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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 BiSbTe,Se) 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 de-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.

Research Advisor:

Name: Albert Nasibulin

Degree: Doctor of Sciences

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

Co-Advisor:

Name: Dr Vasily S. Stolyarov

Degree: PhD

Title: Leading Research Scientist and d/Head of Topological Quantum Phenomena in Super-
conducting 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)



,Z[}KOBQ(l)COHOBCKI/Ie KOHTAKTBbI Ha OCHOBE€ MAarmmTHBIX
TOIIOJIOTNTYIE€CKNUX MN30JIATOPOB

Angpeit Kynpsios

[Ipencrasieno B CKOJKOBCKUIT HMHCTUTYT HAYKUA U TEXHOJIOTUI

Wronw 16, 2021

Pedepar

DJIEKTPOHHAST 30HHASI CTPYKTYPa BayKHA JIJI O0bICHEHUsT MHOTUX (DU3UIECKUX STBICHUI
dusukn TBepmoro Tena. HerpuBraabHOCTH 30HHOM CTPYKTYPBI HEKOTOPBIX MATEPHUAJIOB
HPUBOJIUT K 0OPA30BAHUIO HOBBIX COCTOSTHUI BEIIECTBA, TAKMX KAK TOIOJOTTYECKUE
U30JIATOPDI, ToiyMeTa/uibl Jupaka u Beiis nin Tomosiornueckue cBepxipoBojHuku. B
paMKax MCCJIe0BaTE/IbCKOM pabOThI JIOKAIbHBIE 3JIEKTPOHHBIC CBOHCTBA HOBOI'O MATEPHUA/IA
Fe-BSTS (serupoBanmusiii xkesrezom BiSbTeySe) Oblmn u3ydeHbl MeTOIAME CKAHUDPYOITIEHT
tyrnrensHoit Mukpockormu (CTM) n cnekrpockormu (CTC) n takzke ¢ IOMONTBHIO
dboToamMuccronHOl criekTpocKomu ¢ yriobiM pasperierneM (ARPES). Bouio
[IPOJIEMOHCTPUPOBAHO, UTO SHEPreTHIecKoe moJiozkenne ypoBus Pepmu BHYTPU 00bHEMHOIM
3AIIPEIEHHON 30HBI JIeJIaeT 3TOT MaTepPUaJ HACTOSIINM OObEMHBIM H30/19TOpoM. Kpome
TOrO, TPU3HAKN TPUCYTCTBYIONIEH MArHUTHON mien ObLn obHapy2KeHbl mpu momoru ST'S.
Tem me menee, Hezapucumoe m3mepenne ARPES He 1103B0IMI0 BBISIBUTH MATHUTHYIO TIEJTH
BOIM3M TOUKN /[Mpaka B MOBEPXHOCTHBIX COCTOSTHUSAX, BEPOATHO, U3-3a HEOJIHOPOIHOTO
pacripejieJieHust aTOMOB KeJjle3a, YTO MOJITBEPXKIaeTcs HAOIOJIeHeM KJIacTepoB JieheKTOB
na nosepxuoctu ¢ nomorpio CTM. Takxke Mbl ieMoHCTpUpYeM OasuucTudeckuit 3hdexT
JIxxo3edcona Ha 3TOM MaTepuase. PeammsoBannbiil Ha 3ToM MaTepuaae CKBUJIL ra
ITOCTOSTHHOM TOKe JIEMOHCTPUPYET OYeHb BhIPasKeHHBIE KOJIe0aHUs KPUTUIECKOTO TOKA B
3aBUCHMOCTH OT BHENTHErO MAarHUTHOTO Mojd. KpuTudecknii TOK majaeT J0 HyJIsd U3-3a
TOrO, YTO CBEPXTOK MPOTEKAET TOJBKO UepPe3 HECKOJIBKO KON€PEHTHDLIX 0a/IMCTHIECKUX
kanajoB. ObHapyKeHa ele o/Ha 0COOEHHOCTH - BTOPOil Kputudeckuit Tok. MbI mostaraem,
YTO BTOPOI KPUTUYECKUN TOK JIOKAJU30BAH B 00JIACTAX 110/ KOHTAKTaMu Nb,
00pa30BaBIIMXCs B IPOIECce IIa3MEHHOTO TpaBjeHus nonamu Ar n ocazkaennss Nb.

Haywmbrit pykoBouTesib:

Nwms: Ansbepr Hacubysiun

Vuenoe 3Banue, crenenb: JIokTop hu3nko-MareMaTnIecKux HayK

Homxnocts: [Ipodeccop, Cronkosekuit Muacturyr Haykn u Texunosoruit, [leatp doronukn
1 KBAHTOBBIX MaTEPUAJIOB

Co-pyKoBOINTE/Tb:

Nwmsa: Bacumit Crosisgpos

VYdenoe 3BaHue, crenedb: Kauangar GU3NKO-MaTeMATHICCKUX HAYK

JomxxuocThb: Bejymnit HaydHbBI COTPY/IHNUK, 3aM. 3aBEJIyIOINIEro JadbopaTopueil TOMOJOrnTIecKnx
KBAHTOBBIX sIBJIEHUN B cBepxXmpoBoisiux cucremax, MPTU, saBemytomuii jaboparopueit
CBEPXIPOBOJSIIIX KBaHTOBBIX TexHosoruii, BHUMA nm.H.JT. [lyxosa (POCATOM)



Acknowledgments

I would like to express my very profound gratitude to my scientific supervisor Dr.
Vasily S. Stolyarov for the wise guidance in scientific and life issues, which helped me to
become not only a better scientist but also a better person.

I would like to thank Rikizo Yano, Hishiro Hirose, Taiki Tsuda, Hiromi Kashiwaya,
Takao Sasagawa and Satoshi Kashiwaya for providing bulk crystals of magnetic topological
insulators; Denis Vyalikh and Aleksandr Fedorov for conducting an angle-resolved photoe-
mission spectroscopy; Professor Alexander Golubov for the help with theoretical analysis
of the experimental results and useful discussions, Professor Jukka Pekola for providing
Coulomb blockade thermometer for the help with electronic temperature measurement.

I am very grateful to the other researchers from the Laboratory of Topological Quan-
tum Phenomena in Superconducting Systems in MIPT: to Andrey Shishkin for the help with
the device fabrication; to Sergey Dizhur for the help with engineering work. Also, I would
like to thank other members of the lab for all small and big assistance during the first steps
in my scientific career.

I am also thankful to Professor Albert Nasibulin for recommendations on the presen-
tation of results and valuable comments.

This study was supported by the Grant RSF-ANR 20-42-09033.



Thesis publications

1. Rikizo Yano, Andrei Kudriashov, Hishiro T. Hirose, Taiki Tsuda, Hiromi Kashi-
waya, Takao Sasagawa, Alexander A. Golubov, Vasily S. Stolyarov, and Satoshi Kashiwaya,
Magnetic Gap of Fe-Doped BiSbTe,;Se Bulk Single Crystals Detected by Tunneling Spec-
troscopy and Gate-Controlled Transports, J. Phys. Chem. Lett., 12, 4180-4186 (2021).

Conferences

1. A.B. Kynpsmos, A.I". Mumkwun, B.C. Cronsapos, UcctemoBanne cBepXIIPOBOISIIIIX

rUOPUJIHBIX CTPYKTYP HA OCHOBE MarHUTHBIX TOTIOJIOTMYECKIX U30/IATOPOB, 63-1 Beepoccuiickas
nayuanas Koudepenius MOTHU, Mocksa, Poccus.

