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“I love to talk about nothing. It's the only thing I know anything about.”

Oscar Wilde






Abstract

This Ph.D. thesis focuses on the area of topological crystalline insulators
(TCIs). TCIs are a unique class of topological insulators, which hosts gap-
less boundary states due to mirror symmetry of the crystal. Material studied
here is SnTe, a valley-degenerate, narrow gap semiconductor which realizes a
TClI state. A great deal of attention given to topological materials comes from
the possibility of generating non-abelian excitations in a topological matter
in a superconducting state. Unexpectedly series of experiments found that a
junction between metal and topological material resembles characteristics of
superconducting point contact in virtually all the classes of topological mat-
ter. Some of the reports additionally claim to observe zero-bias conductance
peaks. As zero-bias conductance peaks are often linked with non-abelian
excitations in a superconductor these findings were interpreted as interfa-
cial superconductivity formed by a metal and topological surface states. By
employing state of the art SQUID magnetometry, conductance spectroscopy
and electrical transport together with thorough structural characterization, I
examined the possible sources of such excitations in single crystals of SnTe
and its alloys. The zero-energy states vanish in topologically trivial phase,
while magnetic doping in the TCI phase enhances the signal at zero bias.
Simultaneously, these states diminished with the applied external magnetic
tield. Surprisingly, gapless boundary states are not the only topologically
non-trivial states hosted at the surface of TCIL It was recently experimen-
tally found that crystal surface imperfections like naturally occurring atomic
terraces give rise to unusual kind of 1D topological states on the TCI sur-
face. Different scenarios, taking the 1D states into account are discussed in
terms of possible sources of the observed superconducting point contact phe-
nomenology.






Streszczenie

Niniejsza rozprawa doktorska jest poswiecona eksperymentalnym badan-
iom topologicznych izolatoréw krystalicznych. Topologiczne izolatory krys-
taliczne stanowia oddzielna klase materiatéw topologicznych w ktérych syme-
tria zwierciadlana prowadzi do powstania metalicznych stanéw na powierzchni
krysztatéw. W szczegdlnodci, praca poswiecona jest badaniom materiatéw
opartych na tellurku cyny (SnTe), silnie zdegenerowanemu pétprzewodnikowi
o waskiej przerwie energetycznej, w ktérym obserwowany jest stan topolog-
icznego izolatora krystalicznego. Jednym z powodoéw dla ktérego materi-
aly topologiczne sa w ostatnim czasie intensywnie badane, jest mozliwosé
uzyskania w nich topologicznego nadprzewodnictwa (na przyklad w het-
erostrukturach nadprzewodnik/izolator topologiczny). Topologiczne nad-
przewodnictwo charakteryzuje sie istnieniem nieabelowych wzbudzen, atrak-
cyjnych z punktu widzenia obliczeri kwantowych. W ostatnim czasie, po-
jawily sie réwniez niespodziewane doniesienia, dotyczace kontaktéw punk-
towych pomiedzy metalem a materialem topologicznym. Okazalo sie, ze
takie zlacze wykazuje charakterystyke obserwowana dla nadprzewodzacych
kontaktéw punktowych. Czes¢ z tych doniesiefi sugeruje, ze zaobserwowano
rowniez wzrost przewodnictwa rézniczkowego w okolicach zerowego napiecia.
Poniewaz wzrost przewodnictwa rézniczkowego jest czesto wiazanyz faza
topologicznego nadprzewodnika, uznano, ze na miedzywierzchni pomiedzy
metalem a materiatem topologicznym zostaje wyindukowany stan nadprze-
wodzacy z niekonwencjonalnym parametrem porzadku. Stosujac metody
magnetometrii, spektroskopii przewodnictwa oraz charakteryzacji struktu-
ralnej, podjeto probe znalezienia Zrédta obserwowanych anomalii w monokrysz-
talach SnTe oraz powiazanych stopach. W trakcie tych poszukiwan wykazano,
ze charakterystyki typowe dla nadprzewodzacych kontaktéw punktowych
nie pojawiajq sie w bogatych w oléw krysztaléw (Pb,Sn)Te - charakteryzujacych
sie trywialna struktura pasmowa.



viii

Domieszkowanie jonami magnetycznymi nie wplyneto w sposéb jakosciowy
na wyniki spektroskopii przewodnictwa, zaobserwowano jednak zachowanie
krytyczne w funkgji pola magnetycznego i temperatury w fazie ferro-, para-

i diamagnetycznej. Po raz pierwszy w kontekscie obserwowanych anoma-
lii przewodnictwa rézniczkowego, zbadano i przedyskutowano role nad-
przewodzacych wytracer, dyslokacji oraz miedzywierzchni metal /materiat
topologiczny. Na podstawie przeprowadzonych badan stwierdzono, ze ob-
serwowane anomalie przewodnictwa rézniczkowego, nie wykazuja cech charak-
terystycznych dla ukladéw dwu- i tréjwymiarowych. W koricowej czesci
rozprawy przedyskutowano réwniez role jednowymiarowych topologicznie
nietrywialnych stanéw zaobserwowanych na stopniach atomowych w krysz-
talach topologicznych izolatoréw krystalicznych oraz oméwiono dotychcza-
sowe modele teoretyczne opisujace mozliwe zZrédla anomalii w przewod-
nictwie rézniczkowym.
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Chapter 1

Topological Materials

1.1 Introduction and motivation

Zero-energy modes, signalizing the presence of topologically protected Majorana-
type quasiparticles, were predicted to emerge at one-dimensional (1D) junc-
tions of unconventional superconductors and topologically trivial systems,
i.e., at the terminations of relevant 1D quantum wires [1] or at boundaries,
such as vortices, of 2D counterparts [2]. A class of systems was then iden-
tified, in which differential conductance dI/dV reveals signatures of Majo-
rana bound states (MBSs) in the form of a symmetric zero-bias conductance
peak (ZBCP) appearing in the specific range of magnetic fields. Such a spec-
trum was observed in semiconductor nanowires coupled with s-type super-
conductors, in which the Rashba spin-orbit coupling and a Zeeman splitting
lead to a MBS localized at the wire ends. The excellent review was written
by Alicea [3], the recent experimental progress in the Majorana nanowires is
reviewed by Lutchyn and coworkers [4]. These studies culminated recently
by the observation of the robust quantized value of the ZBCP in differential
conductance of epitaxially grown Al/InSb nanowires [5], as theoretically ex-
pected for MBSs and, together with a related work for Al/InAs [6], illustrate
interplay of topological and non-topological effects in differential conduc-
tance spectra of proximitized Rashba nanowires. Another relevant platform
constitutes chains of magnetic atoms, as Fe, deposited on a superconduc-
tor, as Pb, whose mid-gap states can be probed by scanning tunneling mi-
croscopy [7].

Other examples are the layered triplet superconductor Sr,RuQOy4, where a
broad ZBCP was detected at the side edges [8], and BiyTe3 deposited on su-
perconducting NbSe,, in which signatures of MBS were found around vor-
tices [9].
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Generally speaking, there are two ways of realizing superconductivity in
topologically non-trivial systems. One is to put topological material in prox-
imity with an ordinary, s-wave superconductor, as proposed by Fu and Kane [2].
This approach might be technically very complicated and the success will
mainly depend on the quality of the interface between TI and the super-
conductor. Alternatively one can look for a topological material which will
be intrinsically superconducting. The most prominent member of this fam-
ily is Cu intercalated BiySes. Its topological surface showed only a Giaever
gap spectrum according to scanning tunneling spectroscopy [10], a finding
consistent with photoemission data for Bi;Se; INbSe; [11]. In contrast, soft
point-contact spectroscopy studies of Cu,BiySe; did reveal a ZBCP [12] but,
at the same time, indicated a sensitivity of the outcome to mechanical stress [13].
Finally Cu,BiySe3 have been confirmed as unconventional superconductor

by nuclear magnetic resonance [14] and specific heat measurements [15].

In the context of this thesis particularly relevant are characteristics of metal | semiconductor
junctions collected earlier for IV-VI semiconductor compounds. In the case

of superconducting Pb;_,Tl,Te, a conventional Giaever spectrum was ob-

served using soft point-contacts [16]. In contrast, the same experimental ap-

proach points to the presence of ZBCP in the superconducting gap of Sn;_,In,Te,

whose character and magnitude suggests the presence of Andreev bound

< 1.2K (ref. [16,

Y

states in the regime of low In concentrations resulting in T,
17]), whereas conventional Andreev reflection was found for higher In den-
sities [17, 18].

All the systems described above are expected to exhibit some superconduct-
ing features. They are either doped TIs or strongly-spin orbital materials
put into proximity with a superconductor. A true surprise came when a
point-contact spectroscopy was performed on a topological material surface.
These experiments revealed that junctions between normal metals and topo-
logical material are resembling characteristics of superconducting point con-
tacts. Additionally, several reports claim to observe zero-bias conductance
peak (ZBCP) which is an spectroscopic feature inherent to unconventional
superconductors. Series of experiments involving hard point-contacts have
shown ZBCP imposed on a gap, whose decay with the magnetic field and
temperature could be described in a way specific to superconductors, i.e.,
by the BCS-like critical formulae [19-23]. For instance, in polycrystalline
Pbg.¢Sng 4Te ZBCP signatures persist up to T. of 5.5 K but the shape and char-
acteristics of the spectra depend strongly on the metal used for the tip[19].
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Tip-induced ZBCPs, not accompanied by bulk superconductivity, were also
detected in topological semimetals Cd3As; (ref. [20, 21]) and TaAs (ref. [22,
23]) with T, up to 7K which, however, were not found by soft-point contact
spectroscopy [21]. These findings have, therefore, been interpreted in terms
of a local superconductivity induced mechanically by the tip. Another case
is represented by exfoliated and patterned topological Bij 335bg ¢7Se3 nano-
flakes with evaporated metal contacts, in which a logarithmic decay of ZBCP
with temperature, and its complex dependence on the magnetic field and
gate voltage were assigned to the Kondo effect [24]. A series of very recent
experiments on tungsten carbide (WC), MoTe; and WTe, also report features
characteristic for superconducting point contacts. All the relevant experi-
ments reported to date are gathered in a table below together with a critical

temperature Tc at which superconducting behavior vanishes.

