as before by introducing the finite width W and thus
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quantizing ky,. The Josephson current then again is written in terms of a numerical integral:

. my A
7d) = Do W A, /oo sin (qﬁ —2L Rl A—f) p LA, " (250)
~ h L27 A J, cosh(k(m.)L) cosh(k(—m.)L) x- A )
— =0 eDgW Ay — ¢=0 eAoW Ay
| () ()
— @ = 1 —_ .= 1
— =2 0.2+ — ¢ =2 0.2t
qz = 3 q: = 3
Q=4 01l q: =4 01
= 9 /2 T =7 09 oy ()
-0.1 -0.1
-0.2 -0.2
() (b)
J (@m&)
h LA, eAgW A,
AT (7)
— ¢ =¢-=0]0.03

— qgl:ZQz:l
—_— G =q.= 21 0.02r

\ Gz =q.=3
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O
s 4 /2 A
‘ : 6-66 : ‘ ¢
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Figure 28: Josephson current as a function of ¢ for different magnetization ¢, = h”;gz LA—Af, Qy = ,{Ziz Lff‘f

and q, = h’;liz Lﬁz. (a) Josephson current for different values of ¢, while ¢, = ¢, = 0. (b) Josephson

current for different values of ¢. while g, = g, = 0. (c) Josephson current for different values of g, while
¢z = ¢. = 0. The black line in (a), (b) and (c) is ¢; = ¢y = ¢- = 0. (d) shows the difference between the
Josephson current of junctions with magnetization in x— and z—direction (AJ = J(q,, ¢) — J(qa, @)).

We can see from the equation and in Fig. 28(c) that the magnetization hTZ}ZZ Ljff
shift in the Josephson current and thus does not influence the critical current. Furthermore, we observe
from Figs. 28(a), (b) and (d), that the magnetization in z—direction (perpendicular to the junction)
suppresses the current stronger than the magnetization in z—direction (direction of transport). This can
be understood, when we look at k(m.) and k(—m), which are equal if m, is 0 but they differ if m, # 0.

In principle, both, ¢, and gq., suppress the Josephson current.

leads to a phase

Figure 29 shows the dependence of the critical Josephson current on ¢, = h”;—y’”zLﬁz and q, = ;7= LX‘f
F F
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for g, = 0. The black line corresponds to ¢, = 0 and thus perpendicular magnetization. Moreover, it
the same curve as in Fig. 24 at A = 0.

The maximal value of the critical current can again be calculated (numerically) and we can see that

it restores again the result: J, = 0.21 6%0 %% for g =gy =¢. = A=0.

Figure 29: Critical Josephson current J. of a ferromagnetic step junction as a function of ¢, = ;- LX‘f
F
m, LA

and ¢, = Rl Ve for g, = 0. The black line corresponds to ¢. = 0 (perpendicular magnetization).

5.3 Context of the results to current publications

Recently, the topics of induced superconductivity and ferromagnetism on topological insulators have
attracted a great deal of attention. However, most of the calculations are done with Dirac-type surface
Hamiltonians (H = hwp(ogzk, + oyky)) and include only the planar setup. In this section we would like
to link our results to these works and discuss the similarities and differences. We focus on two subjects:
the Josephson current of topological ferromagnetic junctions and the occurrence of Majorana fermions
at the interface between the ferromagnetic and superconducting surfaces.

5.3.1 Josephson effect in ferromagnetic topological insulator junctions

In 2009 Y. Tanaka et al. [32] and in 2010 Linder et al. [18] studied the transport properties of planar
topological ferromagnetic junctions. They calculated the Josephson current of this junction and found an
anomalous current-phase relation, for a magnetization in z—direction (thus, in direction of transport).
The magnetization m, leads to a shift of the phase difference in the Josephson current, such that at
¢ = 0 a finite Josephson current is possible for m, # 0. This is similar to the behaviour we calculated
for the magnetization m, in y— direction.