2. A.B. Kyapsamos, R. Yano, S. Kashiwaya, B.C. Cronspos, Ckanupyiomas TyHHeJIbHas

CIEKTPOCKOIHS MArHUTHOTO TOTOIorndeckoro u3ossropa Fe — BiSbTesSe, 15 Mex tynapotabrit
cumriosuyM «Hanodwusuka u mHanosaekTponunkay, Huxxuauit Hosropoj, Poccus.

3. X. Song, A. Kudriashov, Y. Bai, G. Yue, S. Dizhur, S. Kozlov, E. Huemiller,
D. J. Van Harlingen, J. N. Eckstein, V. Stolyarov, and A. Bezryadin, Critical current and

magnetic interference effects in topological superconducting arrays of Nb islands coupled
through Bi,Ses epitaxial films, The 18" International Vortex Workshop 2021, online.



Contents

(1 _Introduction|

[2° Background|
[2.1 3D Topological Insulators| . . . .

[2.2  Magnetic Topological Insulators| .

[2.3  Topological superconductors| . . .

[3 Technological and Experimental Methods|

[3.4  Atomic force microscopy| . . . . .
[3.5 Lithography| . . . . . . . ... ..
[3.6  Magnetron sputtering/. . . . . . .
[3.7  Lift-oft process| . . . . ... ...

[3.8 Cryogenic Transport Measurements| . . . . . . . . . .. . .. ... ... ...

[3.8.1  Dilution refrigerator| . . .
[3.8.2  Ultra-sound bonding| . . .

[3.8.3  Measurements set-up| . . .

I Resal B ol

[4.1  Scanning Tunneling Microscopy]| .

[4.2  Scanning Tunneling Spectroscopy]

[4.3  Angle-resolved photoemission spectroscopy| . . . . . . . . . . ... ... L.

[4.4  Cryogenic transport measurements|

(5 Conclusion and Future Work]

13
16

22
22
26
28
29
30
31
33
33
33
35
35

38
38
39
41
42

47



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 — BiSbTesSe).

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 — BiSbTe,Se.

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



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 verification
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 BiyTes, BisSes and ShyTes are 3D time reversal

invariant topological insulators. These materials share the same rhombohedral crystal struc-
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Figure 2.1: (a) The sketch of the lattice of BisSes. #1253 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 figure is adopted from [I].

ture (R3m space group), five atoms in the unit cell. The crystal structure of BiySe; is shown
in FigP2.1](a). It has layered structures with a triangle lattice within one layer (see Fig2.1(b))



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 five atoms: two equivalent Se atoms
(Sel and Sel’ in FigP.1f(c)), two equivalent Bi atoms (Bil and Bil’ in Figl2.1[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 ¢123 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 definite 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 effect of crystal-field splitting
and SOC on the energy eigenvalues at the I' point. This is summarized schematically in
three stages (I), (II) and (III) in Figf2.2(a). If the SOC is large enough (A > A.), the order
of | P1}) and | P27) levels are reversed. This inversion process is sown in Fig[2.2|b) explicitly.
As seen, a level crossing occurs between |P17) and |P2) 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.
(b)
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Figure 2.2: (a) Schematic diagram of the evolution from the atomic p, , , orbitals of Bi and
Se into the conduction and valence bands of BisSez at the I' point. The three different stages
(I), (IT) and (III) represent the effect of turning on chemical bonding, crystal-field splitting
and spin-orbit coupling, respectively. The blue dashed line represents the Fermi energy. (b)
The energy levels |[P1F) and |P2]) of BiySes at the I' point versus an artificially rescaled
atomic SOC \(Bi) = zAo(Bi) = 1.25x eV, A(Se) = xX\o(Se) = 0.22z eV. A level crossing
occurs between these two states at x = x. ~ 0.6. Figure is adopted from [1].

The topological nature of insulators is determined by the physics near the I' point,
so it is possible to write down a simple effective Hamiltonian to characterize the low-energy
properties of the system. Starting from the four low-lying states |P17,71 (1)) and |P2,,1 (1))

9



at the I' point, such a Hamiltonian can be constructed by the theory of invariants for the
finite wave vector k. On the basis of the symmetries of the system, the generic form of
the 4 x 4 effective Hamiltonian can be written down up to the order of O(k?), and the
tunable parameters in the Hamiltonian can be obtained by fitting the band structure of ab
initio calculation. The important symmetries of the system are time-reversal symmetry 7',
inversion symmetry I, and three-fold rotation symmetry C3 along the z axis. By requiring
these three symmetries and keeping only the terms up to quadratic order in k, one can obtain

the following generic form of the effective Hamiltonian:

M) Ak, 0 Ak

Alkz _M(k) Azk_ 0 2
H(k) = eo(k)Iapq + + o(k?), 2.1
( ) €0(k) Liza 0 Ak, M) Ak, o(k”) ( )
Aok, 0 —Ark, —M(k)

where k = (k,, ky, k.) is a wave vector, ey(k) = C + D1k? + Dok? | Ay, As, C, Dy, Doy, M are
material parameters, k_ = k, — ik,, ky =k, + ik, ki =k -e,.

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 different topological invariants). This is called bulk-boundary correspondence. The
Hamiltonian for topological surface states can be obtained from diagonalizing the effective
Hamiltonian equation with an open boundary condition. For a surface perpendicular to
the z-direction (that is, the [111] direction), k., k, are still good quantum numbers but k&,
is not. By substituting —idz for k, in equation [2.1], one can write down the 1D Schrodinger
equations for the wavefunctions \Ifkrky(z) For k, = k, = 0, there are two renormalizable
surface-state solutions on the half infinite space z > 0, denoted by [Wo4), [Vo;). By project-
ing the bulk Hamiltonian onto the subspace of these two surface states, to the leading

order of k,, k, we obtain the following surface Hamiltonian:

0 ky + ik
Hpr (kg k) = BU ‘ v, 2.2
(ks ) (“k 0 ) (2:2)

where vg is the Fermi velocity and 7 is a reduced Planck constant.

This result is supported by DF'T calculations. Local density of states as a function of
energy and momentum is presented in Fig[2.3] It is clearly seen, that ShySes does not have
surface states inside the bulk band gap (it is trivial insulator), but BiySes, BiyTez and ShoTes
have states in the bulk band gap (they are topological insulators). I would like to note the
position of Dirac point: in BisSez and SbyTes the Dirac point is located above the bulk
valence band, but BiyTes 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
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ideal situation of infinite periodic structure without defects Fermi energy is located in the
Dirac point (for BisSes and SheTe3) and at the top of the valence band (for BiyTes). This
result let us to conclude that BisSes is an ideal platform for observing different 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
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Figure 2.3: Energy and momentum dependence of the LDOS for ShoSes (a), ShoTes (b),
BiySe; (c) and BiyTes (d) on the [111] surface. Figure is adopted from [I].

dispersion relation has been confirmed in many experiments (see, for example, [2]). Fig[2.4]
demonstrate ARPES measurements of spectrum for Bi;Ses and BisTes. 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 first 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. As a consequence, real materials are not bulk insulators, but exhibit metallic
conductivity, which complicates or even makes it impossible to observe transport effects
associated with surface states. One way to overcome this problem is to begin to synthesize
and study nonstoichiometric three-component materials such as Biy(Te,Se), or (Bi,Sb),Tes 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 films
(a few nanometers) and cooling sample down below 1 K. Fig[2.5[(a) shows semiconducting-
like behaviour at high temperature in bulk BiTe;Se crystal. Arrhenius analysis (Figl2.5|(b))

11
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Figure 2.4: Electronic structure of BisSez and Bis Tes measured by ARPES. (a) Fermi surface
map and (b) band structure plot along high symmetry cut I'— K (indicated by the red dashed
line in panel (a)) of BisSes.(c) and (d) are the corresponding plots of BisTes. Different 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)
effect. The response of the conductance to the magnetic field in a 2D system with WAL can
be described by a well-known Hikami-Larkin-Nagaoka model:
2
AGsp = a;—h[‘lf(% + %) - ln(%

where AG5,p is a change in conductance of 2D material, ¥ is digamma function, B is a

)] — B2, (2.3)

magnetic field, By = h/(4eL?) and Ly 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.
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Figure 2.5: (a) Temperature dependence of resistance of the bulk single crystal of BisTesSe.
(b) Arrhenius analysis of R(T). The resistance follows R = Rye®/*sT 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 different tempera-
tures, demonstarting WAL effect. 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 = hop(kyoy — kyoy) +mo, (2.4)

where m is an exchange interaction, 0., are Pauli matrices in the space of real spin of
electrons.

