
MASTER’S THESIS

Josephson junctions based on magnetic topological
insulators

Master’s Educational Program: Photonics and Quantum materials

Student
Andrei Kudriashov

Research Advisor:
Albert Nasibulin

Professor, Skolkovo Institute of Science and Technology, Center for Photonics
and Quantum Materials

Co-Advisor:
Dr Vasily S. Stolyarov

Leading Research Scientist and d/Head of Topological Quantum Phenomena
in Superconducting Systems Lab (TQPSS), Moscow Institute of Physics and

Technology and Head of Superconducting and Quantum Technology Lab
(SQT), Dukhov Research Institute of Automatics – VNIIA (ROSATOM

Corporation)

Moscow 2021
All rights reserved.©

The author does not grants to Skoltech permission to reproduce and to distribute publicly paper
and electronic copies of this thesis document in whole and in part in any medium now known or

hereafter created.



МАГИСТЕРСКАЯ ДИССЕРТАЦИЯ

Джозефсоновские контакты на основе магнитных
топологических изоляторов

Магистерская образовательная программа: Фотоника и квантовые
материалы

Студент
Андрей Кудряшов

Научный руководитель:
Альберт Насибулин

Профессор, Сколковский Институт Науки и Технологий, Центр фотоники
и квантовых материалов

Со-руководитель:
Василий Столяров

Ведущий научный сотрудник, зам. заведующего лабораторией
топологических квантовых явлений в сверхпроводящих системах, МФТИ,

заведующий лабораторией сверхпроводящих квантовых технологий,
ВНИИА им.Н.Л.Духова (РОСАТОМ)

Москва 2021
Все права защищены.©

Автор не дает Сколковскому институту науки и технологий разрешение на воспроизводство
и свободное распространение бумажных и электронных копий настоящей диссертации в
целом или частично на любом ныне существующем или созданном в будущем носителе.



Josephson junctions based on magnetic topological insulators

Andrei Kudriashov

Submitted to the Skolkovo Institute of Science and Technology
on June 16, 2021

Abstract

The electronic band structure is significant to explain a lot of physical phenomena
in condensed matter systems. The non-triviality of the band structure of some materials
leads to the formation of new states of matter, such as topological insulators, Dirac or Weyl
semimetals, and topological superconductors. In the frame of this work, the local electronic
properties of novel material Fe-BSTS (iron-doped BiSbTe2Se) have been studied by Scanning
Tunnelling Microscopy (STM) and Spectroscopy (STS) and also by Angle-Resolved Photo
Emission Spectroscopy (ARPES). It was demonstrated that the Fermi energy position inside
the bulk bandgap makes this material a real bulk insulator. In addition, the signatures of
the magnetic gap were observed by STS. Still, independent ARPES measurement did not
resolve any magnetic gap near the Dirac point in the surface states, probably due to the
inhomogeneous distribution of the iron atoms, which is supported by observing the defect
clusters on the surface by STM. Also, we have demonstrated the ballistic Josephson effect
on this material. Based on this material, the dc-SQUID shows very pronounced oscillations
of critical current with an external magnetic field. Critical current drops to zero due to
the fact that supercurrent is flowing through only a few coherent ballistic channels. Another
feature was observed is the double-critical current. We believe that the second critical current
originates from the region underneath the Nb leads formed during Ar plasma etching and
Nb deposition.
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Реферат

Электронная зонная структура важна для объяснения многих физических явлений
физики твердого тела. Нетривиальность зонной структуры некоторых материалов

приводит к образованию новых состояний вещества, таких как топологические
изоляторы, полуметаллы Дирака и Вейля или топологические сверхпроводники. В

рамках исследовательской работы локальные электронные свойства нового материала
Fe-BSTS (легированный железом BiSbTe2Se) были изучены методами сканирующей

туннельной микроскопии (СТМ) и спектроскопии (СТС) и также с помощью
фотоэмиссионной спектроскопии с угловым разрешением (ARPES). Было

продемонстрировано, что энергетическое положение уровня Ферми внутри объемной
запрещенной зоны делает этот материал настоящим объемным изолятором. Кроме

того, признаки присутствующей магнитной щели были обнаружены при помощи STS.
Тем не менее, независимое измерение ARPES не позволило выявить магнитную щель

вблизи точки Дирака в поверхностных состояниях, вероятно, из-за неоднородного
распределения атомов железа, что подтверждается наблюдением кластеров дефектов
на поверхности с помощью СТМ. Также мы демонстрируем баллистический эффект

Джозефсона на этом материале. Реализованный на этом материале СКВИД на
постоянном токе демонстрирует очень выраженные колебания критического тока в
зависимости от внешнего магнитного поля. Критический ток падает до нуля из-за
того, что сверхток протекает только через несколько когерентных баллистических

каналов. Обнаружена еще одна особенность - второй критический ток. Мы полагаем,
что второй критический ток локализован в областях под контактами Nb,