Material Type Tc (K) Year
BiySe; [24] TI 1.8 2016
Pbg.60Sng 49 Te [19] TCI 6.5 2016
Cd3As; [20, 21] Dirac Semimetal 13 2016
TaAs [22, 23] Weyl Semimetal 7 2017
MoTe, [25] Dirac Semimetal 5 2018
WC [26, 27] Nodal line Semimetal 12 2018
Z1SiS[28] Nodal line Semimetal 7 2018
WTe;[29] Weyl Semimetal 6 2019

TABLE 1.1: A collection of topological materials where super-
conducting point contacts were observed.

Although it is very interesting why such exotic features like zero-bias con-
ductance peaks appear in the point-contact spectroscopy, the first question
is, why we observe features characteristic for a superconductors between
two metals in a normal state? These observations are surprisingly robust
among many classes of topological materials, in many different samples com-
ing from independent sources (Table 1.1). All of the collected evidence sug-
gest we may deal with a new phenomenon specific to topological matter.
However, besides of topologically non-trivial band structure, all the com-
pounds share another property which was, surprisingly, overlooked by the
community, namely at least one of the topological material constituents is a
superconductor. This in turn indicates, that the observed superconducting

phenomenology may be caused by superconducting nanoinclusions.
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Research presented in this thesis is devoted to check possible trivial mecha-
nisms and search for the superconductivity in the samples of IV-VI semicon-
ductors. The topological phase diagram of a IV-VI based topological crys-
talline insulators is one of the best experimentally surveyed among topolog-
ical materials, in general. The role of topologically non-trivial states in the
system may reveal their impact of the superconducting behavior of a point
contact. Detailed structural, magnetic and transport characterization is per-
formed and trivial mechanisms resulting in superconductivity are carefully
discussed. Finally, I will discuss possible scenarios which can explain or, at
least, point to a new direction in understanding physical mechanism behind

observed phenomena.
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1.2 Topological Insulators

1.2.1 Hall Effect

To discuss a role of a non-trivial band topology in solids and its impact on
the charge transport, I start with consideration of a flow of current in a sim-
ple 2D electron system. In the considered system, current flows from left to
right through a bar shaped sample depicted on Fig 1.1.Two pairs of separate
probes measure voltage drop. Usually, the current flows in a diffusive way
from left to right and voltmeter readings should not be distinguishable on
each side of of the sample. However, in the presence of an external mag-
netic field B, perpendicular to the direction of current flow a Lorentz force
F = q- (E+ B x v) will start deflecting path of the charge carriers. This
leads to a charge accumulation on the sample edges, and thus creates addi-
tional electric field Ey in the y direction of the plane to balance Lorentz force.
Appearance of the voltage difference between top and bottom edges of the
sample is known as a Hall effect after Edwin Hall who discovered it in 1879.
Nowadays Hall effect serves as an important tool for estimating carrier con-

centration in conducting materials or for sensing magnetic fields.

Xy

FIGURE 1.1: The Hall bar.

To estimate Vyy and Vy,, and corresponding resistances, let us consider a clas-
sical particle moving in the electric E and magnetic fields B with velocity v.
The equation of motion can be written as:

dv muv

mE:—eE—e’UXB—? (11)
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Where 7 is an momentum relaxation time and describes average time be-
tween the collisions, assuming electrons are behaving as classical particles. e
and m is the electron charge and mass respectively. This equation was first
proposed and solved by Paul Drude and consequently referred to as Drude

model.
From the stationary solution %:O we can evaluate the velocity:
et
v=——E 1.2
i (12)

We can also define carrier mobility as:

= (1.3)

This quantity characterizes how quickly a carrier can move through a con-
ducting medium under an applied electric field. Very often mobility value
is used to characterize crystal quality. Best and cleanest semiconducting Al-
GaAs/GaAs quantum wells can reach values as high as 35 - 106 cm? V1571 [30,
31], whereas for strongly degenerate semiconductors like SnTe its of the or-
der of 100 cm? V~1 571 as it will be shown in this thesis. The relation between
the velocity and current density is given by:

J = —nev. (1.4)

Where n is carrier density. When we plug the expression 1.2 to the above
equation, we arrive at the Ohm’s law:

J=—"FE (1.5)

This simple law tells us how the current flows in response to an electric field.
Proportionality constant is called conductivity ¢ and it’s defined as:

ne-t
= —. 1.6

In the presence of magnetic field this proportionality constant is not a single

number, but a tensor in a following form:

o= [axx ‘Txy], (1.7)
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Equation 1.4 can also be written in a matrix notation

1 2
_ [ wCT] ] = ne TE, (1.8)
—wet 1 m

where wc = eB/m is a cyclotron frequency. Naturally it is connected with
the resistivity tensor by a the identity poc=1. So it’s quite straightforward to

simply write the resistivity tensor:

Xy
0= a—— pp . (1.9)
pyx pyy

XX

In terms of real experiment, one usually obtains resistance R through the mea-
surement of a voltage drop. Resistance is related to the resistivity by geomet-
rical factor. The nice property of py, is that there is no geometrical factor and
s0 Ryy equals exactly to pyy. If the Hall bar depicted in the Fig 1.1 has a width
of W, and we let the current flow in the x direction we will obtain following

form for Ryy:

V WE E
Y Y Yy

— = =< = ) 1.10

Lo~ W g (110

Now we can define the Hall coefficient which relates current flowing in the x

ny —

direction I, and the corresponding electric field E, in the y direction:

E Ox
Ry=--—*~L =2 1.11
Which in terms of the Drude model can be expressed as:
Vud 1
Ry = — = —. 1.12
" IB ne (112)

So finally we can write down expressions for transversal and longitudinal
resistances we’re going to measure on the Hall bar device:

Vx X m Vx y B

S A (19

1.2.2 Quantum Hall Effect

This is not the entire story. If we keep increasing the magnetic field or obtain
a sample with small n, the electrons will start to move in a cyclotron orbits.
Provided that the system is so clean that the scattering events will not break
the phase of charge carriers, the bulk of a sample will become insulating.
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However, the electrons which are close enough to the edge of a Hall bar will
start to bounce from the left to right. For the opposite edge, the electrons will
skip in the opposite direction (Fig 1.2). This phenomenon is called chiral edge
transport, and was first experimentally seen in a silicon based metal-oxide-
semiconductor field effect transistor (MOSFET) and its called the Quantum
Hall effect (QHE). Results of this experiment is depicted in the Fig 1.3. Let
us briefly examine what happens in a QHE state. The starting point here is

Hamiltonian of an electron moving in external magnetic field.

1
H =5 —(p+eA) (1.14)

Our electron is restricted to move in a 2 dimensional plane (x,y), and mag-
netic field is set constant and perpendicular to this plane meaning, V x A =
Bz. This is not a unique choice by any means, however the resulting physical
picture is gauge-invariant. The eigenproblem now reads:

2 1
zp—;; + %(py —eBx)?| ¢(r) = Ev(x,y). (1.15)

Hy(x,y) =

As momentum py is transnationally invariant and commutates with Hamil-
tonian , it’s appealing to use separation of variables ansatz e.g. (x,y) =
e £ (x). By acting with this wave function on the above Hamiltonian, we

arrive at:

pz 1 2
H = ﬁ + Emwc(x —x0)%, (1.16)

where xo = ik, /mw, in analogy to classical harmonic oscillator we can de-

fine a characteristic length

h
Ig =1/ —- 1.17
B °B (1.17)
Ip is called a magnetic length and determines the size of cyclotron orbit. For
example, Ip ~ 26nm at 1 T . Knowing the explicit solution of the problem is

the harmonic oscillator, we can write the expression for eigenenergies:

1
Typically for the harmonic oscillators, the energy spectrum consists of levels,
in this case separated by fiw,. These are commonly know as Landau levels.

The Landau levels are highly degenerate, as the energy does not depend on
ky.
Y
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FIGURE 1.2: Schematic illustration of sample in the QHE state.
Electrons inside the bulk are moving in cyclotron orbits making
bulk insulating, while current flows along the edge of a sample.

FIGURE 1.3: Discovery of Hall conductance quantization. Af-
ter: [32]
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For a system with linear dimensions L, and L, and periodic boundary
conditions, we find that k,, is quantized:
27
y
Where Z defines a set of all integers. A more careful treatment is required for
Ly. Note, that wavefunctions are exponentially localized around xy = —kl%
so we would expect the allowed k values to be in range —L/ l% >k > 0. The
number of states at the Landau level is equal to:

N = v /0 d — BLsly (1.20)
L™ o —Ly/2 27h '

The degeneracy at the Landau level increases with magnetic field, as well
as the separation between neighboring states. When magnetic field is high
enough, so iw. >> kT (Quantum Hall regime) the degeneracy gets so high
that the electrons are fully filling only a few lowest Landau levels. Such elec-
tron ordering has striking and remarkable consequences. Under change of
carrier density or magnetic field Hall conductance forms a sequence of quan-
tized plateux in the units 0y, = ¢?/h. Consequently due to the insulating
bulk as shown in the Fig 1.3 the conducitivity oyx,=0. We can understand it
by tracing the position of the Fermi level Eg. If Er intersects a Landau Level,
we see a finite bulk conductivity. However, when Er resides between two
neighbouring Landau levels with indicies n and n + 1 the bulk is insulat-
ing and so ox,=0. This effect was first observed in Bismuth single crystal by
Lev Schubnikov and Wander Johannes de Haas [33] and subsequently called
Schubnikov-de Haas oscillations. However, Landau Levels alone cannot ex-
plain exactly quantized QHE plateux.