This different behaviour occurs due to the fact that Tanaka and Linder chose their topological insulator
surface Hamiltonian to be a Dirac-type Hamiltonian H = hvp(ozk, + O'yky). We, on the contrary, chose
the model describing the topological insulator BisSes, which is a Rashba type Hamiltonian of the form
H = hwp(oyky—oyk,). This gives rise to a different spin-momentum locking on the surface and therefore
the magnetization acts differently on the surface states of a Rashba-type Hamiltonian and a Dirac-type
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Hamiltonian. Nevertheless, a comparison to the results of Tanaka and Linder shows, that our results
are in agreement with their predictions. Furthermore, Tanaka and Linder showed that a perpendicular
magnetization opens up a gap in the energy spectrum of a planar junction with a Dirac-type Hamiltonian,
which is also what we calculated and analyzed for a step junction with a Rashba-type Hamiltonian.

5.3.2 Majorana fermions at the edge of the topological superconducting and ferromagnetic regions

The search for Majorana fermion realizations has intensified recently, as they enable topological quantum
computation due to their non-Abelian statistics. Fu and Kane showed in 2007 [20] that the interface
between a topological ferromagnetic region and a topological superconducting region hosts chiral Ma-
jorana edge states. In 2009 Tanaka et al. [32] found that the sign of the perpendicular magnetization
m, corresponds to the chirality of the Majorana mode. Since the Josephson junctions we calculated
have two such interfaces, we investigated whether they can host Majorana fermions, which would lead
to complete agreement with known results. We examine the interfaces for the topological ferromagnetic
planar as well as the step junctions.

Ferromagnetic planar junction
At ¢ = ky, = my = 0 (which is only possible for phase difference ¢ = £m of the superconductors,

A
. . + Lz
here we choose ¢ = ) the wave functions are decaying x e "F

A/ m24m2 —(u—eZ¥)2
+ x z 0 T

a4

in the superconducting region

and x e in the ferromagnetic region. Note that for k, = 0 and ¢ = 0 we have
k(e,my) = Kk(—e,—my) = k(0,£m;) =: k (the sign of m, does not matter as it occurs only squared in
k). If the length L of the junction is sufficiently large such that the decay length in the ferromagnetic
region is smaller than L, L > % = \/m§+7j§v%y(u—a§y)2’
ferromagnetic region supports states propagating in positive x—direction only and the second boundary
supports states propagating in negative x—direction only. With these conditions we can calculate the

spinors at the boundaries:

we can assume that the first boundary of the

i(mz +uf§3y) (i 7(.1)017;; +uf§3y)

_ t(my + K . i1 —1)(my — K

V=L i rn) | 2T i Doma - k) (251)
i(m +p— ") (i +1)(m, + p — 5”)

These spinors satisfy PU; = ¥; and PV, = W,, with the particle-hole conjugation operator P =
(ry ® oyK). These relations imply that we have Majorana bound states at the boundaries to the
ferromagnet. With the spinors we can write the wave functions in the superconducting regions I and III:

(L—=)

L0z 2o
Ul(z,y) = UeF for region I and Wl (z,y) = Wye"F for region III. (252)
In the ferromagnetic region (0 < < L) the wave functions read:

N/ m24m2 —(u—elY)2 m24m2 —(u—el¥)2
x z 0 z x z 0 (wa)

Uil (z,y) = Vie ! + Wae B (253)

o ho!
CVmim2—(u—eg?)?’
Majorana bound states anymore. Instead the overlap between the two boundaries gives rise to a finite
splitting.

If the length of the Josephson junction becomes L < % we don’t have zero energy

Ferromagnetic step junction

At ¢ = my, = 0 and k, = 0 (which is only true for phase difference ¢ = 7 of the superconduc-
£00 0 , .
tors, here we choose ¢ = 7) the wave functions are decaying o e i7" in the superconducting region
\/7n£+m27(p—sgz)2
¥ 0 . .
and x e s “ in the ferromagnetic region. Note that for k, = 0 and ¢ = 0 we have

k(e,m.) = k(—e,—m,) =: k. If the length L of the junction is sufficiently large such that the decay

vz
length in the ferromagnetic region is smaller than L, L > * hop

== —— —, we can assume that the
\/mm—i-mz—(,u—sg )
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first boundary in the ferromagnetic region supports states propagating in positive z—direction only and
the second boundary supports states propagating in negative z—direction only. With these conditions
we can calculate the spinors at the boundaries:

i(mz+u—§8z) (i—(.l)('_‘r[r)szru—i%‘z)

_ WMy — K . 17— My + K

vy = —i(my — K) ’ Uy = (—i—1)(my + K) (254)
i(m +p — e’ (i 4+ 1)(me +p—ef?)