Part of Hamiltonian, which is proportional to o, breaks time-reversal symmetry,
because it does not commute with the time-reversal operator T' = —io, K, where K is a
complex conjugation.

This prediction has been confirmed in many experiments. For example, in [5] Chen
and collaborators have shown the opening of a magnetic gap in iron-doped BiySesz crystals
using ARPES. Results are shown in Fig2.60l As one can see, introducing nonmagnetic
dopants (T1) 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, reflecting topological properties of 2D

insulator: . .
.~ OR  OR. dk,dk
C=2 R X Y = sgn(m), 2.5
[ RG < Ge (m) 2.5)
where R = % and R = (—vpky, vpk,, 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 the K —I" — K direction of undoped BisSes.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 I point. Inset: EDC at
the I" point (red), fitted with a Lorentzian peak (green) on the Shirley background (black);
the total fitting function is shown in blue. The same convention is used in (d),(g), and (h).
(d) Band structure for a Tl-doped sample, (BiggTly1)2Ses. 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 (BigggFeg 12)25€e37 and
(BipssFep.16)25es.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 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 crystal sgn(m) = M - n, where
M is a magnetization and n 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 effect (QAHE)[4]. That is why
such a material is also called a quantum anomalous Hall insulator (QAHI). The point of this

effect is that we have quantized Hall conductivity at zero magnetic field:

62 2

e
oy = —C =+—, 2.6
g Y h h ( )

where h is a Planck's constant, e is charge of an electron.
For the first time, QAHE was measured in epitaxial thin films of (Bi,Sb),Tes; doped

with chromium at a temperature of 30 mK [6]. FigJ2.7(a) shows dependence of Hall resistivity
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on external magnetic field and at different 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.
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Figure 2.7: (a) Magnetic field dependence of p,, at different V. (b) Dependence of p,,(0)
(empty blue squares) and p,,(0) (empty red circles) on V;.(c) Magnetic field dependence of
pzz at different V;. (d) Dependence of 0,,(0) (empty blue squares) and o,,(0) (empty red
circles) on V;. 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 effect should be observed at higher temperatures (the
Curie temperature in these films 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 Biy_,Sb,Tes_,Se,, 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 effect at higher temperatures.
It was shown [9], that it is possible to grow bulk crystals of a four-component topological in-
sulator Biy—,Sb,Tes_,Se, (see Fig[2.§(a)) and induce ferromagnetism by doping the samples
with Fe.
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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 v = ~', where v is an annihilation operator for this
particle. The existence of such particles was predicted a very long time ago in high-energy
physics [I1], but to this day their existence as elementary particles remains in question.

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

rana operators y; and 7s:
f=n+ip)/2 (2.7)

fl=(n—im)/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 v; and 7, 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 temperature Tt.),
turns them into superconducting phase. This phase is characterized by zero resistance and
so called Meissner effect (magnetic field 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):
U = ||, (2.9)

where |¥| is its amplitude, and 6 is the phase. The characteristic distance between two

electrons in Cooper pair is called the coherence length:
gs - hUF/ﬂ-A7 (210)

where vp is the Fermi velocity, A is the energy gap in the spectrum of the superconductor.
The coherence length ranges from one to several hundred nanometers, depending on the

material.

Re ¥(x) \ |7

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. &
and &y are coherent length in the superconductor and the normal metal, respectively. vg 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 A becomes a spatially dependent quan-
tity, which leads to the emergence of new effects, for example, proximity effect.

Let‘s consider a boundary between superconductor and normal metal (see Fig..

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 diffuse normal metal can be observed at a distance of the order of
the coherence length of the metal {y. They exponentially (e=/¥) 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 v = ps&s/pnén (ps and py are the resistivities of S and N
metals in the normal state). Transparency parameter 75 = Rp/pnEn (Rp is the resistance
of the SN interface unit area) defines the jump of ¥ on the SN interface (Fig..

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 flow 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 effect 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 [I4].
However, to date, there is no unambiguous experimental confirmation 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 effect [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 states m(k) = mq + mq (k2 + k7):

Hy(k) = kyo,7, — kyo,m, + m(k)1, + Ao, (2.11)

where 7;(i = x,y, z) are Pauli matrices in space of top/bottom surfaces. In proximity to an

s-wave SC, a finite 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 field.
Different plato correspond to different topological phases. (c¢) The same dependence, mea-
sured in experiment [15].

Gennes (BdG) Hamiltonian becomes:

_ Ho(k) — p Ay
Hpac = < Al HE (k) + ,u) ; (2.12)

where p is chemical potential, Ay is the pairing potential:

A= [Baow 0 ) (2.13)
0 iAQUy

where A; and A, are pairing gap functions on top and bottom surface states, respectively.

It can be shown that this Hamiltonian is equivalent to the p, + ip, topological su-
perconductor. Depending on the parameters, there are few topological phases could exist,
as shown in Fig(a). N is a topological invariant, which is related to the number of
Majorana modes at the boundary. We are mostly interested in the N = 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, so N = 2
topological superconductor is equivalent to C' =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 reflected back to the another edge. Similar behavior
was observed in the experiment [I5], which is presented in Fig2.10[c). Indeed, they ob-
served 0.5 conductance plato, however, there is an alternative explanation for this effect
that does not involve chiral Majorana modes [I8]: superconductor may play a role of metal
short cut, electricaly connecting left and right chiral chanel in QAHI, resulting in the same

half-quantization.
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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 [I6]. 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 (Figl2.11f(a))
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is controlled by the phase difference 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 difference 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 effect. 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 flows from the sample surface to the tip or conversely
is produced by the tunneling electrons. Diverse characteristics affect 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 fixed. 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
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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 flat, the tip
will repeat topography on the fixed height above it (see Figl3.1|(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].

(a) Feedback loop (0) N / 1

Piezoelectric - -
scanner  |+X|+Y

electrons
tunneling

=S
©

Figure 3.1: (a) The scheme of the constant current imaging. The typical distance between
the tip and the surface d is about 5 — 10 A. The tip has an unrealistically sharp shape in the
picture. (b) The tunneling in the energy space. The ¢sumpre and ¢y, 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]:

27re
I = / |M;U/| gSample(E)gtzp(E + eVBzas)nFD(E)[l - nFD(E + eVBzas)]dE (31)

—00

where gsampie(E) and gy, (E) are the local density of states (LDOS) of the sample surface and
the tip, npp is a Fermi-Dirac distribution, M, is a matrix element transition from the sample
surface (from 1, state) to the tip (to 1, state). It can be interpreted as follows: the tunneling
can be provided by only electrons from the filled state in the sample (gsampie(E)nrp(E))
to the empty state in the tip of the same energy, considering the energy shift provoked by
the bias voltage (gtip(E + €Vpias)[1 —npp(E +€Vhias)]) (see Fig(b)). This expression can
be derived using the Fermi’s golden rule.