образовавшихся в процессе плазменного травления ионами Ar и осаждения Nb.
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Chapter 1

Introduction

Recently it has been recognized that the band topology is very important in order
to explain a lot of physical phenomena in condensed matter systems. The non-triviality of
the band structure of some materials leads to the formation of new states of matter, such as
topological insulators, Dirac or Weyl semimetals, and topological superconductors. The exis-
tence of topological superconductors is not experimentally verified yet, but they would have
very promising applications. Owing to their bulk band topology, topological superconduc-
tors have Majorana fermions on the boundaries of the material. It was predicted that such
a condensed matter realization of Majoranas can be used to construct a fault-tolerant topo-
logical quantum computer, which is stable against local sources of decoherence. Topological
superconductivity can be obtained via proximity effect between a trivial superconductor and
a topological insulator.

One approach to topological quantum computation is braiding of non-Abelian zero-
dimensional Majorana modes (the edges of a nanowire, the core of vortices, and so on).
An alternative approach to topological quantum computation is using 1D Chiral Majorana
fermions (CMF) instead of 0D Majorana modes. To create CMF we need to create a hybrid
structure of magnetic topological insulator thin film and trivial superconductor. Proximity-
induced superconductivity on the surface of a magnetic topological insulators is a key in-
gredient for studying Majorana physics. So, the goal of this work is to study the proximity
effect between trivial superconductor (Nb) and the surface states of magnetic topological
insulator (Fe – BiSbTe2Se).

In the chapter "Background" we discuss the nature of Topological Insulators, Mag-
netic Topological Insulators, and Superconductors: theoretical predictions and history of
experimental verification. Additionally, we describe previous works of our collaborators
from Nagoya University, who have been synthesized crystals under study and performed
some studies of their properties.

In the chapter "Technological and Experimental Methods" we describe details of the
devices fabrication procedure and the methods, which were used in this work.

In the chapter "Results and Discussions" we present and analyze our experimental
results. Firstly we perform Scanning Tunneling Microscopy and Angle-Resolved Photoemis-
sion Spectroscopy of bulk crystals. Further, we explore the transport properties of SQUID
based on magnetic topological insulator Fe – BiSbTe2Se.

And in the final chapter, we sup um results of the performed study.
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Chapter 2

Background

The importance of global band topology is recognized in condensed matter physics.

A lot of new states of matter, such as topological insulators, Dirac or Weyl semimetals, and

topological superconductors have been discovered. This chapter is devoted to the discussion

of the basic concepts of Topological Insulators, Magnetic Topological Insulators, and Super-

conductors and their experimental realization, together with the discovery and veri�cation

of their electronic properties. Additionally, previous works of our collaborators from Nagoya

University, who have been synthesized crystals under study and performed some studies of

their properties, are described.

2.1 3D Topological Insulators

It was theoretically predicted [1], that Bi2Te3, Bi2Se3 and Sb2Te3 are 3D time reversal

invariant topological insulators. These materials share the same rhombohedral crystal struc-

Figure 2.1: (a) The sketch of the lattice of Bi2Se3. t1;2;3 are the primitive lattice vectors.
The red square is a quintuple layer of the material. (b) The crystal structure from the top
view. (c) Side view of the quintuple layer structure. The �gure is adopted from [1].

ture (R3m space group), �ve atoms in the unit cell. The crystal structure of Bi2Se3 is shown

in Fig.2.1(a). It has layered structures with a triangle lattice within one layer (see Fig.2.1(b)).

8



It has three-fold rotation symmetry (along the z-axis), two-fold rotation symmetry (along

the x-axis), and the y-axis is a bisectrix axis. The crystal structure consists of layers, which

are called quintuple layers. Quintuple layer consists of �ve atoms: two equivalent Se atoms

(Se1 and Se1' in Fig.2.1(c)), two equivalent Bi atoms (Bi1 and Bi1' in Fig.2.1(c)) and a

third Se atom (Se2 in Fig.2.1(c)). The coupling is strong between two atomic layers within

one quintuple layer, but weak van der Waals between two quintuple layers. The primitive

lattice vectors t1;2;3 and rhombohedral unit cells are shown in Fig.2.1(a). The Se2 site is an

inversion center. The existence of inversion symmetry let us to construct eigenstates of the

Hamiltonian of that system with de�nite parity.

Due to the strong spin-orbit coupling (SOC), the bulk valence band and bulk con-

duction band are inverted. To get a better understanding of the inversion and the parity

exchange, let's see the atomic energy levels and consider the e�ect of crystal-�eld splitting

and SOC on the energy eigenvalues at the� point. This is summarized schematically in

three stages (I), (II) and (III) in Fig.2.2(a). If the SOC is large enough (� > � c), the order

of jP1+
z i and jP2�

z i levels are reversed. This inversion process is sown in Fig.2.2(b) explicitly.