They satisty PU; = ¥; and PV, = Uy, with the particle-hole conjugation operator P = (1, ® o,K),
implying that we have Majorana bound states. With these spinors we can write the wave functions in
the superconducting regions I and III:

L0z — 20y
Uz, y) = Uie™F for region I W (z ) = Wye ™% for region IIL (255)
In the ferromagnetic region (0 < z < L) we have:

‘/WL§+77L27(;L7582)2 ‘/7n§+7n§7(u75?)z)2
~ = 2 Y = = (2-L)

Uil (y,2) = Wie i + Wae R (256)

. on ;i ; < 1 — hvg”
If the length L of the Josephson junction becomes L < - TR p—
Majorana bound states anymore. Instead the overlap between the two boundaries gives rise to a finite

splitting.

we don’t have zero energy

It can be seen that the calculation of the Majorana bound states in step junctions is completely analogous
to the planar junctions. Therefore an edge between a superconducting region and a ferromagnetic region
perpendicular to the superconducting region can host Majorana edge states as well.
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6 Conclusion and outlook

In this Master thesis we have conducted a detailed study of the Josephson effect on the surface of a
topological insulator, e.g. BizSes. Mainly we used two setups — the planar junction and the step junc-
tion. The symmetries of the bulk crystal structure give rise to different Fermi velocities in direction of
the rotation symmetry axis and in direction perpendicular to it. We discovered that this manifests itself
in a scaling factor in the critical Josephson current of the step junction when compared to the planar
junction. This scaling appears in both normal and ferromagnetic topological insulator junctions. We
performed a detailed discussion of the ferromagnetic topological insulator step junction revealing that a
magnetization perpendicular to the junction suppresses the critical Josephson current. A magnetization
in the transverse direction leads to a finite Josephson current, even when the phase difference of the
superconductors is zero. Our findings are in agreement with the existing results about ferromagnetic
topological Josephson junctions. We found a non-monotonic behaviour in the critical Josephson current
when the perpendicular magnetization and the chemical potential are sufficiently large. An experimental
verification of this behaviour (as shown in Fig. 22) could provide valuable insights into the transport
mechanisms in these junctions.

Interestingly, the edge junction (see Fig. 16) gives rise to a vanishing contribution to the Josephson
current from Andreev bound states. This suppression was explained in terms of spin momentum locking
which prohibits the formation of Andreev bound states in the central region. From a finite contribu-
tion to the Josephson current for a planar junction, we enter a regime with vanishing contribution for
a 7w/2—edge junction. Thus, the investigation of Andreev bound states for a general J—edge junction
(0 < ¥ < w/2) would be interesting from the point of view of this crossover. With this in mind we
derived the surface Hamiltonian for a general angle about the z—axis. This would give the necessary
equipment for an analysis of the Josephson effect at a general angle.

The same study can also be adapted to a spherical system. A description of a spherical topological
insulator is found in Ref. [33]. They found that a nontrivial quantum spin connection emerges from
the three-dimensional band structure. Their Hamiltonian can be used to calculate the Josephson effect
on a spherical topological insulator with superconducting pole caps. Owing to spin orbit coupling, the
electronic spin changes direction with latitude, implying that it lies in a horizontal plane at the poles,
but in a vertical plane at the equator. This change of the spin orientation may have impact on the
electronic response of various spintronics devices like spin valves. One may also include ferromagnetic
components, which may lead to interesting behaviour as well.