Let us make some simplifications:

1) Gtip # Grip(E), e.g. DOS of metal tip is approximately constant near the Fermi
energy Er in the range of small bias voltages. So, g, goes out of the integral.

2) ngp is a step function, e.g. the zero temperature limit. At finite temperature, it
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is still a good approximation if kgT' << Ep. So, the Fermi-Dirac distribution turns into a
change of integration limits.

3) Essentially, the matrix element M, 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, the M, will be presented as:
M, o [, (75) | oc e, (3.2)

where 7¢ is a vector from the point under the tip to the center of the sphere (the end of the
tip), kK = %, ¢ is the difference 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:

Er+eVpias
I o e 2 / 9Sampte(E)dE. (3.3)
Ep
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:

dl
dVBias

X gSample(E + 6VBias)~ (34)

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 (z,y)
above the surface gives a spectrum g(E) at this point. The zero bias voltage corresponds to
the Fermi energy Er of the sample. To obtain the 3D dataset g(F,z,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 are x and y coordinates, the
color is the value of dI/dVpgqs.

The principal scheme of the STM is shown in Fig[3.2] The current value is detected
for different applied voltages, and the current-voltage curves are recorded for each point of
the grid to the file 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 effect, 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
field 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 reach 10719 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 level 107'% mbar. So,
during the experiment only ion and sublimation pumps are working, while the spiral and the
turbomolecular pumps are turned off, 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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Figure 3.3: Photo of the scanning tunneling microscope, placed in Laboratory of Topological
Quantum Phenomena in Superconducting Systems, MIPT.

helium inside the inner reservoir supports the T'= 4.2 K and due to Joule-Thomson effect
the 1 K is achieved. The helium reservoir is surrounded by nitrogen (7' = 77 K) for
preventing the rapid evaporation of helium. It is possible to work at 7' = 77 K, when the
nitrogen is inside both reservoirs. The electromagnet, which is located near the microscope,
lets to apply the transverse magnetic field up to 3 7. STM measurements are conducted
by using the Nanonis electronics and software. For our measurements, we used hand-made

tungsten tips. The whole procedure of tip fabrication can be found in [22].

3.2 Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy (ARPES) is used to determine the band
structure of solids. In this work we used synchrotron radiation to excite the solid since it
allows us to tune the energy of photons in a wide range. Also, synchrotron radiation is
characterized by high intensity, small uncertainty in energy, and it can be focused on a small
beam to collect photoelectrons from a spot of tens of micrometers. Synchrotron radiation is

generated in the following way. The magnetic field deflects the electrons, which have large
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energy, and when these electrons change direction (going in circles) they emit radiation. This
radiation is going into the beamline, where it is monochromatized by a diffraction grating
and focused on the surface of the sample under study. We used linear horizontal polarization

beam with energy hrv = 15 eV.
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Figure 3.4: Schematic of the ARPES setup. Yellow, purple and blue traces correspond to
different tilt angles. Green dashed line correspond to the incoming x-ray beam. Figure is
adopted from [23]

The main part of ARPES set-up is the analyzer of electron energy (Fig. Since
we are interested in the kinetic energy of the outgoing electrons and the angle of outgoing
electrons, it would be convenient to detect both characteristics in a single measurement.
To do so, there is a simple principle. The electron-optical lens focus electrons which left
the surface at some angle to a point in the focal plane (Fig. In such a way we get
information about the momentum space. The distance from the focal plane to the electron
peak corresponds to the angle, at which electrons leave the surface, and therefore to the
momentum of the electrons. To analyze the energy of electrons, the entrance slit of the
hemispherical analyzer is placed precisely in the focal plane of the electron-optical lens.
Voltages on two hemispheres are chosen in such a way that only electrons with known kinetic
energy will be going exactly in the middle of two hemispheres and focused on the center of
the detector. Faster electrons will hit the detector closer to the outer hemisphere; slower
electrons will hit the inner hemisphere. That is how we can get the photoemission intensity

as a function of the momentum of electrons and the energy of electrons simultaneously.
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There are few reasons to conduct the measurements at low temperatures. Firstly,
if the temperature of the material is high, the electronic states are blurry in energy and
momentum. To measure the band structure with high precision this temperature broadening
has to be as small as possible. Secondly, a lot of physical properties are temperature-
dependent (superconductor transitions, magnetic transitions, and so on), and to know the
properties of those systems as a function of energy is of fundamental importance. One of the
effective ways to cool the sample down to tenths of a Kelvin is to use liquid helium. Typically,
reaching sub-Kelvin temperatures is not hard, because thermal radiation can be effectively
shielded. Unfortunately, we can not do the same in photoemission experiments because we
need to light the sample by x-rays and collect outgoing electrons. This is realized by specially
designed slits in radiation shields, which have different temperatures. The cooling power of
the cryostat should be very high to compensate for the heat coming from the x-ray beam
and room-temperature environment. This is achieved by using two pumps which reduce
the vapor pressure above the liquid He3, therefore cooling the sample. The sketch of the
photoemission experiment is shown in Fig[3.4] The x-ray beam goes to the 1 K surface of
the sample and knocks photoelectrons out. Electrons are projected to the entrance slit of

the analyzer, sorted in terms of momentum, and then the kinetic energy is measured.

3.3 Mechanical exfoliation

The first stage in the preparation of structures is fabrication of thin flakes of crystals
by mechanical exfoliation. The so-called scotch tape technique was firstly utilized to obtain
graphene from graphite in 2004. After that, a lot of thin films of other materials, such as
h — BN, MoSs, BiySes, and others were obtained by mechanical exfoliation. This method
of producing thin flakes is possible because the above materials are so-called van der Waals
crystals. They are layered materials, in which the bonding between different layers is weak
van der Waals force. It makes possible easy mechanical cleavage along some crystallographic

planes.

Figure 3.5: The procedure of substrate cleaning. (a) The sequence of solvents: Acetone,
IPA, DI Water. (b) Substrates in an ultrasonic bath. (c) Substrates on a hot plate. (d)
Substrates inside Ar-plasma etching machine.

First, Si/Si0, substrates were cleaned to remove organic contaminants and water
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from the surface (see Fig. The following procedure was used:

1) Ultrasonic cleaning in Acetone for 5 minutes,

2) Ultrasonic cleaning in 2-propanol (IPA) for 3 minutes,

3) Ultrasonic cleaning in deionized water (DI) for 1 minute,

4) Annealing at 120 degrees C for 5 minutes on a conventional laboratory hot plate,

5) Oxygen plasma cleaning for 5 minutes.

Second, bulk single crystals of magnetic topological insulators were placed on the
adhesive side of blue tape and slightly pressed in a few places. Then transferred crystals
were thinned by multiple pilling-off procedures. Third, the crystals-loaded tape was brought
in contact with the substrate, slightly pressed by a finger, and relatively slowly released.
The example of exfoliated flakes can be seen in Fig[3.6(d).

Figure 3.6: Exfoliation procedure. (a) A single crystal is placed on scotch tape. (b) Multiple
pilling off. (c) Flake transfer to the substrate. (d) Examples of exfoliated flakes.

3.4 Atomic force microscopy

In order to determine the topography and height of exfoliated flakes under study, we
used an atomic-force microscope from NanoScan Technology. It allows us to determine the
position of the cantilever with respect to the substrate using an integrated optical microscope,
so, we can easily scan the flake we are interested in.