As seen, a level crossing occurs betweenjP1+
z i and jP2�

z i energy levels when the SOC is

about 60% of the realistic value (value in the real materials). Since these two levels have

opposite parity, the inversion between them drives the system into a topological insulator

phase. So, the mechanism for the 3D topological insulator in this system is exactly the same

as in the 2D topological insulator HgTe.

Figure 2.2: (a) Schematic diagram of the evolution from the atomicpx;y;z orbitals of Bi and
Se into the conduction and valence bands of Bi2Se3 at the � point. The three di�erent stages
(I), (II) and (III) represent the e�ect of turning on chemical bonding, crystal-�eld splitting
and spin-orbit coupling, respectively. The blue dashed line represents the Fermi energy. (b)
The energy levelsjP1+

z i and jP2�
z i of Bi2Se3 at the � point versus an arti�cially rescaled

atomic SOC � (Bi ) = x� 0(Bi ) = 1 :25x eV, � (Se) = x� 0(Se) = 0 :22x eV. A level crossing
occurs between these two states atx = xc � 0:6. Figure is adopted from [1].

The topological nature of insulators is determined by the physics near the� point,

so it is possible to write down a simple e�ective Hamiltonian to characterize the low-energy

properties of the system. Starting from the four low-lying statesjP1+
z ; " (#)i and jP2�

z ; " (#)i
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at the � point, such a Hamiltonian can be constructed by the theory of invariants for the

�nite wave vector k. On the basis of the symmetries of the system, the generic form of

the 4 Ö 4 e�ective Hamiltonian can be written down up to the order of O(k2), and the

tunable parameters in the Hamiltonian can be obtained by �tting the band structure ofab

initio calculation. The important symmetries of the system are time-reversal symmetryT,

inversion symmetryI , and three-fold rotation symmetryC3 along the z axis. By requiring

these three symmetries and keeping only the terms up to quadratic order ink, one can obtain

the following generic form of the e�ective Hamiltonian:

H (k) = � 0(k)I 4x4 +

0

B
B
B
B
@

M (k) A1kz 0 A2k�

A1kz � M (k) A2k� 0

0 A2k+ M (k) � A1kz

A2k+ 0 � A1kz � M (k)

1

C
C
C
C
A

+ o(k2); (2.1)

wherek = ( kx ; ky; kz) is a wave vector,� 0(k) = C + D1k2
z + D2k2

? , A1; A2; C; D1; D2; M are

material parameters,k� = kx � ik y, k+ = kx + ik y, k? = k � ez.

As a consequence of the nontrivial band structure at the interface between a topolog-

ical insulator and a trivial insulator (or vacuum), topologically protected conducting states

with a linear dispersion and spin-momentum locking should exist. Generally speaking, there

are always a gapless states at the interface between topologically distinct insulators (insula-

tors with di�erent topological invariants). This is called bulk-boundary correspondence. The

Hamiltonian for topological surface states can be obtained from diagonalizing the e�ective

Hamiltonian equation 2.1 with an open boundary condition. For a surface perpendicular to

the z-direction (that is, the [111] direction),kx , ky are still good quantum numbers butkz

is not. By substituting � i@zfor kz in equation 2.1, one can write down the 1D Schrodinger

equations for the wavefunctions	 kx ;ky (z). For kx = ky = 0, there are two renormalizable

surface-state solutions on the half in�nite spacez > 0, denoted byj	 0" i , j	 0#i . By project-

ing the bulk Hamiltonian 2.1 onto the subspace of these two surface states, to the leading

order of kx , ky we obtain the following surface Hamiltonian:

Hsurf (kx ; ky) = ~vF

 
0 kx + ik y

kx + ik y 0;

!

; (2.2)

wherevF is the Fermi velocity and~ is a reduced Planck constant.

This result is supported by DFT calculations. Local density of states as a function of

energy and momentum is presented in Fig.2.3. It is clearly seen, that Sb2Se3 does not have

surface states inside the bulk band gap (it is trivial insulator), but Bi2Se3, Bi2Te3 and Sb2Te3

have states in the bulk band gap (they are topological insulators). I would like to note the

position of Dirac point: in Bi2Se3 and Sb2Te3 the Dirac point is located above the bulk

valence band, but Bi2Te3 has Dirac point below the bulk valence band. This is important

when we brake time-reversal symmetry (for details see the next paragraph). Also, in the

10



ideal situation of in�nite periodic structure without defects Fermi energy is located in the

Dirac point (for Bi 2Se3 and Sb2Te3) and at the top of the valence band (for Bi2Te3). This

result let us to conclude that Bi2Se3 is an ideal platform for observing di�erent phenomena,

related to topological properties because it has big band gap of approximately 0.4 meV and

the Dirac point is located in the bulk band gap. The existence of surface states with linear

Figure 2.3: Energy and momentum dependence of the LDOS for Sb2Se3 (a), Sb2Te3 (b),
Bi2Se3 (c) and Bi2Te3 (d) on the [111] surface. Figure is adopted from [1].

dispersion relation has been con�rmed in many experiments (see, for example, [2]). Fig.2.4

demonstrate ARPES measurements of spectrum for Bi2Se3 and Bi2Te3. The linear dispersion

is clearly seen and the position of the Dirac point is consistent with the DFT calculations.