Apart from investigating different geometries, the presence of an external magnetic field applied on
the junction promises interesting effects. In Ref. [34] they discuss exact analytical solutions for the
bound states of Dirac electrons in graphene in various magnetic fields with translational symmetry. The
authors use a factorization method in the framework of the Dirac-Weyl equation for a massless electron
in a magnetic field and other techniques of supersymmetric quantum mechanics. The solutions and the
ideas may be adapted to topological insulators and may enable the calculation of the Josephson effect
in junctions with different magnetic fields.

Last but not least, systems studied in this Master thesis could be investigated with a bias voltage applied
over the junction. This leads to an AC Josephson effect. It has been shown that the conductance in a
topological insulator step junction is suppressed when the bias current is increased [35]. Furthermore,
one may use ferromagnetic topological insulator junctions which may also lead to interesting interactions
between the bias voltage and the ferromagnetism.
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Appendices

A TR and particle-hole symmetry

A.1 TR symmetry for spin-1/2 particles

In this section we want to investigate how TR acts on spin-1/2 particles and what the TR operator T
looks like. The spin is described with the Pauli matrices o;, i = z,y,2. As the TR operator flips the

sign of a spin, we know: To;7 ! = —0;. This can be satisfied with 7 = i, K where K is the complex
conjugation. We can see that 72 = toyKioyK = ioyio, = —U'Z = —llyx2. i0y is a unitary matrix and

thus 7-! = 7T which means that 7 is an anti unitary operator.
To see that it is a good TR operator for our properties, we apply it on position r and on momentum fk
(replace k; by —i0;) we can see that:

T (ri - Toyxo)T ' =r;-Ioxs  the position is invariant under TR

T (=ihd; - Toyo)T ' = iho; the momentum k changes sign (257)
To, T ' =—0; the spin changes sign
T(U -Tgx2)T ' =U -Tgxo constants do not change sign

This is true when we consider only one spin-1/2 particle at once. As we work in a Nambu basis where
one basis vectors describes an electron and a hole at the same time, the complete TR operator is
T = ]I2><2 (24 ZUyK

A.2 Particle-hole symmetry

The particle-hole symmetry is the symmetry which relates the electrons and holes in the system to each
other. In our Nambu basis we can express the particle-hole symmetry though the operator

0 0 0 -1
0 0 1 0
-1 0 0 0

K is the complex conjugation and 7, and o, are the second Pauli matrices in real and spin space
respectively. This operator fulfills
PH(r)P' = —H(r). (259)

As P? = 1, P is an unitary operator. If there is a solution 1; with positive energy F; there must
exist a solution v; with negative energy E; = —E; and the solutions satisfy ¢, (r) = Py;(r). We can
diagonalize H: Hgjag = %ZZ E,‘lf;r\llZ The solutions now satisfy ¥; = \III If E = 0 it is possible to
get a solution that satisfies U = W' and is thus a Majorana fermion. In our Nambu basis this means, a
general Majorana fermion has to satisfy the equation

Y (r) = P (r). (260)

This allows us to write the state in a general form:
r
ORI (261)
r

Our topological insulator Hamiltonians are TR invariant: THT = H where 7 = loxo ® 0y K is the
TR operator. If 1;(r) is an eigenstate, also Tv;(r) has to be an eigenstate with the same energy. This
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is Kramers’ theorem for a superconductor. For the Majorana spinor above the Kramers’ partner takes
the form:
g*(r)
= | o 262
P (r) “Fr) (262)
—g(r)
The probability densities of the Majorana fermion and its Kramers’ partner are equal: [iy/(r)]? =
[0h ()2 = 2|g(r)|> + 2|f(r)|?. To get spatially isolated Majorana fermions, which means Majorana
fermions which don’t have a Kramers’ partner with identical probability density, we need a Hamiltonian
which breaks TR symmetry.
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B Spin- and real-space rotation

As we need to solve complicated equations for the different faces of the topological insulator, it may be
useful to know, how one can derive the solution of a face when knowing the solution of another face.
We derive this for the example of the two faces of the 3D topological insulator that are described with

Hamiltonians of the form:
H™ = o,ky — oyks (263)

and
HY =oyk, —o.k,. (264)