In 1982 Thouless, Kohomoto, Nightingale and den Nijs (TKKN) recog-
nized that QHE is not only quantum mechanical but also topological [34].
To understand the conductance qunatization it is necessary to introduce con-
cept of a Berry phase. The Berry phase plays an essential role not only in
the physics of topological insulators, but in many different fields of physics.
The derivation goes along the line presented in Ref. [35]. Let R(t) be a time-
dependent set of parameters spanning a vector space. The n-th egienstate is
denoted as |1, R(t)). Shroedinger equation for such eigenproblem reads:

H(R(t)) [n, R(t)) = Ea[R(£)] [, R()) (1.21)
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If we assume adiabatic time evolution of R starting at t=0 and Ry we can
write time-dependent Schroedinger equation for this state, in somewhat stan-
dard way:

HR(E)] |, £) = ih% n, £) (122)

The n-th eigenstate at time t is given by:

] t / /
i) =exp ([ A LR(ED ) I R(1), (123)
where

Lu[R(f)] = ihR(t) - <n,R(t/)‘ Vi

n,R(t’)> — Eq[R(1)). (1.24)

We can factorize this time dependent state to the form of:

|n, t) —exp( /dtR (t/))VR

(1.25)
The first exponential term is the non-trivial quantum-mechanical phase ac-
cumulated during the time evolution. The second term is completely triv-
ial, dynamical phase present for any eigenstate, even if the parameters don’t
change. If R moves on a closed loop C and returns from its original value at
t =0 at time t = T. The Berry phase, v,[C] is defined as:

= /OT dtR(t) -i(n,R(t)| Vg |n,R(t)) = %cdR -i(n,R(t)| Vg |n,R(t))
(1.26)
This brings us to the definition of a Berry connection, which is an analogue
of a vector potential for magnetic field:

A, =—i(n,R(t)| Vg |n,R(t)) (1.27)
The curl operator of Berry connection is known as Berry curvature
B, = Vg X Au(R) (1.28)
The two are related by the Stokes’ theorem:
j[CdR-An(R) . /Sds 'B(R) (1.29)

A seminal idea of TKNN was noticing the connection between Berry phase

n,R(t’)>) In, R(t)) x exp (/Ot dt’En[R(t’)])
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and quantized Hall plateux. If we sum over all available Bloch states |, (k))

and integrate the Berry curvature over the Brillouin zone, we find TKNN

invariant:
N1
V= o fy, VRV lan (K)) (130)
_ v L pdk— - 87] (131)
121 Bz 271

As v is restricted to be an multiple of 27r. This is essentially equivalent to:
Yn[0BZ] = 2tm,m € Z (1.32)

So in other words, change of phase of the wave function after encircling
closed loop over the Brillouin zone boundary necessarily needs to be an
single-valued multiple of 27r. That is why 0y, is quantized to integer mul-
tiples of ¢2/h. The discovery of Quantum Hall Effect reshaped the way we
understand physics of electrons in solids and in fact its the first discovered
topological phase of matter.

1.2.3 Topological Insulators

Another groundbreaking discovery came in 2004 when Andre Geim and
Konstatin Novoselov report successful exfoliation of single graphite flakes —
the graphene [36]. Among plenty fascinating properties like room-temperature
quantum Hall effect [37] or extraordinary mechanical stability and flexibility,
it was predicted that graphene can host new topological quantum state [38]
called quantum spin Hall effect(QSHE). It assumes existence of two copies of
chiral, counter propagating edge states. A key to understanding this is spin-
orbit coupling. If electrons move through the crystal, it experiences electric
field coming from the lattice. If we recall Lorentz transformation for a par-
ticle moving in 3D space, we can naively deduce impact of the crystalline
lattice electric field on electron motion:

I I
Be=b By=—p=—0p E="m— (1.33)
B, + vE B, — vE
! ! y Z ! _ z y
Br=Bv By="r=0 B:= =0 (1.34)

Electrons moving perpendicularly to an electric field, will experience mag-

netic field component in their rest frames. This magnetic field couples to their
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spins and consequently Zeeman splits two spin directions proportionally to
the momentum. Changing momentum and spin simultaneously results in
the same energy value, which means this interaction is time-reversal invari-
ant. This has very important consequence for the band structure symmetries.
According to Kramers thorem, each Bloch eigenstate at wave vector k has a
degenerate, time-reversed partner. Fig 1.4 illustrates that the band structure
is mirror symmetric about zero momentum with respect to the spin. At the
Brillouin zone edges and k=0 time reversed states have the same momen-
tum.This type of points of reciprocal space are called time-reversal invariant
momenta (TRIM). For the system with high spin-oribt coupling, these states
will become spin non-degenerate. As seen in the Fig 1.4 spin-orbit-split states
can recombine again crossing the Fermi level in two fundamentally different
ways. Fermi level can either intersect even (Fig 1.4a) or an odd (Fig 1.4b)
number of Kramers pairs. For the latter case, the Kramers pairs in the sur-
face states "switch partners"”, and as a result, the surface state is guaranteed
to cross any energy inside the bulk gap, whereas in the first case we can
smoothly decompose our system into atomic insulator. These two possibili-
ties define how we can classify hamiltonians, and lead to so called Z;, topo-
logical invariant [38, 39]. Accordingly corresponding topological invariant v
is defined as the number of Kramers pairs in the bulk energy gap modulo 2.

FIGURE 1.4: Illustrations of the Kramers pairs of bands (a) for

topologically trivial and (b) non-trivial cases. Adapted from
[35].
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FIGURE 1.5: Forbidden backscattering in a topological insula-
tor. Due to geometric phase of 7t two backscattering path de-
structively interfere.

Quantum Spin Hall Effect The first experimental realization of Z, topo-
logical order is the Quantum Spin Hall effect. Atlernatively, the same phe-
nomenon is called the 2D topological insulator. The effect essentially consists
of a two, time reversed copies of Quantum Hall effect (Fig 1.2). This results
in a helical transport along the sample edges. Both in QHE and QSHE edge
states are topologically protected. In the Hall bar geometry the two probe
conductance for the QSHE always assumes values of 2¢?/h due to right and
left moving states, whereas for the QHE system the conduction is just a mul-
tiple of €2/ h.

It is instructive to discuss their robustness against disorder, as microscopi-
cally the picture is different. QHE is observed in big, macroscopic samples,
and still yields remarkable quantization accuracy. There is virtually no avail-
able state to backscatter as bulk states are completely occupied. At the same
time, bulk separates counter propagating edge modes on the opposite edges
of a sample. In the Quantum spin Hall state there are two counter propa-
gating edge states per sample edge, but the scattering is forbidden by very
strong spin-orbit interaction which couples spin to pseudo-momentum. The
only available scattering mechanism is a spin-rotation or spin-flip. The for-
mer is also forbidden because two different paths of propagation will always
have a geometric phase of 7w and would destructively interfere as depicted in
the Fig 1.5. Only magnetic impurity, which can break time-reversal symme-

try can provide such a scattering channel.

The first experimental realization of 2D Topological Insulator As pointed
out in the introductory paragraph, the gap opening is of the order of ten
of microelectron volts, insufficient to realize a QSHE. Naturally, a system
made entirely from carbon is not expected to have strong-spin orbit coupling.
However, proposal by Kane and Mele initiated a theoretical quest for alterna-
tive materials. This quest was accomplished by Bernevig, Hughes and Zhang
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FIGURE 1.6: A theoretical proposal of realizing two dimen-

sional Topological Insulator. Panel a depicts band structure of

bulk HgTe (left) and CdTe (right). b Band diagram for I' point

in the quantum well. Right panel depcits topologically non-

trivial band ordering for sufficiently thick wells. Left panel il-

lustrates trivial band ordering for quantum wells thinner than
dc= 6.5nm. Figure adapted from [40]

(BHZ) who in 2006 proposed CdTe/HgTe/CdTe quantum wells (QWs) as a
convenient platform to realize Kane-Mele model [40].