The principle of the work of the atomic force microscope is based on the detecting
force interaction between a sample surface and a tip. The nanoscale tip is used as a probe
and locates on the end of the elastic console, which is called a cantilever. The force acting
on the probe from the surface side causes the console to bend. The appearance of hills or
pits under the tip leads to a change in the force acting on the probe, and therefore to a
change in the bending value of the cantilever. Thus, by detecting the bending value, we can
get an image of the surface topography (see Fig[3.7(b)). Forces acting between the probe
and the sample are short-range van der Waals forces (see Fig[3.7(c)). These forces may
be positive or negative: at long distances, they provide attraction, at short distances they

provide repulsion.
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Figure 3.7: Schematic representation (a) and regimes (b) of the work of the atomic force
microscope.

NST microscope operates in semi-contact mode. During the measurements in the
semi-contact mode vibrations at the resonant frequency are excited on the cantilever. The
force acting from the surface side leads to the shift of amplitude-frequency and phase-
frequency characteristics of the tip, thus the amplitude and the phase change their values,
meanwhile, feedback maintains the amplitude to be fixed. The change of the amplitude
and the phase are detected, which allows obtaining the desired image. Fig|3.8 shows the
topography of the Fe-BSTS flake and corresponding height profiles.
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Figure 3.8: (a) Topography of the exfoliated crystal. (b) and (c) Height profile along lines 1
and 3, respectively.

3.5 Lithography

In order to develop the design of a structure with a magnetic topological insulator
flake, it was necessary to bind the required object to coordinates. The coordinates of the
flake selected on the substrate were determined using an optical microscope via coordinate
crosses (see Fig[3.9(a)). After selecting the best specimens, a drawing of contact leads to
flake was made in the AutoCAD environment. Screen Shot of the design of SQUID is shown
in Fig(b). The resulting drawing was converted in a format compatible with the software
of the electronic lithograph Crestec Cable 9000, located at the MIPT Center for Collective
Use.
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Figure 3.9: Example of the lithography process. (a) Dark-field optical image of exfoliated
flake near coordinate crosses. (b) Design of sample in AutoCAD. (b) Optical Image of the
developed resist.

Then the substrate was covered by two layers of PMMA A4 resist using spincoater
(6000 rpm, 30 s). Baking of each layer was conducted in a furnace at 50° C for 4 hours in
order to prevent the degradation of the sample surface during heating. The desired structure
was formed by an electron beam, the dose was 450 uC/cm? at electron beam currents of
150 pA for thin structures and 4000 pA for contact pads. The development of the structure
was carried out in a preliminary prepared solution of methyl isobutyl ketone and isopropyl
alcohol (1:4) for 90 sec. Photo of the developed resist is shown in Fig[3.9c).

3.6 Magnetron sputtering

The next step was the metallization of an electronic resist mask (exposed contacts con-
nected to flakes) by a superconductor in an ultra-high vacuum magnetron setup (Fig.

Niobium was chosen as a superconductor because it forms a transparent interface with
topological insulators. The preliminary vacuum in the deposition chamber was py = 2 x 10~
mbar. It is important to note that, before the deposition of the superconductor, the substrate
with flakes was etched in argon plasma to clean the surface of topological insulators from
oxide and organic contamination. Treatment parameters: P=80 W (reflected power P, n=0
W), PowerStep = 10 W, Vpe = 234 V| pa, = 2.15 x 1072 mbar, etching of 15 seconds was
conducted. During this time, approximately 5 nm of the surface layer is etched away, which
was determined using AFM.

After etching the sample, superconducting niobium was deposited. The thickness of
the deposited metal was chosen based on the thickness of the flakes. Spraying parameters:
po = 8.6 x 107 mbar, P=200 W, Vpc = 238 V, pa, = 4 x 1073 mbar, deposition rate V=0.1
nm/s. It should be noted, that since the magnetron targets are located at an angle to the
stage where the sample is located, for better lift-off, we used a tilted table (see Fig[3.11](a)).
The final step in planar superconducting device fabrication is lift-off, which was made in
acetone.

The final device is shown in Fig[3.11|(b). As one may see, there is some problem with
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Figure 3.10: Ultra-high vacuum complex for magnetron sputtering and electron-beam evap-
oration. Designed and assembled by V.S. Stolyarov.

Figure 3.11: (a)Photo of the tilted table. (b) SEM-Image of the device after lift-off

lift-off. Part of the superconducting lead has removed with a few layers of the flake. To
avoid such problems in the future, tests, which are described in the next paragraph, were

performed.
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3.7 Lift-off process

In order to work the technology of device fabrication out, tests with different thick-
nesses of the resist, thicknesses of the deposited niobium, and doses of electrons were per-

formed.

— lpm  JEOL 6/24/2020 d
15.0kV SEI SEM WD 9.3mm 8:49:45

Figure 3.12: (a) SEM-Image of failed device. (b) Illustration of test-object. W=500 nm,
L =5 pum, d is varied from 50 nm to 300 nm with 10 nm step.

Photo of the failed device is presented in Fig[3.12(a). One may see, that part of the
gap between two superconducting leads has not removed during the lift-off process. We have
fabricated test-objects (see Figb)) with varying distance between leads from 50 nm
to 300 nm with 10 nm step to understand, at which distances there are no problems with
lift-off and what is the real distance between the leads. The point is that, because of the
overexposure, the distance between two leads is always smaller than in design.

Results of the test are presented in Fig[3.13] Clearly, if the thickness of the deposited
material is small, we can fabricate smaller distances between Nb leads. For example, if we
use 1 layer of PMMA A4 and deposit 50 nm of Nb, we can obtain a 65 nm gap between
superconductors. But, sometimes flakes are thicker than 50 nm, hence we should use thicker
metal films to prevent the formation of discontinuities at crystal boundaries, therefore, for
the device, presented in this work, we used 2 layers of PMMA A4.

3.8 Cryogenic Transport Measurements

3.8.1 Dilution refrigerator

For transport measurements dilution refrigerator BlueFors LD-250 was used. Dilution
refrigerators are systems that can provide continuous cooling power at temperatures below
300 mK. They can provide temperatures <10 mK and operate without moving parts at the
low-temperature stages. A DR uses the heat of mixing of the two isotopes of helium, 3-He,

and 4-He, to obtain cooling. In order to be able to run the dilution refrigerator’s cooling
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Figure 3.13: Results of tests for Josephson Junction fabrication for (a) 1 layer of resist and
50 nm of Nb, (b) 1 layer of resist and 100 nm of Nb, (c) 2 layers of resist and 100 nm of Nb,

Design distance (nm)

and (d) 2 layers of resist and 200 nm of Nb.