We want to transform H*Y to HY?. For that, a spin-space rotation and a real-space rotation are needed.
At first a rotation by 7/2 about the z—axis and a rotation by 7/2 about the y—axis in spin-space are
done by the transformation

S = e—iw/4oye—i7r/4az. (265)
This fulfills
Oy oy
Slo,|S*t=10.]. (266)
Oz Oz
The same rotation in real space reads .
R(n,¢) = e~ mL, (267)

n is the unit vector about which the system is rotated, ¢ = (¢, ¢y, ¢.) is the rotation angle and L = r xk
is the angular momentum operator. As before, a rotation by 7/2 about the z—axis and a rotation by
/2 about the y—axis shall be done. First the rotation by 7/2 about the z—axis a calculated:

Rlenn/2) () Rewn/2) = () + () [ohy = ()] -

o) (5) () 3 (57 [ (B
‘

k

k

D+ (5 (%) -36) () -

(268)
Analogously one can obtain

Rley,7/2) (’;) Rley,m/2)t = < fg) . (269)

Finally, we get the complete rotation in real-space

ke ky,
R(ey,m/2)R(e,, 7/2) | k, | R(es,7/2) R(ey,m/2)T = | k. | . (270)
k. ks

Therefore (spin- and real-space transformations commute) the unitary transformation is described by

the operator
U = SR(ey,m/2)R(e,,7/2), (271)

which acts on the Hamiltonian as follows:

UH™UT = HY=. (272)
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To perform the rotation on the wave functions, the matrix representation of the rotations is chosen:

Ry(¢y) =

R, (sz) =

The rotation transforms a vector (z,y, 2)T in the following way:

SRy(7/2)R.(n/2)

This can be applied on the wave functions.

1 0

0 cos(¢z)
0 sin(¢,)

cos(¢y)
0

—sin(¢y)

cos(¢p,) —sin(¢.
cos(¢-)

sin(¢-)
0
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C Non-monotonic critical Josephson current at A > qx

In this section we want to discuss the non-monotonic critical Josephson current appearing for certain
values of ¢, and A in step junctions with perpendicular magnetization. Our investigation leads to ideas
of how this behaviour is connected to ferromagnetism.

In Figs. 22 and 25 we can see that, as soon as the magnetization ¢, becomes large enough, there
are points of critical current J. which can belong to two or three different chemical potentials. Further
analysis shows, that this is not the case for g, < 4.51 but is the case for ¢, > 4.55. The critical value
for 0 slope is in between. As the calculation for the critical current involves solving a numerical integral
and a maximization with respect to ¢ it is very hard to find the reason for this behaviour. To get a
better picture we look at the ¢, = 7 curve. We choose six points (belonging to two values of the critical
current J.) which we want to analyze. They are listed in Tab. 1. The first point is located before the
local maximum, the second point is around the inflection point and the third point is after the local
minimum.

Jo [ A=t (%) o0
0.61 | 7.8 2.51
8.17 2.29
8.52 2.17
1.27 | 10.1 2.33
10.2 2.28
10.5 2.22

Table 1: Two values of critical current .J. which can be achieved by three different A and three points

corresponding to this J. are listed. The magnetization is chosen to be ¢, = 773 ’LZL =17. ¢(J.) is the
F

phase difference where the Josephson current achieves its maximal value J..

For further analysis we look at the energy spectrum for the first three points listed in Table 1. We ex-

_Lyz 2
amine the energy within the regime where we have propagating waves, thus 0 < £k, < (thig ) 1 h:fﬁy ,
F F
with respect to k,L and ¢. This is illustrated in Fig. 30. Figure 31 shows the energy with respect to
ky AA?lL and ¢. We can see that there are certain points with zero energy.

(0]



Figure 30: Energy dependence on the superconducting phase difference ¢ and on k,L for different
A= HE5 (M> The magnetization is chosen to be ¢, = %= 42L = 7. Blue: A = 7.8, black: A = 8.17

Al \ Al AolE A

and red: A = 8.52.
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Figure 31: Energy dependence on the superconducting phase difference ¢ and on k, for different A =

Yz
H—e AoL . . . _ ma AsL .
hv%% 4+~ ) - The magnetization is chosen to be ¢, = Ful” =~ = 7. The values for A are (a) A = 7.8,

(b) A =8.17 and (c¢) A = 8.52. (d) shows a comparison of (a), (b) and (c).