Unusual properties of HgTe band structures were known to community since
the middle of the sixties. Piotrzkowski et al. [41] were first to notice that spin-
orbit splitted anion p-type orbitals are laying above cation s-type orbitals. In
fact, the spin-orbit coupling is so strong, it inverts the sign of the semicon-
ducting gap and changes the usual roles of two bands as seen in the Fig 1.6.
In the case of CdTe situation is completely trivial and resemble band ordering
of conventional semiconductors with I's and I's acting as a conduction and
valence band respectively. Placing HgTe quantum well between CdTe layers
will make the band gap smaller and for sufficiently thin QWs will restore con-
ventional band ordering. However, there’s a critical thickness d. ~ 6.5nm
above which the bands will be inverted. This remarkable property of HgTe
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FIGURE 1.7: An experimental realization of the two dimen-
sional Topological Insulator. Gate sweeps for four different de-
vices, measured in a four terminal configurations are presented
on the graph. Trace I was collected for 5.5 nm QW with 20 um
distance between the leads. Traces I, III and IV were collected
for 7.3 nm thick QW with 20, 1 and 0.5 um distance between the
leads. Inset compares two temperatures for device III. Figure
adapted from Ref. [42]

QWs provides a control parameter which allows for probing trivial and non-
trivial band topologies. BHZ found that in the inverted gap regime, bands
need to close and reopen to create edge states. After this seminal prediction
group of L. Molenkamp [42] at the University of Wuerzburg, prepared HgTe
QWs using molecular beam epitaxy. Figure 1.7 illustrates first observation
of a 2 dimensional topological insulator. For a topologically trivial 5.5 nm-
thick quantum well resembled an insulating character when Fermi level is
tuned into the gap as shown in the Fig 1.7 (black line). A spectacular result
confirming BHZ prediction was shown for thicker QWs (7.3 nm). Indeed lito-
graphically defined small Hall bars shown predicted conductance values of
2¢% /h when the Fermi level is placed in the gap. Unexpectedly, larger device
with 20 ym channel length didn’t fulfill theory expectation and was signifi-
cantly less conductive as shown with the blue line in the Fig 1.7. Surprising
lack of robust, large-scale quantization is not understood. The community
looked for relevant scattering mechanisms which would break time reversal
symmetry, like Kondo effect [43], charge puddles [44, 45], electrical noise [46]

or charged impurities effectively acting as magnetic scatterers [47]. The clean
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cut experimental evidence which could explain short channel length is yet to
be discovered. Existence of edge states was further confirmed by H-bar ge-
ometry [48] suitable for non-local measurements and by scanning SQUID mi-
croscopy [49]. Subsequently InAs/GaSb quantum wells were predicted [50]
and experimentally verified [51] to exhibit properties of 2D TI. For this ma-
terial inverted band structure comes from an anticrossing of InAs and GaSb
in the quantum well, and the resulting band gap is very small (5meV). Some
reports suggest that quantized resistance value, expected for quantum spin
Hall insulator can arise in a trivial phase (Nichele et al.[52]). Within this
picture, measured resistance accidentally fits expected value and can be ob-
served for any system with trivial edge states. The newest development in
this field was observed for monolayer of WTe, which is a Quantum Spin
Hall insulator [53-55]. This offers very promising route for making easy-to-
fabricate 2D TIs structures, without a necessity of complex MBE growth tech-
nology. Despite the ease of fabrication, the problem of short edge channels
is persisting and for the WTe, edge channels are as short as few hundreds of
nanometers, even though QSHE was observed up to 100 K in this material.
Nevertheless, BHZ theoretical proposal, and beautiful experimental confir-
mation by Koenig et. al. [42] started a new field of condensed matter physics
- topological materials.

1.2.4 3D Topological Insulators

Naturally, after successful confirmation of 2D TI phase, the community started
considerations on the extension of the idea for three dimensions. For such a
3D TI, instead of topologically protected edge state states, we would have
topologically protected two-dimensional electron gas (2DEG) spanning the
entire surface of a sample. A 3D TI can be realized in two different ways. A
tirst scenario, called a weak topological insulator is realized by stacking sev-
eral layers of 2D TIs on each other. As a result surface state inherits the spin
character of QSH insulator, yet, these states may not be protected against
disorder [56]. A completely new phase of matter, so called Strong Topologi-
cal Insulators arise for materials with odd number of band inversions (so non
zero Z; invariant). These types of materials have a helical, metallic surface
state. This means, spin-momentum locking prevents backscattering around
the Dirac cone, preserving time reversal symmetry similarly to the 2D case
(see Fig 1.8).

The first realized 3D TI was a Bi;_,Sby alloy [57]. However, the model 3D TI
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system is realized in Bismuth chalcogenides, Bi;Tez and Bi;Se3. These mate-
rials were already widely studied before due to high thermoelectric perfor-
mance. Odd number of band inversions at the I" point of Brillouin zone, high
spin-orbit coupling, and n-type conductivity makes them ideally suited for
angle-resolved photoemission spectroscopy (ARPES). Moreover, large bulk band
gap (300 meV) makes surface states robust even at room temperature. In one
of many experiments done on this system group led by M.Z. Hasan shown
linear dispersion of surface states in the vicinity of I point[58]. Subsequently,
Hsieh et al. [59] shown spin-resolved ARPES measurements on BiyTe; and
Bi,_;CasSe3. The Ca doping was used to tune the Fermi energy in the band
gap. These experiments confirmed spin-momentum locked electron trans-

port around the Dirac cone, protected by time reversal symmetry.

(a) (b)

(c)

FIGURE 1.8: (a) Spin resolved ARPES measurements taken
around I point on Biy Tez and Bi,_5CasSes as presented in Hsieh
et al. [59].(b) Energy dispersion of (111) surface in BisSes.(c)
Measurement of surface state y spin component along I' - M [59]

1.2.5 Topological Crystalline Insulators

It turns out that HgTe quantum wells and 3D TIs are only the tip of an ice-
berg. Shortly afterwards people turned their attention from time-reversal
symmetry protected systems to something completely new. In fact, there is
an entire classification of topological phases based on the underlying symme-
try which leads to non-trivial topology. A pedagogical review on this matter
is given by Ando and Fu [60]. It was first proposed by Liang Fu in 2011 [61]
to classify band insulators with respect to the point-group symmetry of the
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parent crystals. This proposal coined the name Topological Crystalline In-
sulators (TCIs). A first member of this broad family is a crystal with mirror
symmetry which defines topological protection by the mirror Chern number
Ny, [62].

The mirror symmetry is defined by the product of two-fold rotation C, and
spatial inversion P. If we define mirror plane as x = 0, the mirror operator is
given by:

M(x) = PCy(x) (1.35)

X ﬁ —X, Sy _> _Sy, SZ _> —SZ (1.36)

These two ingredients are necessary, as spin is a pseudo-vector and does
not change sign under the inversion operation. For the particles with spin-
1 a twofold rotation means rotation by 27, so the electron wave function
will pick up a minus sign. This satisfies the relation for a mirror operation

M? = —1 and consequently leads to eigenvalues of +i or —i [60].

Naturally occurring crystals preserve mirror symmetry. For such a system,
we can choose mirror invariant Bloch states |y, (k)) as eigenstates of M. Ac-
cording to the reasoning presented in the above paragraph, this will lead to
two sets of Bloch states |y, +i(k)), for two eigenvalues of the mirror operator
M(x). We can define a topological invariant v; for each set of Bloch eigen-
states. As pointed out in Ref. [60], the sum of these invariants is equivalent to
TKNN topological invariant (Eq. 1.31) which determines conductance quan-
tization in the Quantum Hall Effect. Difference of these invariants however,
defines the Mirror chern number N, [61], and for systems with N, # Ois a
signature TCI phase.

1.2.6 Experimental realization of the TCI phase

The first material which was theoretically predicted to realize TCI phase is
SnTe and its related alloys (Pb,Sn)Te [63] and (Pb,Sn)Se. Underlying mirror
symmetry of these fcc rock-salt crystals, give rise to metallic surface states.
The plane of two L points in [111] direction along with the I' point forms
space mirror plane in a momentum space about [110] axis (1.9(c)). This leads
to a mirror Chern number of N;,=-2 [63] and consequently predicts formation
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of two Dirac cones, arising from two spin-polarized surface states with oppo-
site mirror eigenvalues. Each of the two mirror-symmetric lines X;-I'-X; and
Xo-T'-X3, give rise to two Driac Cones, making a total of 4. Due to topolog-
ical protection arising from mirror symmetry only surfaces with preserved
mirror symmetry are expected to host topological surface states (TSS). Three
surfaces fulfilling these conditions are (100), (110), (111). Tin Telluride crystal
naturally grows in [100] direction forming (100) and (111) crystal facets. More
detailed description of growth techniques will be given in the next chapter
devoted to properties of IV-VI materials.

Experimentally, Dziawa et al. [64] revealed the presence of TSS in Pb;_,Sn,Se
single crystals, simultaneously indications of TSS were presented for SnTe
[65]. A spin resolved ARPES measurements were subsequently reported
for Pby_,Sn,Te [66] establishing IV-VI semiconductors as model TCI sys-
tem. Figure 1.9(a) illustrates single Dirac cones structure expected for a 3D
topological insulator. In stark contrast, the double Dirac cone in Pb;_,Sn,Te
around each of the X point, is seen in the Fig 1.9(b), as theoretically predicted.
Use of ternary compounds was dictated by tremendously high carrier den-
sity in SnTe. Pbg 775n 235e however, can be doped to achieve n-type conduc-
tivity thus populating midgap states. Additionally, in this system band inver-
sion occurs as a function of temperature which gives unique opportunity of
witnessing birth of topological surface states (Fig 1.10(b)). Later, ARPES mea-
surements were performed for different composition at various temperatures
making band structure of Pb;_,Sn,Se one of the best understood among all

topological materials [67].

FIGURE 1.9: (ab) Spin resolved ARPES measurements taken

around I' point on Pb;_,Sn,Te as presented in Hsieh et

al. [59].Brillouin zone of FFC IV-VI semiconductor. Adapted
from Ref. [64].
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FIGURE 1.10: (a) Temperature dependence of a energy dis-

persion in the vicinity of X. (b) Energy dispersion measured

along the ([-X-T) line in the Brillouin Zone. Spectra clearly

show emerging Dirac-like bands below 100K. Panel (b) illus-

trates composition dependence of the bandgap of Pb;_,Sn,Se
at various temperature. As reported by Dziawa et al. [64].