cycle, one should first obtain a starting temperature of about liquid helium (4.2 K) or below.
In our system Pulse Tube cooler delivers low enough temperatures (about 4K) to start the
DR cycle. After the DR is pre-cooled to <4.2 K, the 3-He/4-He mixture has to be condensed
into the system. With a compressor, the pressure of the helium mixture is raised to about 2
bar. The heat exchangers in the incoming condensing line pre-cool the pressurized mixture

to a low enough temperature for it to (partly) condense after the main flow impedance of

the system.
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Figure 3.14: Principles of working of a dilution refrigerator. (a) Phase diagram of He-3/He-4
mixture.(b) Illustration of dilution unit. (¢) Vapour pressure of He-3 and He-4 as a function

of temperature.
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After all mixture is condensed it makes up enough liquid to fill the mixing chamber,
heat exchangers, and part of the still. The DR is now started by pumping the still. The
helium pumped away from the still is returned into the system through the condensing line.
Pumping the still will result in evaporative cooling, dropping its temperature to <0.8 K.
The cooling cycle is possible due to the special properties of 3-He/4-He mixtures at low
temperatures. At temperatures below 0.8 K (depending on concentration) the 3-He/4-He
mixture will separate into two phases: a 3-He rich phase (concentrated phase) and a 3-He
poor phase (dilute phase), as shown in [3.14|(a). Approaching absolute zero temperature, the
concentrated phase becomes pure 3-He while in the dilute 4-He rich phase there remains 6.4%
of 3-He. The enthalpy of 3-He in the dilute phase is larger than in the concentrated phase.
Therefore, some energy is required to take 3-He atoms from the concentrated phase and put
them to the dilute phase. In a DR unit, this energy is taken from the mixing chamber, so
cooling will occur. Because of gravity, the heavier 4-He rich phase will start to collect on the
bottom of the mixing chamber. Eventually the dilute and concentrated phase will settle as
shown in[3.14] In this state, the helium is pumped from the dilute phase of the still is almost
pure 3-He, because the difference in vapor pressure between 4-He and 3-He is large (see
. The 3-He is returned into the condensing line of the DR and precooled. In the mixing
chamber, it is going through the phase boundary between dilute and concentrated phases,
which results in the cooling of the MC. The osmotic pressure causes the 3-He in the dilute
flow from the mixing chamber to return to the stationary one. In general, the performance
of the dilution refrigerator is largely dependent on the efficiency of the countercurrent heat

exchanger and the pumping system.

3.8.2 Ultra-sound bonding

After fabrication, the sample undergoes an ultrasonic bonding procedure, in which the
contact pads of the measuring device are connected by thin aluminum wires to the contact
pads on the sample holder (Fig. The principle of working of ultra-sound bonding is the
following: machine applies same force between aluminum wire and pad and vibrates with
ultra-sound frequency for a short period of time. It causes the melting of aluminum due
to friction, creating good electrical contact. To protect the sample from static discharges
during bonding and sample installation, all pads are connected to each other and grounded
by the protective loop. This loop is removed after the sample is connected to the measuring

set-up and grounded in another point.

3.8.3 Measurements set-up

For transport measurements, we used the so-called Keithley method (see Fig/3.16)).
In this method precision current source Keithley 6220 is used to apply bias current through
the sample and nanovoltmeter Keithley 2182 is used to measure voltage drop on the sample.

Sweeping current from point to point allows measuring I-V Characteristics. In "Results and
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Figure 3.15: (a) Sample holder with the sample is located on the ultra-sound bonder. (b)
Al wires connecting the sample and external measuring set-up.

Discussion" we plot dV/dI color plots. Differential resistance was calculated from smoothed
[-V Curve (5 pts adjacent averaging) and then smoothed again with the same type of smooth-

ing. In order to control the temperature of the sample LakeShore Resistance Bridge was used.
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Figure 3.16: Sketch of the experimental setup. The figure is adapted from [24].

This instrument allows measuring the temperature of the sample via measuring the resistive
thermometer and control temperature of the sample by PID-controlled heater, placed on the
mixing chamber of the cryostat. The magnetic field was applied to the sample with help of
a superconducting solenoid. Keithley 2400 was used to charge the solenoid. To combine all
these instruments hand-made LabView program was used.

A very important aspect of low temperature measurements are the thermalization
of electrons and noise reduction. The point is that at mK temperature electron-phonon
interaction is very weak, hence the electronic temperature could be different from lattice

temperature (bath temperature), which is measured by the resistive thermometer. But in
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transport measurements to have low electronic temperature is very important, since elec-
tronic temperature determines all temperature-dependent transport effects, but not the bath
temperature. In previous experiments in our laboratory another sample holder and filtering
system were used. The sample holder was placed at the top of the MC plate and filtering
system consisted of 2% order RC filter with 17 kHz cut-off frequency (measured at room
temperature) placed on a 1K plate and silver powder filter placed directly inside the sample
holder. Details can be found in [25]. We have measured electronic temperature using a
Coulomb blockade thermometer in this set-up. The result of measurements is presented in
Fig(a). As one can see, at low temperatures electron temperature is higher than bath
temperature and its minimum value is 100 mK.

For measurements, presented in this work, we firstly used the same RC-filter, but
different sample holder without silver powder filter. The new sample holder is shown in
Fig(c). It is a rotating sample holder connected to the MC plate of the cryostat. On
the photo, one can see three boxes, on which the sample holder is mounted (the lower box is
empty on the photo.). Thermalization of the sample holder is obtained through connecting
the sample holder and Cu rod by Cu cable. Likely, the electronic temperature in this setup
was even more, than presented in Fig(a). As a consequence, such a low critical current
as few tens of nA is almost not distinguishable in I-V Curve (see Fig[3.17|(b), green and black
curves). We have found that decreasing the cut-off frequency to a few tenths of Hz greatly
improves the quality of [-V Characteristic. It could indicate that we have additional source
of noise in our set-up (ground loops, or instruments itself). We have not measured electron
temperature with a new filter yet, but we are planning to reduce electron temperature down

to base temperature in the nearest future by appropriate filtering set-up.
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Figure 3.17: (a) Electronic temperature as a function of bath temperature, measured by
Coulomb blockade thermometer. Red dots are experimental points, black line corresponds
to the electronic temperature which is equal to the bath temperature. (b) I-V Characteristics
of the device under study with different filters. Black and green curves correspond to the
284 order RC-filter with a cut-off frequency of 17 kHz at room temperature, and blue one -
2 Hz at room temperature. (c) Photo of the sample holder.
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Chapter 4

Results and Discussion

In this chapter, we present and analyze our experimental results. Firstly we per-
formed Scanning Tunneling Microscopy and Angle-Resolved Photoemission Spectroscopy of
bulk crystals. Further, we explored the transport properties of SQUID based on magnetic
topological insulator Fe — BiSbTesSe.

4.1 Scanning Tunneling Microscopy

(a)

200 nm X 200 nm Wb=183 mV, Ip =104pA
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Figure 4.1: (a) A 200 nm x 200 nm STM image (bias voltage V; = 183 mV and tunnel
current I, = 104 pA) of the in situ cleaved crystal. Atomically flat terraces are separated
by 1.03 nm height steps, and the height of the terraces corresponds to QL. In the top-right
inset, a 10 nm x 10 nm atomically resolved image with a typical set of defects. (b) The
profile along the dashed line of the STM image. (c) The crystal structure of Fe-BSTS. The
upper and bottom figures indicate the top view and the layered structure, respectively. The
arrow indicates a single quintuple layer (QL). (d) A 10 nm x 10 nm atomically resolved
image with a typical set of defects. i, ii, iii, iv, A and B corresponds to the tunneling spectra

in Fig[t.2)(a).

Owing to the excellent cleavage property of Fe-BSTS, sizable crystals were cleaved

in the UHV chamber, and an atomically flat surface enabling STM/STS measurements was
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obtained. STM mapping with a constant current of 104 pA and a bias voltage of 183 mV
(Fig[d.1(a)) show clear atomically flat terraces. Interestingly, in Fig[4.1]a), one can see that
steps consist of two steps. It is unlikely that we have a small region of not Se/Te terminated
surface because it would mean that chemical bond breaking happens during mechanical
exfoliation, which costs a lot of energy.