These works opened a new era in the study of 3D TRI TI, since these materials are

the �rst discovered strong topological insulators with a very simple structure of surface states

(only one Dirac cone). However, as one can see from ARPES measurements, Fermi energy

is located in the conduction band. With the growth of these crystals, a large number of

selenium or tellurium vacancies are formed, which leads to a shift of the chemical potential

(see Fig.2.4). As a consequence, real materials are not bulk insulators, but exhibit metallic

conductivity, which complicates or even makes it impossible to observe transport e�ects

associated with surface states. One way to overcome this problem is to begin to synthesize

and study nonstoichiometric three-component materials such as Bi2(Te,Se)3 or (Bi,Sb)2Te3 or

similar. It is possible to optimize the growth in such a way, that Fermi level is located inside

the bulk band gap. As a consequence, these materials demonstrate predominantly surface

conductivity at temperatures below 25 K and crystal thicknesses up to 120 nm [3], while on

binary compounds it is possible to reduce the contribution of bulk carriers only in thin �lms

(a few nanometers) and cooling sample down below 1 K. Fig.2.5(a) shows semiconducting-

like behaviour at high temperature in bulk Bi2Te2Se crystal. Arrhenius analysis (Fig.2.5(b))

11



Figure 2.4: Electronic structure of Bi2Se3 and Bi2Te3 measured by ARPES. (a) Fermi surface
map and (b) band structure plot along high symmetry cut� � K (indicated by the red dashed
line in panel (a)) of Bi2Se3.(c) and (d) are the corresponding plots of Bi2Te3. Di�erent types
of bands are labeled as surface state band (SSB), bulk conduction band (BCB), and bulk
valence band (BVB). Figure is adopted from [2].

shows the value of activation energy of 28.1 meV, but the resistance reaches its maximum

point at 20 K and then start to decreases, indicating metallic-like behaviour. One of the

main features of the topological surface state in transport is weak anti localization (WAL)

e�ect. The response of the conductance to the magnetic �eld in a 2D system with WAL can

be described by a well-known Hikami-Larkin-Nagaoka model:

� G2D = �
e2

2�h
[	(

1
2

+
B �

B
) � ln(

B �

B
)] � cB2; (2.3)

where � G2D is a change in conductance of 2D material,	 is digamma function, B is a

magnetic �eld, B � = ~=(4eL2
� ) and L � is a coherence length.

In this work Shekhar and collaborators have observed WAL (see Fig.2.5(c)), prooving

surface dominated transport in their material at temperatures smaller than 20 K.

12



Figure 2.5: (a) Temperature dependence of resistance of the bulk single crystal of Bi2Te2Se.
(b) Arrhenius analysis of R(T). The resistance followsR = R0e� =kB T in the temperature
range down to 30 K as indicated by the red line; at lower temperatures it follows metallic
behavior, which is indicated by the blue line. (c) Magnetoresistance at di�erent tempera-
tures, demonstarting WAL e�ect. Figure is adopted from [3].

2.2 Magnetic Topological Insulators

It has been theoretically shown (see, for example, [4]) that the induction of ferromag-

netism in these materials leads to the opening of a gap in the spectrum of surface states,

because the conduction electrons couple with the magnetization via an exchange interaction,

as described by the model Hamiltonian:

H = ~vF (kx � y � ky � x ) + m� z; (2.4)

where m is an exchange interaction,� x;y are Pauli matrices in the space of real spin of

electrons.

Part of Hamiltonian, which is proportional to � z breaks time-reversal symmetry,

because it does not commute with the time-reversal operatorT = � i� yK , where K is a

complex conjugation.

This prediction has been con�rmed in many experiments. For example, in [5] Chen

and collaborators have shown the opening of a magnetic gap in iron-doped Bi2Se3 crystals

using ARPES. Results are shown in Fig.2.6. As one can see, introducing nonmagnetic

dopants (Tl) up to 10% does not destroy Dirac point. So, surface states are robust against

nonmagnetic perturbations. But if we introduce magnetic dopants (Fe in this case) up to

the same concentration, visible gap of about 30 meV appears in the surface state.