1.3 Transport experiments on Topological Crystalline

Insulators

Since the Fermi level in SnTe lies deeply in the valence band, probing trans-
port properties of topological surface states is difficult. Contrary to the bis-
muth chalcogenides based topological insulators these materials cannot be
easily exfoliated. Achieving higher surface-to-bulk ratio is thus only possible
by growing thin films and nanostructures. SnTe based thin films have been
grown on a variety of substrates such as BaF; [68], Bi;Tes [69], CdTe [70],
SrTiOs [71],51 [72] and GaAs [73]. However, achieving high quality of these
films proved to be really challenging as layers with nanometric thicknesses
tend to be very rough, which leads to reduced carrier mobility. TCIs should
exhibit particularly interesting transport properties compared to Z, TIs. As a
consequence of mirror symmetry, the number of occupied Dirac cones should
strongly depend on the position of Fermi level (see Fig.1.11). In the center
of the gap four Dirac cones exists at the surface of SnTe, however these four
Dirac cones merge into two as Fermi level moves towards valence band. Two
different transport phenomena can suggest existence of topological surface
states in IV-VI semiconductors.
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(a) (b)

FIGURE 1.11: (a) Temperature dependence of a energy dis-
persion in the vicinity of X. (b) Energy dispersion measured
along the ([-X-I) line in the Brillouin Zone. Spectra clearly
show emerging Dirac-like bands below 100K. Panel (b) illus-
trates composition dependence of the bandgap of Pb;_,Sn,Se
at various temperature. Panel (a) is adapted from the work of
Okada et al. [74], panel (b) comes from the work by Hsieh et
al. [63].

Weak antilocalization As mentioned in the introductory section, Dirac fermions
present in TCIs have Berry phase of 77. The same mechanism which is respon-
sible for absence of backscattering presented in the Fig 1.5, is responsible for
the weak antilocalization (WAL) effect. When electron travels along closed tra-
jectory, it can move along, two, time-reversed paths. 7t Berry phase leads
to the destructive interference, which reduces the probability of localizing
electrons along that path. An opposite phenomenon called Weak localization
(WL) happens when there is no 7t phase shift. The electron can travel along
time reversed paths and interfere constructively. As the probability of finding
electron travelling along these paths is enhanced, the ability of transferring
charge is reduced. This leads to positive correction to the zero-field resistivity
and leads to negative magnetoresistance upon application of magnetic field.
Similarly a non-zero magnetic field will lead to positive magnetoresistance in
the case of weak antilocalization. It is important to stress, weak antilocaliza-
tion is not uniquely observed in topological materials or even material with
the linear band dispersion. In fact, any thin metallic film with strong spin-
orbit could exhibit the weak-antilocalization effect. This can happen due to
Dresselhaus spin-orbit interaction for the systems without inversion center.
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If Rashba split 2D bands exist at the surface of a topologically trivial mate-
rial one will also observe WAL in magnetotransport measurements. This can
happen if a depletion layer appears on the surface of a film, due to formation
of a native oxide or for the case of non-symmetric quantum wells. Alterna-
tively, crossover from WL to WAL is observed when light metal (e.g. Mg)
is doped with high-spin orbital material (like Au). In that case, WAL is due
to a phase change caused by spin rotation whenever an electron is scattered
on such impurity. However, for a system like SnTe none of the abovemen-
tioned scenarios is plausible. First rocksalt structure of SnTe guarantees in-
version center at each atom position. Formation of inversion layer can be
easily avoided by capping sample with an insulating material. That is why
WAL observed in SnTe thin films most likely comes from topological surface
states.

Correction to magnetoresistance caused by WAL or WL in 2D system is de-

scribed by Hikami-Larkin-Nagaoka [75] formula:

2

Ao, (B) = Noc% [1p (% + %) “In %], B, — 4|j%, (1.37)
Where [, is the phase coherence length, ¢ is the digamma function, and N
is a number of independent coherent channels. « is a symplectic universal-
ity class and for WAL it takes the value —1/2 whereas for WL one expects
« = 1. Measurements of WAL are particularly interesting in SnTe where
number of conducting coherent channels can be changed by tuning a posi-
tion of the Fermi level. This is because of the valley degeneracy, and multi-
ple Dirac cones present in SnTe. Assaf et al. [68] prepared 40 nm thick (001)
SnTe//BaF; thin films grown at five different temperatures for the study of
weak antilocalization in this system. They found, that Hall mobility, carrier
concentration as well as film morphology strongly depends on the growth
temperature. This opened a possibility of studying WAL as a function of
Fermi level position. Results of their experiments are summarized in the
Fig 1.12. Panel (a) distinguishes three transport regimes depending on the
Fermi level position (Eg). For low values of Ep assumes four Dirac surface
valleys and zero bulk contribution. It should be noted that, the authors de-
cided discuss their results, changing the sign of weak antilocalization prefac-
tor to 1/2, however it is more common to use negative value instead. Thus
the maximum value of « is 4 (4 x 1/2 for each surface). Second regime con-
siders transport after the Lifshitz transition i.e. when Dirac cones merge into

four pairs of concentring energy contours as shown in the Fig 1.12(a). In this
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FIGURE 1.12: Fermi surface changes from as analyzed by WAL

experiments. (a) 2a corresponds to a number of valleys plotted

against the Fermi level position. (b) Number of carrier valleys

as a function of phase coherence length. (c) Diagram illustrat-

ing variation of the number of valleys for itner- and intrasurface
valley coupling. As reported in [68].

regime, number of surface valleys should be reduced by the factor of 2. Now
in the last regime of transport when Fermi level is below 0.5 eV (as measured
from the center of a gap), valleys at L point merge into large, tubular Fermi
surface. In this regime both bulk and surface bands are occupied and « is ap-
proaching to 1/2. Similar behavior is observed in other TIs with high carrier
density. It can be explained by coupling of top and bottom surfaces by the
bulk reservoir, which all together form single diffusive channel [76-79]. This
is in good agreement with the trend presented in the 1.12(b), which shows
scaling of the phase coherence length £, with the number of coherent chan-
nels. As /, increases carriers can coherently scatter between surfaces/valleys
without phase-breaking processes which in the end leads to the formation of

single coherent channel.

This is further confirmed in experiments which allow changing the carrier
density with the gate. Thanks to the van der Waals structure of bismuth
based TIs one can achieve reasonably high surface to bulk ratio, by the sim-
ple exfoliation. By depleting the bulk carriers several experiments shown top
and bottom surfaces can be decoupled which is indicated by a change from
a = —1/2toa = —1. This change is attributed to formation of 2 independent

coherent channels.

Recently, Dybko et al. [80] presented experiment which examines WAL in
both the parallel and perpendicular field, varying the SnTe film thickness
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from 10 to 100nm. Measurements in the parallel field, allow to probe spa-
tial extent of topological surface state A, as proposed by Tkachov and Han-
kiewicz [81]. Although, spatial extent of topological 2DEG is not expected to
vary with the thickness, experiments done by the authors reveal that, within
the model of Tkachov and Hankewicz, such dependence exist. Surprisingly,
the authors observed that A always equals about 40 % of the film thickness.
For comparison, ARPES measurements for Bi;Ses found the spatial extent of
TSS to be of the order of 2-3 nm [82]. The obtained result is yet another confir-
mation of the reservoir model mentioned beforehand. Recall that, topological
Dirac fermions can scatter between surfaces via bulk reservoir without losing

the phase coherence.

The number of experiments done on TCls is modest, as compared to the TIs
based on bismuth chalcogenides. The general behavior of low-field magne-
toresistance is similar between the two. The distinction is the valley degener-
acy in SnTe material class. This should manifest as higher number of coherent
channels. Nevertheless, to date only one report on IV-VI based TClIs claimed

to achieve more than one coherent channel in a controllable way [68].
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FIGURE 1.13: Representative example of weak antliocalization

measurements in TClIs for 20 nm thick SnTe film. Panel (a) resis-

tance as a function of magnetic field, inset present magnetore-

sistance measured up to 9T.(b) Low field magnetoresistance

angular dependence.(c) Low-field magnetoresistance measured

and fitted with HLN formula at various temperatures. As re-
ported by [80].

Quantum oscillations As described in the introductory section, density of
states in a 2 dimensional electron gas (2DEG) splits to Landau levels, when
subjected to sufficiently high magnetic fields. This splitting leads to oscilla-
tory behavior of conductivity (Shubnikov - de Haas (SdH) oscillations), mag-
netization (de Haas - van Alphen (dHvA) oscillations) and other measurable
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quantities like thermal conductivity, thermal EMF etc. These quantum oscil-
lations are extremely useful in studies of 3D topological insulators. As 3D
TIs and TClIs host 2DEG on their surface it is possible to distinguish its con-

tribution from bulk conductivity.

Magnetoresistance oscillations were discovered in 1930 during low tempera-
ture studies of pure Bismuth crystals [33]. Schubnikov and de Haas observed
that magnetoresistance oscillates periodically with the inverse of magnetic
field. Interestingly, until the end of 50s people thought these oscillations are
intrinsic Bismuth properties, until the same phenomenon was discovered in
high mobility samples of InAs and InSb [83]. Since that time SdH oscilla-
tions became a basic tool used for characterization of new materials. It is
commonly used to obtain effective g factor, effective mass and extreme cross
sections of the Fermi surfaces. Oscillatory part of conductivity related to SAH
effect is given by [35, 84]:
1

A0y o cos [27t( % —5 B)] (1.38)

where B is the magnetic field, F is the oscillation frequency and B is a phase
shift. It is straightforward to obtain Berry phase 7y from phase shift B, as
B=7/2m. Discrimination of the phase factor is then very powerful tool for
distinguishing Dirac fermions with Berry phase of 7w with g =1/2 from elec-
trons with parabolic dispersion for which =0 [85, 86].