The observed step height was 1.03 nm, which corresponds to five atomic layers, the
so-called quintuple layer (QL) of Fe-BSTS, as shown in Figll.T(b). These QLs are weakly
bonded by van der Waals forces and terminated by chalcogen atoms (Se, Te). A local STM
study of the flat terraces revealed well-ordered hexagonal lattices with randomly arranged
atomic defects, reflecting its homogeneous substitution of (Bi, Sb, Fe) and (Te, Se) sites. The
form of fingerprints depends on the type of defects and their depth in the QLs. (i),(ii),(iii)
is hard to recognize, but (iv) is vacancy of Se/Te at the top layer [26].

Also, we have found big clusters of defects, which are shown by dashed triangular in
the Fig[4.1[d). The origin of those is not known for now. For further analysis see Sections
[4.2] and [4.3]

4.2 Scanning Tunneling Spectroscopy

Fig(a) shows tunnelling spectra at 4.2 K at different regions, corresponding to
Fig[d.1[d). One can see that atomic defects (i), (ii) and (iii) slightly change the spectrum.
Still, the spectrum in A and B are dramatically different, suggesting non-uniform properties
of this material.

Fig[d.2[b) shows the averaged STS spectra measured at 4.2 K (blue line) and 77 K
(red).

The rapid rise around Vj;,s = —100 mV and 300 mV corresponds to the bulk valence
band (BVB) and bulk conduction band (BCB), respectively, and thus the bulk bandgap is
Apur ~ 400 meV (marked as a green-white gradient). The zero-bias voltage (Fermi energy
Er) is located close to the BVB, a hallmark of a p-type semiconductor. Within the bandgap,
almost linear spectra appeared regardless of the measurement spots, which is a topologically
protected feature and the linear band represents the surface states (the Dirac cone). The
DP was estimated as Epp ~ —12 meV from the extrapolation of the linear part of the
spectra (see Figl.2(b)). Furthermore, the normalized spectrum of dI/dV (4.2 K) divided
by the dI/dV (77 K) reveals some gap around the DP (see Figlt.2|c)). Based on previous
reports (Tou < 50 K) and other magnetically doped tetradymite systems (T ~ 10 K)
the measurement temperatures should cross the Curie temperature of the present material
and the observed gap represents the magnetic gap at the DP with a size of A, ~ 50
meV, which is comparable to other magnetic TIs. We link the fact that the magnetic gap
is partially filled in the region of the Dirac point because of the temperature fluctuations
and the large number of atomic defects saturating the magnetic gap by electrons giving a

nonzero background. The gap at the time- conserved DP is a hallmark of the broken time-

39



40
30 (b) L0z
' — 4K
(a) ' — 77K
35 0,20
ca 5 Eoe=-12mV
30 rad 013
'3
2,0 15 010
- 25 ;
(:0? ; 0,05
= 15 s
> 20 7
> P
g g 0,00 =0 0 50
© © Bias Voltage (mV)
1,0 1.5
1,0
05
05
0,0 T
200  -100 0 100 200 300
Bias Voltage (mV) 0.0
1,8
(C) ——4.2KIT7K
16 |
14 -
5
s 12f %
=
210 o g
08f \ E g~ 50 MV ‘2"
06
0'4 1 1 1 1 1 1

-200 -100 0 100 200 300
Bias Voltage (mV)

Figure 4.2: Results of Scanning Tunnelling Spectroscopy. (a) Tunneling spectra at 4.2 K
at different regions. Corresponding regions are shown in Figl.1(d). (b) Average tunneling
spectra at 4.2 K (blue line) and 77 K (red line). The inset shows a highlight around the
zero-bias voltage. The dashed line represents a linear dispersion approximation, and the
arrow indicates the estimated Dirac point at -12 mV. BVB and BCB are bulk valence and
bulk conduction bands, respectively. (c¢) Normalized dI/dV spectrum of 4.2 K by the 77
K spectra. A clear 50 mV gap appears near the Dirac point. (d) Schematics of the band
structure below Curie temperature, estimated from STS measurements.

reversal symmetry due to ferromagnetic ordering, whereas typical other origins, e.g., the
Kondo effect, produce the gap structure at the Ep.

The Figf4.2d) shows the schematic band structure determined from the STS dI/dV
spectra. The most prominent feature is that the location of the Fermi level is just above
the DP and within the magnetic gap, which is an ideal situation to observe exotic magnetic

gap-origin phenomena described in the introduction section.
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4.3 Angle-resolved photoemission spectroscopy

In order to directly observe the magnetic gap at the Dirac point, we have conducted
the ARPES measurements. Spectrum, taken at 20 K, is presented in Fig}d.3|(a). Indeed, clear
linear dispersion was observed and the Fermi level is slightly above the Dirac point, which
is qualitatively consistent with the STS measurements and recent transport measurements
(see Section . But quantitatively, ARPES shows that the Fermi level is higher than the

Dirac point at 30 meV, which is more than we measured by STS.
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Figure 4.3: The intensity of photo-electrons as a function of Binding energy and wave-vector.
(a) and (b) correspond to the spectrum from different spots on the same sample at 20K. (c)
and (d) the same spots, but at 1.4K.

Moreover, the position of the Dirac point with respect to the Fermi level is varying
a lot, depending on the spot on the sample. Fig(b) shows the spectrum from the same
sample, but at another spot. And here, the Fermi level is higher than the Dirac point at 60
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meV. This indicates the nonuniform electron doping in the material. This is consistent with
the observation of finite density of states at the Dirac point by STS (inset of Fig[t.2|b)).

If we cool the sample down to 4.2 K, the gap at the Dirac point should open, according
to STS measurements. But ARPES do not show magnetic gap even at 1.4 K temperature
(see Figl.3|c) and (d)). We can suggest a few reasons to explain the absence of a gap in

ARPES data:
1) Due to the big amount of point defects the position of the Dirac point varies more

than the value of the magnetic gap and hence, in an integral signal of ARPES we do not see
the gap because there is always the same finite density of states.

2) Nonuniform distribution of the Fe atoms in the sample. In that case, we can see
the magnetization of the sample, but it could turn out that at the specific position of the

X-Ray spot there are no Fe atoms and hence no magnetization and no gap.

4.4 Cryogenic transport measurements

In order to study induced superconductivity in Fe — BiSbTeySe crystals, we have
fabricated Superconducting Quantum Interferometer shown in Fig[i.4[(a). The details of the
device fabrication can be found in Chapter The Current-Voltage characteristic at zero
magnetic field and 14 mK is shown in Figb).
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Figure 4.4: (a) False-collored SEM-Image of SQUID based on Fe-BSTS. Purple - Si/SiO,
substrate, green - Fe-BSTS flake, yellow - Nb leads. (b) I/V Characteristic taken at H=0 G
and T=14 mK.

If we apply an external magnetic field, the device is showing very pronounced coherent
oscillations of the critical current (Fig/4.5)). The period of these oscillations is consistent with
the SQUID loop area:

@ 206781077

= 2 =21 ? ~ 2 4.1
AT 05 cm 7.57 um® =5 x 5 um?, (4.1)

where &5 = Q—he is the superconducting flux quanta, AH is the period of the oscillations.
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Figure 4.5: Color map of differential resistance as a function of Current and External Mag-
netic Field at T=20 mK. Arrows represent the direction of sweeping.

Notably, critical current drops to the zero value, which indicates that I. of the left
and the right Josephson Junctions are equal. Nevertheless, it should be noted that it is very
hard to measure critical current as small as 5 nA since in this case, the Josephson energy
Ej is the same order as the electronic temperature in our set-up (Fig[3.17] (a)):

1%, 2.0678-107*-5-107°
T 2.3.14

E; J =1.6463-107%* J ~ 100 mK, (4.2)

where 1. is the critical current.