If the Fermi level is located in the magnetic gap, we do not have metallic surface

state anymore, but we have 2D insulator. This is called 2D Chern insulator. In tat case,

Chern number plays a role of topological invariant, re�ecting topological properties of 2D

insulator:

C = 2
Z

BZ
R̂ (

@̂R
@kx

�
@̂R
@ky

)
dkxdky

4�
= sgn(m); (2.5)

where R̂ = R
jR j and R = ( � vF ky; vF kx ; m), 2 prefactor is because we have top and bottom
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Figure 2.6: (a) and (b) A nonmagnetically doped topological insulator with a Dirac point
connecting the upper and lower Dirac cones as in the undoped case. (c) Band structure
along theK � � � K direction of undoped Bi2Se3.Left and right subpanels show the ARPES
spectral intensity plot and a stacking plot of the energy distribution curves (EDCs), respec-
tively. The red curve in the right subpanel indicates the EDC at the� point. Inset: EDC at
the � point (red), �tted with a Lorentzian peak (green) on the Shirley background (black);
the total �tting function is shown in blue. The same convention is used in (d),(g), and (h).
(d) Band structure for a Tl-doped sample,(Bi0:9Tl 0:1)2Se3. The Dirac point remains con-
tinuous. (e) and (f) A magnetically doped topological insulator with a broken Dirac point
and a gap separating the upper and lower Dirac cones. (g) and (h) Band structure of two
Fe-doped samples from two growth batches with melt composition(Bi0:88Fe0:12)2Se3:7 and
(Bi0:84Fe0:16)2Se3:7, respectively. At the Dirac point, the reduced spectral intensity (left sub-
panels) and the twin-peak structure in the EDCs (right subpanels) indicate a gap formation.
Figure is adopted from [5].

surfaces.

As one can see from equation 2.5, Chern number is just +1 or -1, depending on

the sign of m parameter in the Hamiltonian 2.4. Physically the sign of m depends on the

projection of magnetization on the normal to the surface of crystalsgn(m) = M � n, where

M is a magnetization andn is normal vector to the surface.

All topological invariants are measurable quantities. In the case of Chern insulators

one of the measurable features is quantum anomalous Hall e�ect (QAHE)[4]. That is why

such a material is also called a quantum anomalous Hall insulator (QAHI). The point of this

e�ect is that we have quantized Hall conductivity at zero magnetic �eld:

� xy =
e2

h
� C = �

e2

h
; (2.6)

where h is a Planck`s constant, e is charge of an electron.

For the �rst time, QAHE was measured in epitaxial thin �lms of (Bi,Sb) 2Te3 doped

with chromium at a temperature of 30 mK [6]. Fig.2.7(a) shows dependence of Hall resistivity
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on external magnetic �eld and at di�erent gate voltages. Gate voltage is necessary, because

to observe QAHE it is necessary to put Fermy energy to the magnetic gap to suppress

transport on the surface and allow transport only through 1D chiral end state. As it`s seen

from this data, QAHE is observes only in the narrow region of gate voltage and at mK

temperature range.

Figure 2.7: (a) Magnetic �eld dependence of� xy at di�erent Vg. (b) Dependence of� xy (0)
(empty blue squares) and� xx (0) (empty red circles) onVg.(c) Magnetic �eld dependence of
� xx at di�erent Vg. (d) Dependence of� xy (0) (empty blue squares) and� xx (0) (empty red
circles) onVg. Figure is adopted from [6].

However, taking into account the size of the magnetic gap (on the order of tens of

meV), the quantum anomalous Hall e�ect should be observed at higher temperatures (the

Curie temperature in these �lms is usually several tens of Kelvin). As it is shown in [7],

one of the reasons that ultra-low temperatures are needed is the proximity of the chemical

potential to the valence band. On the one hand, the Fermi level should be located in the

magnetic gap, but on the other hand, the magnetic gap is located too close to the valence

band. Therefore, as the temperature rises, transport through trivial bulk channels begins

to dominate, and the exact quantization of the Hall conductivity ceases to be observed. In

[8] Arakane and collaborators show that by varying the composition in the four-component

material Bi2� xSbxTe3� ySey, it is possible to raise the Dirac point upward in energy, thereby

increasing the distance to the valence band. If we introduce ferromagnetic order in such a
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material and ensure that the Fermi level is located in the magnetic gap, then there is hope

that it will be possible to realize the quantum anomalous Hall e�ect at higher temperatures.

It was shown [9], that it is possible to grow bulk crystals of a four-component topological in-

sulator Bi2� xSbxTe3� ySey (see Fig.2.8(a)) and induce ferromagnetism by doping the samples

with Fe.

Figure 2.8: (a) XRD pattern for BSTS and Fe-BSTS. (b) Magnetization hysteresis loop for
Fe-BSTS taken at 5K. (c) Temperature dependence of bulk Fe-BSTS crystal. (d) Magne-
toresistance as a function of top-gate voltage and angle. Figure is adopted from [9] and
[10]

A magnetization hysteresis loop was demonstrated at 5 K, suggesting ferromagnetism

in this material. The R(T) dependence indicates that at temperatures below 50 K, surface

transport predominates even in bulk crystals. At low temperature there is an upturn of

resistivity, likely due to the magnetic gap opening. So, this material is an excellent candidate

for observing QAHE on it at higher temperatures.

2.3 Topological superconductors

Closely related to topological insulators is the concept of Majorana fermions. It is

a fermion that is its own antiparticle 
 = 
 y, where 
 is an annihilation operator for this

particle. The existence of such particles was predicted a very long time ago in high-energy

physics [11], but to this day their existence as elementary particles remains in question.