Knowing the frequency F one can easily calculate the extremal cross-
section of the Fermi surface normal to the field direction:

h

However, for the case of topological properties of SnTe, we're mostly inter-
ested in the angular dependence. For a 2D system F should depend like
1/cos 6. As such, for thin films SdH oscillations should vanish completetly
for 8 = 90° . In the case of TCIs every surface with mirror symmetry hosts
2DEG, which can lead to anomalous SdH frequency angular dependence. To
date there were few reports on detecting quantum oscillations coming from

TSS in SnTe material class.

The first report of quantum oscillations assigned to TSS in TCIs came in 2013
from the group of Yoichi Ando. Thin, 30 nm SnTe film was grown on BiyTes
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buffer layer to improve quality of SnTe filmvb . As BiyTe; is intrinsically n-
type, interface forms a p-n junction and causes band bending on the free SnTe
surface[69]. The authors observed clear SAH oscillations and assigned them
to the n-type Dirac fermions residing at (111) surface of SnTe. Okazaki et
al. [87] measured magnetotransport up to 30 T in single crystalline 2 ym SnTe
film grown on (111) BaF, substrate. The authors didn’t attribute measured
oscillations to TSS although they determine 1/cos 6 dependence of measured
SdH frequencies. This is because for (111) oriented SnTe films this behavior

can come from elongated bulk Fermi ellipsoids. An interesting conclusion
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FIGURE 1.14: Representative example of SdH oscillations in
TCls for SnTe bulk crystal. Panel (a) Ryx and Ry, as a function of
magnetic field, inset presents oscillatory component obtained
by background subtraction.(b) Frequencies of SdH oscillations,
blue lines and points represents contribution from top and bot-
tom surface of the crystal, red lines and points correspond to
side surfaces. (c) Analysis of Landau Level indicies for R, sur-
faces indicating Berry phase of 7. Figure adapted from Ref [84].

came from magnetotransport and magnetization measurements performed
on a SnTe bulk crystal. Dybko et.al [84] experimentally confirmed that as
grown SnTe bulk crystal is surrounded on all sides by the metallic 2D topo-
logical surface states. Contribution from neighbouring, perpendicular sur-
faces manifested in both SAH and dHvVA effects by angle measurement. This
is best seen in the Fig 1.14. Panel (b) illustrates angular dependence of ob-
served SdH frequencies. By titling the field with respect to the (001) one
observes two frequencies contributing to the spectra. According to the in-
terpretation put forward by the authors, they come from neighboring crystal
surfaces. Indeed, at the characteristic angle of 45° the 2DEG residing on the
side surface takes the dominant role in the SdH oscillations. By analyzing
Landau level indices authors determine Berry phase of 7t which is expected

for Dirac fermions.
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1.3.1 Future prospects

In principle TCIs based on IV-VI semiconductors offer much richer land-
scape of phenomena which can appear due to violation of mirror symmetry
in the crystal, and multiple Dirac cones present in this system. A topolog-
ical 2DEG at the surface of TCI should exhibit a quantum Hall effect, how-
ever so far there was no report on this regard. Several proposals suggested
how to achieve Quantum Anomalous Hall [88, 89] effect, which is particu-
larly interesting because of high quantized conductivity value. By placing
thin SnTe film between two layers of ferromagnetic insulators (EuS), Assaf et
al. [90] observed proximity induced ferromagnetism and its impact on trans-
port properties of SnTe, however no indication of Quantum Anomalous Hall
Effect has been observed. Despite the fact, SnTe or SnSe grown in a [111] crys-
tallographic direction are predicted to realize Quantum Spin Hall state [91,
92], so far TCIs have only been realized in three dimensional systems. Tran-
sition to a Quantum Spin Hall state shows oscillatory thickness dependence
leading to a complex phase diagram of topological phase transition. Inter-
estingly, a thin TCI film grown in the [001] crystallographic direction is theo-
retically predicted to realize another 2D topological crystalline phase, which
ultimately may lead to the creation of topological transistor. In this state thin
tilms of SnTe or (Pb,Sn)Te(Se) host spin-filtered edge states over wide range
of film thicknesses. Application of external electric field will break the mir-
ror symmetry, open the edge gap and consequently drive the system to a
topologically trivial state [93]. All above mentioned proposals are awaiting
experimental realization, with the film quality improvement as the biggest
challenge. Hypothetically using an insulating buffer with cubic crystal struc-
ture can improve structural quality of thin IV-VI films. A ballistic quantum
transport was achieved for PbTe thin films grown on Eu-doped PbTe [94, 95].
Eu will introduce disorder to the buffer layer which will drive the system
into insulating state through Anderson localization. It can be hypothesized
that TCIs film grown on Eu-doped PbSe or SnTe may lead to high-quality
thin films and consequently observation of quantum transport mediated by

topological edge/surface states.
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1.4 Characteristics of IV-VI semiconductors

Lead telluride and tin telluride are narrow gap semiconductors taking the
rock-salt structure (Fig. 1.15. The crystal lattice consists of two equivalent
face centered cubic sublattices displaced by a half of lattice parameter in the
<111> direction. For PbTe lattice parameter is equal to a=6.46 A at room
temperature. Under hydrostatic pressure PbTe undergoes a phase transition
to a orthorombic phase, and becomes wide band gap semicondcutor.

For tin tellruide, lattice parameter is equal to 2 = 6.30 A for the samples with
low carrier density. For strongly doped SnTe crystals however, the lattice
parameter depends also on the carrier concentration. It decreases as carrier

denisty increaseas as described in [96]
ag = 6.327 — 1.7 x 1072 p [cm 3] (1.40)

where p corresponds to tin concentration. High hole density in SnTe is due
to tin vacancies which reduces the lattice parameter (usualy number of tin
vacancies is of the order of atomic percent). For the samples with p = 10?0 —
102! cm 3 lattice parameter decreases by 0.3 % down to 6.31 A. This effect be-
comes less prominent with the Pb doping as Pb reduces conentration of holes
to p = 107 — 10" em 3 for lead telluride. SnTe similarly to PbTe undergoes
a phase transition to the orthorhombic phase under hydrostatic pressure of
the order of P=20 kbar.

There are several reports on the low-temperature crystal structure of SnTe
and its alloys with Pb, where its NaCl cubic lattice transforms to a rhom-
bohedral structure. The temperature of this phase transition decreases with
increasing concentration of Pb, and consequently as carrier density increases.
Contrary to the orthorhombic phase, transition to a rhombohedral structure
does not have a substantial influence on the material band structure. This is
because rock-salt structure of IV-VI semiconductors deforms only by a few
degrees along <111> direction.
Lead and tin tellurides form solid solutions in the whole composition range.
The lattice parameter for these obeys the Vegards law and is described by
formula below [97]:

ag = 6.46 — 0.13y [A] (1.41)

Crystals of Pb;_,SnyTe are solid solutions of SnTe and PbTe.
Magnetic Mn?* ions if introduced to the lattice, are substiting Sn?>* and
Pb2* cations.
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FIGURE 1.15: Rock salt crystal structure.

Properties of bulk SnTe band structure Pb;_,Sn,Te is a narrow gap semi-
conductor. In the helium temperatures the band gap of SnTe is Ey=300 meV
and Eg=190meV for PbTe. With the increasing amount of tin for Pb; _,Sn, Te
band gap is decreasing from Eqg=190meV for PbTe to reach zero for approx-
imately ¥ = 0.35. For higher Sn concentration the band gap inverts and in-
creases to approximately 300 meV for SnTe in the liquid helium temperature.
Of course, the band gap depends on temperature as well, and in the room
temperature, zero band gap is seen for y = 0.6. Both valence and conduction
bands are strongly non-parabolic. The bottom of conduction band and top
of valence band are located in the L-point of the Brillouin Zone i.e at the bor-
der of the Brillouin Zone in the [111] direction. Both valence and conduction
bands have 4 equivalent energy valleys along [111] direction, also the effec-
tive mass in these materials is highly anisotropic (K=m;/m;=10). PbTe and
SnTe have second valence X band which lays approximately 200-300 meV be-
low the edge of the main valence band.

1.4.1 Generation of charge carriers in IV-VI semiconductors

As in IV-VI semiconductors, charge carriers can be used to drive the system
into the ferromagnetic or superconducting state, it is instructive to discuss
mechanisms of charge generation and ways of controlling the charge den-
sity.
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FIGURE 1.16: Dependence of the energy gap on the tin concen-

tration y and temperature for Pb; _,Sn, Te. Experimental points

are taken from the, laser emission, absorption, photovoltaic ef-
fect and tunneling measurements [98].

The carrier density in IV-VI semiconductors is governed by the number of
metal and nonmetal-vacancies, which create holes and electrons respectively.
Previous works on these materials do not suggest any correlation between
the amount of Mn ions in IV-VI matrix and the conduction type or density.
Detailed research on IV-VI materials shown they are highly degenerate, usu-
ally p-type semiconductors with very high carrier density which weakly de-
pends on temperature. This materials class exhibit metallic conductivity. For
sufficiently strong p-doping SnTe and SnMnTe can superconduct, however,
even a minor amount of manganese ions can destroy superconductivity as
pointed out in the Ref. [99].

Hemstreet [100], as well as Pratt & Parada [101, 102], found an explanation
of the metallic behavior of these semiconductors. They noticed a correlation
between material density and carrier density. In short, p-type doping is re-
alized by metal vacancies (Tellurium excess), whereas n-type conduction is
due to Tellurium vacancies (Pb, Sn excess). The results coming from these
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calculations can be summarized as follows:

1. If metallic vacancy is created (i.e., Sn or Pb is removed from the lattice),
it removes 4 valence electrons. This is because the outer valence shell of
Pb contain four electrons 6s26p?. Simultaneously, from a group of the
valence band one energy state is separated and moves towards conduc-
tion band. This free state in the valence band after taking into account

spin degeneration generates two conduction holes.