Fact that critical current drops to near-zero value is unexpected since in SEM-Image
it is seen that the distance between superconducting leads are different and junctions are
not symmetric. Reasons for that are analyzed below.

We can estimate the number of channels from the geometry of our junction:

W 500
N = =~ 30 43
Ap/2 3072 0 (4:3)

where W is the width of the Josephson junction, determined from SEM-Image, and Ag is
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the Fermi wavelength, determined from the ARPES spectra.
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Figure 4.6: (a) Color map of differential resistance as a function of Current and External
Magnetic Field at T=20 mK. Arrows represent the direction of sweeping. (b) I/V Charac-
teristics taken at H=0.21 G and T=20 mK (yellow dashed line in (a)). Dashed lines indicate
1.1 and I and red and blue lines are linear fits after the first and the second critical current,
respectively. Numbers correspond to the slope of the lines.

Also, we can estimate the number of conductive channels from the normal resistance,
assuming that the interface between a superconductor and a topological insulator is trans-

parent:
62/h 25812

= —— & 31 4.4
Ry 825 ’ (44)

where Ry is the normal resistance at higher currents (see Fig[d.8(b)). Those two values are

N, cond —

consistent with each other. Nevertheless, as we will see next, not all of them are carrying
supercurrent.

Another notable feature of this device is what we call "double critical current", which
can be seen if we zoom in the region where the critical current goes to zero (see Fig[d.](a)).
So, there is a separation of critical current I. to I.; and I., at some fields. I-V Character-
istics of SQUID taken at H=0.21 G is presented in Fig(b). Two clear steps are seen,
accompanied by the change in normal resistance from 632 Ohm to 715 Ohm.

In high fields, instead of the standard modulation of the critical current by the Fraun-
hofer dependence, a monotonic decrease of the critical current is observed. It suggests that
we are in the narrow junction limit, and the magnetic field acts on Cooper pairs by breaking
the mechanism. At a certain value of the magnetic field, two critical currents split completely,
as shown in Fig[i.7[(a) and (b). The temperature dependence of critical currents is shown
in Fig[i.§(a). It can be seen that the critical current increases with decreasing temperature
linearly, but at a temperature of 0.4 K the critical current /., is becoming limited by the
critical current I.,. The linear course of the temperature dependence is consistent with the

ballistic nature of the transport with a transparent interface, which is also supported by the
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Figure 4.7: Color maps of differential resistance as a function of Current and External
Magnetic Field at T=20 mK. (b) is the zoom of the region on (a), highlighted with a black
rectangle.

observation of excess current (see Fig[4.§|b)).

From the critical temperature of SQUID we can estimate the proximity induced gap:

A =1.76ksT, = 1.76 - 8.6 - 107° - 1.69 = 0.25 meV, (4.5)

where T, is the critical temperature of the SQUID and kp is the Boltzmann constant. Of
course, there is no evidence, that BCS theory works in such systems since it is predicted that
p-wave superconductivity should exist in proximitized surface states of topological insulators.

Nevertheless, measurements on similar systems show an induced gap of the same value.

Experimental Data

(a) "l (b) -~ -Lin
ear Flt
50 49,89 nA ° 2000 -
AN — — -Linear Fit
5 Bua \.\. . 1500 |-
4or ‘et Ry=825 Ohm
438nA e 1000 - N
<é 35 : - . °
Zaol ' N 3 500
o IR <
505 | N > L
3 25 \. % 0
-_— N
[V} L
S .. Z 500 =129.4 nA
E= N
S15F S
NN -1000
10 - LN
|
5 AN -1500
r S 1,69K
4
0 ! | | L L L L I | 2000 ! ! ! 1 1 ! ! J

00 02 04 06 08 10 12 14 16 18 20 15 10 05 00 05 10 15 20
Temperature, K Current, uA

Figure 4.8: (a) Temperature dependence of the critical currents I.; and I at zero magnetic
field. The dashed line corresponds to the linear fit of I.;. (b) I/V Characteristic taken at
H=0 G and T=26 mK. Red dashed lines are linear fits of the high-voltage regions. Numbers
correspond to the slope of lines and the intersect with Current axis.

Knowing the value of gap allows us to estimate the current, which is flowing through
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single conductive channel:

;oA 025 1073.1.6-10"1
@7 9p 6.58 - 10-16

nA = 30.35 nA. (4.6)

Interestingly, this value is nicely co-inside with the critical current of a single Joseph-
son junction in our SQUID I, = % nA = 24.945 nA, so, we can conclude that out of 30
channels, only a few of them are coherent. That explains symmetry of SQUID: variation in
distance between superconducting leads doesn’t matter since we are in the ballistic regime,
and variation in the width of superconducting leads doesn’t matter since there are only a

few coherent channels at each Josephson junction.

(b)

0.0
Ipias (LA)

Figure 4.9: (a) I-V characteristic and dV/dl of a SbyTes-based Josephson junction. (b)
Schematic illustration of a proximity induced superconducting areas underneath the Nb
electrodes. Figure is adopted from [27]

That double critical current feature is frequently observed in Josephson junctions
based on different topological insulators or Dirac semi-metal flakes. For example, in [27],
Zhang et al. observed similar behavior, which is presented in Fig/f.9. One of the possible
explanations of the "double critical current" feature is that we have two Josephson junc-
tions in series. The trivial explanation would be that the second weak link emerges at the
boundary of the flake. But this is inconsistent with the fact, that the second critical current
also oscillates and the period of oscillation is corresponds to the area of the SQUID. Plus,
we have a 4-probe measurement, and potential and current contacts are separated on the
surface of the crystal, so, even if we had a weak link in the boundary of the crystal, we
would not measure it. Thus, likely, there is another week link underneath the Nb contacts
near Josephson junction. That’s why the second critical current is limiting the first critical
current, which can be seen in FigJd.6|a) and also why we have the same period of oscillations
of the I.o(H). We believe that some dirty region might form between Nb and flake due to
the Ar plasma cleaning and Nb deposition. This hypothesis needs to be confirmed.
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Chapter 5

Conclusion and Future Work

During my MSc project, I have studied a lot of literature on topological phases of
matter and got a lot of experience with experimental work on sample preparation and cryo-
genic measurements. Now I came close to understand what we should do to measure the
topological properties, including the search for Majorana fermions.

In particular, in the frame of scientific work, the local electronic properties of Fe-BSTS
have been studied by STM/STS and ARPES. Were 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 present 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 topography image.

Also, were demonstrated the ballistic Josephson effect on Fe-BSTS. Fe-BSTS based
dc-nanoSQUID showed very pronounced oscillations of critical current vs an external mag-
netic field. Critical current drops to zero due to supercurrent is flowing through the limited
quantity coherent ballistic channels. Another feature was observed is the double-critical
current. We supposed that the second critical current originates from the region underneath
the Nb leads formed during Ar plasma etching and Nb deposition.

To realise the project, several methods and technologies have been studied. In partic-
ular: STM/STS, ARPES studies; exfoliation and device fabrication of the superconducting
hybrid structures based on magnetic topological insulator flakes has been worked out; using
e-beam lithography and magnetron sputtering technique formed Nb contact was sputtered
on top of exfoliated crystals; the cryogenic part of the dilution refrigerator was prepared for
studies of such kind of devices.

In the nearest future, we plan to conduct Transmission Electron Microscopy (TEM)
of this device to test the hypotheses about the extra superconducting region under the Nb
leads. Also, to study chiral Majorana physics, it is necessary to prove the inhomogeneity of
iron atoms and resolve this issue by optimizing crystal growth.

Now I am really interested in continuing research in this field as a PhD student.
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