Zero energy modes:

Zero energy modes are particularly interesting, because € = 0 is the necessary condition for the appear-
ance of a Majorana bound state. Furthermore, we know that &, needs to be 0 and that « has to be real,
such that the particle can be its own antiparticle. This means the Majorana modes need to decay in
z—direction. To analyze the appearance of zero energy modes, we look at the energy (Eq. (237)) and
set it to 0. This leads to the equations: k2 + (ki + m?2)sinh®(kL) # 0 (denominator has to be nonzero)
and k% + k2 sinh?(kL) — k% sin?(¢/2) = 0. For a general phase difference ¢ the second condition can only
be fulfilled if k = k;, = 0. We note, that the denominator (condition one) gets 0, but we can take the
limit {x,k,} — 0 and we see that ¢ — 0, thus this is a zero energy solution. It also requires ¢, = £A.
By substituting this condition in the wave function of the second region, we can see that the spinor can
never take a form of a Majorana spinor.

The remaining zero energy modes need ¢ = +m. For k real, there is no additional zero energy mode to
the one already mentioned. There are still several cases where we have zero energy for waves propagating
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in z, thus k, # 0:

1. k, =nn/L and k, = 0, where n > 0 is an integer.

2. k., = nw/L and ky\/A%? —¢?> — (nm)? # 0. In Fig. 32 the possible k, ’éjf for the corresponding
q. values are plotted, for —15 < A < 15, k,L = ¢ = w. The zero energy points in the Figs. 30
and 31 are such zero energy modes. In Tab. 2 the three zero energy points in 31 for ¢ = 7 are
characterized.

ky(LAy/A)

Figure 32: Zero energy modes with k,L = ¢ = w. The plot shows the allowed k, ‘:FIL values for different

—eg¥*
magnetization ¢, = 2= 42 and different A = 552 (‘%f).
Fal F

A= p—ed” (1427[/) Angy k.L

fw}{f Aq Ay
7.8 1.4 T
8.17 2.8 ™
8.52 3.7 ™

Table 2: Characterization of three different zero energy points at ¢ = w for magnetization ¢, =
» AsL __
h”J%z =T

The non-monotonic behaviour in the critical Josephson current may arise due to the zero energy modes
appearing in the energy spectrum of ferromagnetic topological insulator junctions. But as the calculation
of the critical current involves numerically solving an integral and maximizing the current with respect
to the superconducting phase difference, the analysis becomes very intriguing. In a next step, we analyze
the appearance of new propagating modes.

Comparison to number of propagating modes:
We compare the values of A, where this non-monotonic behavior arises, to the scaled number of modes
N =N %f‘—f = /A2 —¢2/7. Doing so, we find that when A is small enough such that the curve
is still monotonic, N’ < 1. We increase A and just before the first local maximum of J., N’ exceeds
1. Just before the second local maximum, we have N’ > 2. When plotting the superconducting phase
difference ¢(J.) which maximizes the current J against A, we find that this phase difference oscillates
between larger values for larger ¢,. This is shown in Fig. 33. The crosses indicate the value of A where

N’ becomes an integer. Again we see that by increasing A the next integer value of N’ is achieved just
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before the maximum of ¢(J.). All this suggests that this non-monotonic behavior arises due to quantum
interference of the new additional propagating mode and the already existing ones.

11?5.0 -1é.5 -16.0 —f.5 -5.0 -é.5 00 25 50 7.5 10.0 125 15.0

q: =0 — =1 — ¢ =3 — =T

Figure 33: Superconducting phase difference ¢(J.) (which maximizes the current J) as a function of

A= “_23: A2L ) for different values of (e = 4= LA2  The crosses indicate the A at which the scaled
th A1 h’UF A1

number of modes N' = N - %f‘—f = /A% — ¢2)/7 takes an integer value.
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