2. Non-metallic vacancy (Te) - if a Te atom is removed, 6 charge carriers in
valence band are removed as well (outer Te shell - 5s25p*). At the same
time, as suggested by theoretical works, 4 states are separated from
the conduction band. This means that six valence electron are gone,
but there are eight less states for carriers in the conduction band. As
a result, two excess electrons go to the conduction band and promote

n-type conductivity.

1.5 Dilute Magnetic Semiconductors

SnTe among many topological materials is known to exhibit low-temperature
ferromagnetic phase when doped with manganese. This offers a possibility
of studying interactions between topological states and ferromagnetic order-
ing. A brief overview of semiconductors doped with magnetic atoms is given

below.

Snj_,Mn,Te is a member of a broader family called dilute magnetic semicon-
ductors (DMS). In this type of compounds a part of the cations are substituted
by atoms with non-zero magnetic moment. Usually these magnetic elements
are 3d transition metals or rare earths [103-105]. In the early days of DMS,
most of the research was devoted to manganese doped II-VI semiconductors
like Cdj_,Mn,Te or Zn;_,Mn,Se. Before discussing magnetic properties of
Mn doped IV-VI semiconductors, we briefly survey magnetic interactions oc-
curring in DMS’s.
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1.5.1 Magnetic interactions in Dilute Magnetic Semiconduc-

tors

For canonical ferromagnetic materials magnetic ordering emerge due to the
direct interaction between atoms possessing magnetic moments. This inter-
action is called direct exchange, and assumes non-zero overlap between wave-
functions of neighbouring atomic orbitals. The interaction is purely quantum
mechanical and is a result of the Coulomb energy difference between neigh-
bouring spinful magnetic ions. Naturally, its strength falls rapidly with the
distance between the atoms and usually vanishes for separations greater then
0.5nm.

Exchange interaction does not necessarily need to result from the wavefunc-
tion overlap of the neighbouring orbitals. Sometimes, it can be mediated via
non-magnetic neighbour due to hybridization between atomic orbitals. In
the superexchange model a paired valence band electrons of the semiconduct-
ing lattice and d electrons of the localized moment are virtually exchanged.
This usually leads to an antiferromagnetic coupling, as ferromagnetic con-
tribution sharply decays with the increasing interatomic distance. Superex-
change interaction dominates in II-V and II-VI DMS’s.

For materials with high carrier density, spin-polarized gas of charge car-
riers can mediate interaction between magnetic ions. The most common
type of interaction is called RKKY interaction, after Ruderman, Kittel, Ka-
suya and Yosida [106-108]. RKKY considered a problem of an atom with
localized magnetic moment surrounded by a Fermi sea of itinerant carriers.
They will respond to the non-zero magnetic moment of an atom with non-
uniform, oscillatory spatial spin density distribution to screen it. Qualita-
tively it is very similar to the Friedel oscillations of charge density caused by
a charged, point-like perturbation. Ruderman and Kittel preformed calcula-
tions to solve this problem assuming parabolic dispersion and full degener-
acy of the electron gas. The spatial dependence proposed within this model

is shown in the Fig 1.17 and the resulting interaction energy density is given

(sin(¢) _Cf cos(¢)) (1.42)

where: § = 2krr and kr is a Fermi wave vector. In the qualitative picture of

below:

F(¢) =

this interaction, magnetic ion is polarizing the spins of charge carriers which
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then travel through a crystal and align the next magnetic ions ferromagneti-
cally or antiferromagnetically, depending on the phase of F(¢). RKKY inter-
action strength decreases with the distance between magnetic atoms in an os-
cillatory way as seen in the Fig 1.17. Oscillating character of this interaction
can either force ferro- or antiferromagnetic ordering of the localized spins.
For disordered systems, it can lead to a spin-glass phase.RKKY interaction is
usually observed in a conducting systems with randomly distributed mag-

netic ions or in rare earth metals.

0.010 |
0.005- |
L 0000 S
0005
-0.010 ‘ ‘ | |
5 10 15 2
X

FIGURE 1.17: RKKY energy density as a function of parameter
¢ which is proportional to distance between magnetic ions.

1.5.2 p-d Zener model

A breakthrough in DMS research came in the beginning of the new millen-
nium. Despite initial progress in doping semiconductors with magnetic ions,
the ferromagnetic phase emerged well below the temperature of liquid ni-
trogen, making potential applications elusive. This have changed with the
emergence of (III, Mn)V DMS'’s, especially Ga;_,Mn,As. Almost instantly,
first reports for this system yielded ferromagnetism at temperatures as high
as 110K, unprecedented by any other DMS [109]. RKKY interaction can ex-
plain this only in a qualitative way. For sufficiently high hole concentra-
tions and Mn doping levels, the value of ¢ (1.42) is smaller than the first
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zero of F(¢). This implies that hole-mediated exchange interaction will lead
to a ferromagnetic ordering in Gaj;_,Mn,As. Also, in this regard RKKY
interaction can be thought as limiting case of carrier mediated magnetism
proposed by Clarence Zener in the 50’s [110]. However, the RKKY model
has some drawbacks when comes to describe ferromagnetic phase in III-V
DMS’s. For instance, it does not capture the spin splitting of carrier bands in-
duced by the Mn ions [111]. In 2001 Dietl et al. [112, 113] proposed a p-d Zener
model of hole-mediated ferromagnetism. Within this approach spin-splitting
of the bands results in lowering energy of conduction holes, at the same time
neglecting the oscillatory behavior of RKKY interaction. This model cap-
tures the effect of strain on the magnetic anisotropy in Ga;_,Mn,As [114],
as well as explained with good accuracy high temperature ferromagnetic
phase [115]. Additionally, within this framework one can find that some
semiconductors should be ferromagnetic at the room temperature. Magneti-
cally doped GaN and ZnO are supposed to exhibit ferromagnetism at room
temperature for hole concentration of the order of 5 x 10’ cm 3. However,
as such high carrier concentration is usually not observed in oxides nor ni-
trides, a room temperature ferromagnetic semiconductors still remains to be

realized.

IV-VI Dilute Magnetic Semiconductors Mn doped IV-VI semiconductors
can be conceptually divided into two groups, with respect to carrier concen-
tration. First group consists of the compounds with low carrier density like
Pb;_,Mn,Te or Pb;_,Mn,Se with carrier density between 10'7-10' ecm—3 [116].
All of these compounds are paramagnetic, for Pb;_,Mn,Te a low-temperature
spin-glass phase has been reported [117]. In a spin-glass phase the magnetic
moments of the magnetic ions are frozen in random directions. This random-
ness is due to competition of interaction between the spins as they are ran-
domly distributed over the crystal lattice. This competition may be caused
by the position of the ions, if an antiferromagnetic interaction is present in
the material or, if both ferro and antiferromagnetic interactions are com-
peting. In the second group of IV-VI DMS there are materials with rather
high carrier concentration like Sn;_,Mn,Te and Ge;_,Mn,Te. Usually car-
rier concentration in these materials falls between 10%° — 10?2 cm 3. These
systems often exhibit low temperature ferromagnetic phase. The first sys-
tematically studied IV-VI ferromagnetic semiconductor is Pb; _,,Sn,Mn,Te
and Sn;_,Mn,Te. Story et al. [118] reported that ferromagnetic phase can
be controlled by concentration of free carriers. In the figure 1.18, the Curie
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FIGURE 1.18: Curie temperature (Tc) and Curie-Weiss temper-
ature (®) for Pbg 255n( 72Mng 3Te at various carrier densities. Re-
produced from data reported by [118].

and Curie-Weiss temperatures are plotted as a function of carrier density for
Pbg.255n9 72Mng 3Te. The Curie-Weiss temperature is a measure of all mag-
netic interactions present in the material. Its non-zero value indicates that
some interaction between magnetic ions is indeed present in the studied sys-
tem. The Curie temperature is defined as a transition temperature to a ferro-
magnetic phase. One can straightforwardly deduce from the figure, that for
some critical carrier density p, the ferromagnetic ordering emerges suggest-
ing that the mechanism which drives magnetic ordering is related to a carrier
density. Swagten et al. [119] noticed that this can be explained by invoking
RKKY interaction and band structure of Pb;_,Sn,Te. Existence of a second
valence ¥ band is essential for ferromagnetic interaction to occur. The ¥ band
is very strongly, twelve-fold degenerate which not only affects the Fermi
wave vector, but also the prefactor of RKKY interaction [118]. Secondly,
the effective hole mass in the X band is much greater than hole mass in the
L-band. According to the plasma reflectivity measurements[120], effective
mass in a parabolic X band can reach my=1.7m, whereas for non-parabolic
L-band it is only m;=0.05m. according to Ref. [121]. Knowing the impor-
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FIGURE 1.19: A schematic of a band structure of
Pby_y ySnyMn,Te.  For high carrier density the second
valence band with heavy holes becomes populated. For the
carrier density smaller then critical density p. only the light
hole band is occupied.Reproduced from the Ref. [119]

tance of the second valence band and the carrier density, we can now look at
the scheme presented in the Fig. 1.19 and data in the Fig 1.18. For the carrier
density p lower than p.=2.5x 10?Y cm~3 only L-band is occupied which re-
sults in a weak RKKY coupling. Now if p > p. i.e. Fermi level lies within the
Y. band introducing heavy conduction holes. This results in a much stronger
RKKY coupling and orders diluted Mn ions ferromagnetically. Later studies
explored magnetic phase diagram of Pby_,_,5SnyMn,Te[122], and found that
the critical carrier density p. weakly depends on the Mn concentration. It
changes from p.=2.5x 102’ cm 3 for 3 and 8 % of Mn to p.=3x 10* cm 3 for
12 % of Mn.