Generally speaking, every fermionic operatorf can be written in terms of two Majo-

rana operators
 1 and 
 2:

f = ( 
 1 + i
 2)=2 (2.7)

f y = ( 
 1 � i
 2)=2 (2.8)

But recently, it was theoretically demonstrated (see, for example, [12]) that Majorana

particles can be formed in a topological superconductor at topological defects (vortices or

sample boundaries). The main feature is that two Majorana fermions in topological super-

conductor 
 1 and 
 2 are separated in space. This allows us to study all the beautiful physics

related to Majoranas just "on the table".
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Superconductivity

Cooling down some conductors bellow a certain temperature (critical temperatureTc),

turns them into superconducting phase. This phase is characterized by zero resistance and

so called Meissner e�ect (magnetic �eld can not penetrate to the bulk of superconductor).

The origin of this phenomena is the electron�phonon interaction, due to which two

electrons with opposite spins interact with each other and form Cooper pairs. Pair of fermions

(electrons) is boson, therefore Bose�Einstein condensation can occur. Therefore, all electrons

in a superconductor at T=0 are coherent and described by a single wave function (order

parameter of the system):

	 = j	 jei� ; (2.9)

where j	 j is its amplitude, and � is the phase. The characteristic distance between two

electrons in Cooper pair is called the coherence length:

� s = ~vF =� � ; (2.10)

wherevF is the Fermi velocity, � is the energy gap in the spectrum of the superconductor.

The coherence length ranges from one to several hundred nanometers, depending on the

material.

Figure 2.9: Schematic representation of real part of order parameter as a function of coordi-
nate at the SN boundary. S represent superconducting region, and N is a normal metal.� s

and � N are coherent length in the superconductor and the normal metal, respectively.
 B is
a transparency of the interface.

In the case of a homogeneous superconductor, all characteristic quantities in it have
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constant values. In hybrid superconducting samples� becomes a spatially dependent quan-

tity, which leads to the emergence of new e�ects, for example, proximity e�ect.

Let`s consider a boundary between superconductor and normal metal (see Fig.2.9).

In this case, normal metal close to the superconductor become superconducting, but

superconductor near normal metal become less superconducting (the absolute value of the

order parameter is less than far away from the boundary). Superconducting correlations

between electrons in the di�use normal metal can be observed at a distance of the order of

the coherence length of the metal� N . They exponentially (e� x=� N ) decay into the normal

metal near the SN interface.

A decrease in the density of Cooper pairs in a superconductor near the SN interface

is determined by the parameter
 = � S� S=� N � N (� S and � N are the resistivities of S and N

metals in the normal state). Transparency parameter
 B = RB =� N � N (RB is the resistance

of the SN interface unit area) de�nes the jump of	 on the SN interface (Fig.2.9).

If we consider two SN boundaries, rather than one, such structure is called SNS

Josephson junction, and the feature of this device is that if the distance between two super-

conductors is not large, the supercurrent can �ow through this system, e.g. we have coherent

transport of Cooper pairs through the N region.

S/MTI heterostructures

Today there is no strong evidence that topological superconductors exist as material,

but it can be obtained due to the proximity e�ect in topological insulator/superconductor

heterostructures [13]. The interest in such materials is due to the fact that Majorana bound

states should have non-Abelian statistics, therefore they can be used to create qubits, and

then - topological quantum computers that are resistant to local sources of decoherence,

as, for example, presented in the work with an array of one-dimensional nanowires [14].

However, to date, there is no unambiguous experimental con�rmation of the existence of

Majorana modes and their non-Abelian statistics.

Another way to create a topological qubit is to use chiral Majorana fermions [16],

which should be formed in chiral topological superconductors (CTS). It was shown that

such a superconductor can be obtained by inducing superconductivity in QAHI due to the

proximity e�ect [17], that is, in superconductor/magnetic topological insulator heterostruc-

tures. Let us start from the Hamiltonian of Chern insulator (2.4), but include hybridization

between the top and bottom surface statesm(k) = m0 + m1(k2
x + k2

y):

H0(k) = ky � x � z � kx � y � z + m(k)� x + �� z; (2.11)

where� i (i = x; y; z) are Pauli matrices in space of top/bottom surfaces. In proximity to an

s-wave SC, a �nite pairing amplitude is induced in the QAH system. The Bogoliubov-de
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Figure 2.10: (a) Phase diagram of the QAHI-SC hybrid system. (b) Dependence of two-
terminal resistance of QAHI-SC hybrid structure as a function of external magnetic �eld.
Di�erent plato correspond to di�erent topological phases. (c) The same dependence, mea-
sured in experiment [15].

Gennes (BdG) Hamiltonian becomes:

HBdG =

 
H0(k) � � � k

� y
k � H �

0 (k) + �

!

; (2.12)

where� is chemical potential,� k is the pairing potential:

� k =

 
i � 1� y 0

0 i � 2� y

!

; (2.13)

where� 1 and � 2 are pairing gap functions on top and bottom surface states, respectively.

It can be shown that this Hamiltonian is equivalent to thepx + ipy topological su-

perconductor. Depending on the parameters, there are few topological phases could exist,

as shown in Fig.2.10(a). N is a topological invariant, which is related to the number of

Majorana modes at the boundary. We are mostly interested in theN = 1 phase, because it

means that we have single chiral Majorana mode at the boundary of topological supercon-

ductor, and 2 chiral Majorana modes are just equivalent to single fermionic mode, soN = 2

topological superconductor is equivalent toC = 1 QAHI.

Chiral Majorana modes in such systems should lead to the fact that the conduc-

tivity of the QAHI/CTS/QAHI heterostructures should be half the quantum of resistance

(Fig.2.10(b)). The conductance is exactly half because there is 50% probability that electron
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going through chiral channel will be re�ected back to the another edge. Similar behavior

was observed in the experiment [15], which is presented in Fig.2.10(c). Indeed, they ob-

served 0.5 conductance plato, however, there is an alternative explanation for this e�ect

that does not involve chiral Majorana modes [18]: superconductor may play a role of metal

short cut, electricaly connecting left and right chiral chanel in QAHI, resulting in the same

half-quantization.

Figure 2.11: (a) Schematic representation of a Majorana-Josephson interferometer. A quan-
tum anomalous Hall insulator (gray) is in contact with two superconductors (blue) and two
normal leads (yellow) at its ends. The arrowes represent trajectories of chiral Majorana
modes in the interferometer. (b) Two-terminal conductance G as a function of phase dif-
ference in a Majorana-Josephson interferometer when the Josephson junction is long (blue
curve) and short (red curve), respectively. Figure is adopted from [19].

Thus, to date, there is also no reliable evidence in favor of the existence of chiral

Majorana fermions. It can be obtained, for example, by performing the experiment pro-

posed in [16]. Lian and collaborators proposed Majorana interferometer, which can show

coherent oscillations of the conductance vs gate voltage, proving existence of chiral Majorana

fermions in that sistem. Or in the work of Li and collaborators [19], it was proposed the

model of Majorana-Josephson interferometer, where the conductance of device (Fig.2.11(a))
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is controlled by the phase di�erence between two superconductors (Fig.2.11(b)). In both

cases the central element of the topological qubit is the proximity induced superconductivity

to the magnetic topological insulator.
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Chapter 3

Technological and Experimental

Methods

The fabrication and research of hybrid superconducting systems based on magnetic

topological insulators requires a multi-stage approach using a variety of high-tech equipment.

This chapter is devoted to the description of the entire technological cycle of work: from the

fabrication of hybrid superconducting structures based on magnetic topological insulators to

the methods of studying the electron properties of such structures.

3.1 Scanning Tunneling Microscopy

In order to characterize the properties of electrons in crystals, a variety of techniques

can be used, depending on the information we want to obtain about the material under study.

If we are interested in the surface properties of electrons, Scanning Tunneling Microscope

(STM) can provide a lot of information about the surface of the material. In this work, we

are interested in topography and spectrum of electrons (e.g. density of states as a function

of energy).

Applying the voltage di�erence between the surface of the sample and the metallic

tip, which is brought to a distance of several angstroms to the surface, electrons will tunnel

from the tip to the surface or backward. This is the fundamental principle of STM. This

phenomenon is based on a purely quantum e�ect. In the classical case, electrons do not have

enough energy to cover the distance between the tip and the sample surface. However, in the

case of quantum mechanical tunneling electrons can overcome the spacing with a certain non-

zero probability. The current which �ows from the sample surface to the tip or conversely

is produced by the tunneling electrons. Diverse characteristics a�ect the tunneling current

value. For example, the tunneling current depends on the distance between the surface

and the tip exponentially: the closer the tip to the surface is, the higher the current is;

and vice versa, the farther the tip is, the less the current is. The controlling of the height

is performed by using the piezoelectric element of the scanner (usually, the tube), which

expands if a voltage is applied to it.

One of the opportunities of the STM is obtaining a topographic image. For main-

taining the tunneling current to be constant, the distance between the sample surface and

the tip should be �xed. That is possible due to managing the height of the metallic tip by

changing the voltage applied to the piezoelectric tube. Moving parallel to the sample surface

22



the tip scans the surface plane remaining at a constant height above it (the tunneling current

is retained constant too). Even in the case, the sample surface is not absolutely �at, the tip

will repeat topography on the �xed height above it (see Fig.3.1(a)). So, to keep the set-point

current, the applied to the piezoelectric tube voltage can be computed to the height of the

tip. Thereby we obtain the height map of the sample surface [20].

Figure 3.1: (a) The scheme of the constant current imaging. The typical distance between
the tip and the surfaced is about 5� 10 �A. The tip has an unrealistically sharp shape in the
picture. (b) The tunneling in the energy space. The� sample and � tip are the work functions
of the sample surface and the tip, respectively. The electrons from the tip can tunnel to the
sample surface.

To understand the physics behind this technique, let us consider the equation of the

tunneling current (from the sample surface to the tip) [21]:

I =
2�e
~

1Z

�1

jM �� j2gSample (E)gtip (E + eVBias )nF D (E)[1 � nF D (E + eVBias )]dE; (3.1)

wheregSample (E) and gtip (E) are the local density of states (LDOS) of the sample surface and

the tip, nF D is a Fermi-Dirac distribution, M �� is a matrix element transition from the sample

surface (from � state) to the tip (to  � state). It can be interpreted as follows: the tunneling

can be provided by only electrons from the�lled state in the sample (gSample (E)nF D (E))

to the empty state in the tip of the same energy, considering the energy shift provoked by

the bias voltage (gtip (E + eVBias )[1 � nF D (E + eVBias )]) (see Fig.3.1(b)). This expression can

be derived using the Fermi's golden rule.

Let us make some simpli�cations:

1) gtip 6= gtip (E), e.g. DOS of metal tip is approximately constant near the Fermi

energyEF in the range of small bias voltages. So,gtip goes out of the integral.

2) nF D is a step function, e.g. the zero temperature limit. At �nite temperature, it
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is still a good approximation if kB T << E F . So, the Fermi-Dirac distribution turns into a

change of integration limits.

3) Essentially, the matrix elementM �� is the probability current from the sample to

the tip. Thus, if we assume that a tip is a sphere and the wavefunction of the surface is the

same as for planar surface, theM �� will be presented as:

M �� / j  � (�! r0 )j2 / e� 2�d ; (3.2)

where�! r0 is a vector from the point under the tip to the center of the sphere (the end of the

tip), � = (2m� )
1
2

~ , � is the di�erence between the Fermi energy of the sample and the energy

of the free-electron state of the vacuum,d is the distance between the sample surface and

the tip.

Finally, taking into account above assumptions the tunneling current takes the form:

I / e� 2�d

EF + eVBiasZ

EF

gSample (E)dE: (3.3)

The fact that the tunneling current depends on the distance between the tip and the

sample exponentially leads to the STM is a very precise technique for imaging the topography

of the surface.

The most intriguing consequence for fundamental physics is that the tunneling current

is an energy integral of DOS. It can be written in the following form:

dI
dVBias

/ gSample (E + eVBias ): (3.4)

In this way, if the tip is keeping its position above the sample surface during the time of

varying the bias voltage, we will obtain the local density of states near the Fermi level. We

can investigate the occupied and the unoccupied local DOS of the sample because we can

apply positive and negative voltages.

So, varying the bias voltage in the interesting range in the certain position(x; y)

above the surface gives a spectrumg(E) at this point. The zero bias voltage corresponds to

the Fermi energyEF of the sample. To obtain the 3D datasetg(E; x; y ) (where x and y are

spatial dimensions,E is energy dimension), we need to represent the surface as a grid and

to measure the spectrum of each point of this grid in the plane arex and y coordinates, the

color is the value ofdI=dVBias .

The principal scheme of the STM is shown in Fig.3.2. The current value is detected

for di�erent applied voltages, and the current-voltage curves are recorded for each point of

the grid to the �le on the computer. The "distance control and scanning unit" is a module

for tip displacement and controlling the distance between the tip and the sample.

In this work, we used a unique version of a scanning probe microscope based on the

Joule-Thomson e�ect, intended for measuring the topography of conducting surfaces and
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Figure 3.2: The principal scheme of the Scanning tunneling microscope.

spectroscopy with high spatial resolution. This microscope belongs to the equipment in the

�eld of ultra-high vacuum technologies. Photo of the microscope is presented in Fig.3.3.

The holder with a sample or with a tip is loaded from the atmosphere inside the

Load Lock. Firstly, it is evacuated by the spiral pump, and later, when the pressure will

reach the value� 0:1 mbar, the turbomolecular pump is turned on. At 10� 7 mbar the

holder is moved to the Preparation Chamber, where the pressure can reach10� 10 mbar by

the turbomolecular and the sublimation pumps. From the Preparation Chamber, the holder

with a tip can be moved to the Ion Etching Chamber. Finally, the sample can be moved

from the Preparation Chamber to the STM Chamber, where measurements are carried out.

The pressure of the STM Chamber is supported by the ion pump at a level10� 10 mbar. So,

during the experiment only ion and sublimation pumps are working, while the spiral and the

turbomolecular pumps are turned o�, which allows avoiding noises created by mechanical

vibrations.

Four slots are used for storing reserve tips or samples in the STM Chamber. Measure-

ments are conducted inside three thermo-insulating shields to avoid heating of the system for

low-temperature experiments. Pneumatic supports of the STM chamber are used to reduce

vibrations.

JT-STM can provide the temperature about� 1 K . It is possible because the liquid
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