As PbTe and SnTe are fully soluble, Pb;_,Mn,Te and Sn;_,Mn,Te can be
considered as a limiting cases of mixed compounds Pb;_ x—ySnyMn, Te, we
can assume that the difference in magnetic behavior comes from the differ-

ence in carrier density.

In terms of topological properties of Sn;_,Mn,Te, the physical picture is less
clear. Although ARPES measurements haven’t been performed either on the
bulk crystals nor thin films, there are arguments, that Mn alloying does not
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restore trivial band ordering. First, the crystallographic structure is unaf-
tected by the doping, as well as lattice parameter does not fall in the topolog-
ically trivial regime (PbTe). Story et al. [123] explored the band structure of
paramagnetic (Pb,Mn,Sn)Se where Mn doping up to 4 atomic percent didn’t
affect the TCI state. Instead, the band inversion point temperature was low-
ered. Also, as time-reversal symmetry is not critical for the existence of the
mirror-symmetry protected topological states, they should be robust against
ferromagnetism. Taking into account all the above arguments, we will as-
sume throughout this thesis that Mn-doped Pb;_,SnyTe is topological, at

least in the vicinity of liquid helium temperature.
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Chapter 2

Experimental Techniques

2.1 SQUID Magnetometry

A substantial amount of research in this thesis was done by using SQUID
magnetometry. In particular, [ have been using commercially available SQUID
magnetometers Quantum Design Magnetic Property Measurement System
(MPMS). These systems are capable of doing measurements in the temper-
ature range of 1.8-400 K and generate a magnetic field up to 7 T. Laboratory
of Cryogenic and Spintronic research has two magnetometers of this kind.
The manufacturer guarantees sensitivity down to 1078 emu. This measure-
ment precision is achieved through a reciprocating sample option (RSO). In
this method, magnetometer moves the sample through detection coils in a si-
nusoidal way. A phase sensitive detection employed in this setup improves
signal-to-noise ratio and helps to eliminate high-frequency noise and reduce
1/f noise. Additionally, the servo motor which moves the sample holder
inside the chamber can acquire measurement data without movement in-
terruption. This allows for multiple averaging during the measurements
and results in above-mentioned measurement resolution. The magnetome-
ter possesses convenient options which help to solve common experimental
challenges. First, the MAGNET RESET option. Superconducting magnets
are known to possess some remnant field, especially after a trip to high mag-
netic fields. In type II superconductors quantized field fluxes are penetrating
superconducting medium. These trapped magnetic vortices called fluxons,
are responsible for the remnant magnetic field in superconducting coils. By
warming part of superconducting coil above its critical temperature, with
some small amount of current inside, drives the coil into its normal state and
thus removing fluxons from the system. SQUID detection coils form pre-
cisely equilibrated differential second order gradiometer. Such a coil directly
measures the second derivative of magnetic field flux coming from the mag-

netic moment of an investigated specimen. This gradiometer has 3 cm length
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and 1.94 cm in diameter. Such a configuration of pick-up coils is largely in-
sensitive (down to 0.1 %) to a uniform magnetic field, which means that use
of SQUID sensor should be possible even if the magnetic field changes in
large steps. Flux transformer consists of 3 coils, however, the middle coil has
twice as many threads, and it is wounded in the opposite direction, as com-
pared to side detection coils. Then the pick-up coils” wires are connected at
the helium bath close to the actual SQUID sensor.

FIGURE 2.1: Schematic of signal detection system utilized in

the SQUID magnetometer. Measurement is taken during sam-

ple movement. Amplitude of SQUID voltage is proportional to
measured magnetic moment.

The voltage-position relation is used for estimation of samples’ magnetic mo-
ment:

V(z):R( 2 1 1 )

(oo + (z—20)2)%2  (po+ (z—20—A)2)32  (po + (z—z0 + A)2)3/2)

where:
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e R - calibration constant

e p - detection coil radius

e 7 - center of the sample with respect to detection coils
e A - distance between detection coils

The graph of V(z) is presented in the Fig 2.1. Signal amplitude is directly pro-
portional to the measured magnetic moment and its maximum corresponds
to the central position of the sample inside the detection coils. The software
provided by manufacturer fits V(z) using leasts square method and calculates
corresponding magnetic moment of the sample.

2.2 Electron transport measurements

2.2.1 Point contact spectroscopy

Many measurement techniques used in experimental physics nowadays de-
mands sophisticated apparatus which sometimes is limited to a few labo-
ratories across the globe. Even the SQUID magnetometer described above
relies on the synergy of quantum device, state of the art electronic control-
ling both the measurements and its conditions like temperature or magnetic
tield. It is almost unbelievable how many interesting information can be ex-
tracted from a simple junction of two metals. In 1974, USSR Kharkov, Yanson
studied tunneling conductance in a NIS structure (Normal - insulator - Semi-
condcutor). To his surprise, he found non linear behavior of the junction in
the normal state of Pb. He realized that Pb is shorted to a normal metal elec-
trode, and what he sees is not a tunneling process. This is how point-contact
spectroscopy was born. There are many ways of fabricating point contact,
most common are gathered in the Fig 2.2.

Nowadays, the most used technique simply relays on the contacting elec-
trode and the sample of interest through micromechanical apparatus. This
measurements configuration is called a needle-anvil method (Fig 2.2(c)). One
electrode is usually an electrochemically etched metallic tip whereas the sec-
ond electrode is the sample of interest. The ending of the tip can reach a
diameter of several micrometers however it does not define effective contact
area. Instead, electronic transport occurs via multiple parallel channels much
smaller in size. As there is always some amount of pressure exerted by the

tip it typically deforms during the measurement process. Even though the
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tip gets deformed, the sample is not usually damaged and multiple measure-
ments can be performed in one cooling cycle. The resistance of the junction
can be tuned by a micrometric screw which changes the tip position in the
direction perpendicular to the sample plane. If any oxide layer is present
on the surface layer, the tip will pierce through it and access the actual sam-
ple. The hard point contact method also has some drawbacks. Very often

FIGURE 2.2: Experimental setups for point contact spec-

troscopy measurements.(a) Litographically defined point con-

tact (b) "Soft" point contact configuration. where tiny drop of

silver paint or flake of In is put on the sample surface. (c) Hard

point contact technique involving metallic tip pressed against
the sample surface. As appeared in the Ref.[23]

junctions formed by this technique are thermally and mechanically unstable
which may call for multiple measurements to collect full data set for a sin-
gle point contact. Also in the case of very small samples procedure becomes
cumbersome. This situation happened when MgB,, an exotic BCS super-
conductor which emerged in the early 2000s. People were fascinated by its
unusually high critical temperature Tc=39K and possible two-band super-
conductivity. Point contact measurements would have been an excellent tool
to prove the complex nature of superconductivity, but the small size of sin-
gle crystals made the entire procedure extremely difficult. Gonelli et al. [124]
fabricated point contacts by putting a minuscule drop of silver paint against
the sample surface. Although the Ag paint drop diameter falls between 10-
50 um, the actual contact is formed by individual Ag paint grains, so concep-
tually this technique is equivalent to the needle-anvil method, as it leads to

multiple parallel transport channels. Surprisingly, there are some advantages



2.2. Electron transport measurements 43

over standard hard-point contact as well. The first obvious advantage is that
these contacts do not involve any external pressure. This can matter for a
structurally soft materials, like IV-VI semiconductors. Second, these contacts
are much more mechanically and thermally stable than the hard ones, and
thus they are suitable for cryogen-free systems. In such a cryostat, low tem-
perature is maintained by a cryocooler, which usually generates vibrations.
These vibrations impact fragile junction formed by the tip and consequently
complex damping mechanisms are necessary to implement this type of mea-
surements in a dry system. As contacts made of Ag paint are very small,
even minute facets of single crystals are accessible for point-contact mea-
surements. Unfortunately, there are shortcomings to this technique as well,
especially when it comes to changing contact area. Once soft point contact
is made, the only way to modify its effective contact size is by a current or
voltage impulses. This causes individual silver grains to create new junctions
to the sample, while some of the previous ones vanish. Hard-point contact
offers much higher level of control in this regard.

2.2.2 Transport through a point contact

As it was already shown by Yanson [125], the crucial parameter in the study
of point contacts is its size a as compared to the mean free path / in the studied
material. This determines if one is able to extract spectroscopic information
from the measured spectrum. There are many excellent reviews in this topic,
however this section is based on a review by Daghero and Gonelli [126],
which puts some emphasis on soft-point contact technique.

Ballistic regime As there are no scattering events, the voltage V applied
over the contact will grant electrons kinetic energy of eV. The gained kinetic
energy directly reflects the energy difference between split Fermi surface(see
Fig 2.3a). In this transport regime, both momentum and energy resolved
measurements are possible, making point-contact spectroscopy simple and
robust tool for studying local properties of Fermi surface. Sharvin was first
to address the problem of ballistic transport through such a metallic constric-
tion, and consequently, the corresponding point contact resistance is called
Sharvin resistance:
4pl

Rg = 2.1
S 371'612 ( )
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Where p is the resistivity of the material. The same equation can be rewritten

in terms of unversal constants:

4Ry

Rg = (kra)?

(2.2)

where Rp= 12.9 k() is a resistance quantum. We can draw an important con-
clusion out of Sharvin’s result, namely that resistance of a point contact in the
ballistic regime depends solely on its size and geometry, as kr is determined

by the material under study.

If the contact size is larger than mean free path for elastic scattering but
smaller than inelastic diffusion length, quasiparticles will lose momentum
information but still can diffuse through the contact preserving the energy.
In that case quasiparticles are isotropically redistributed over the Fermi sur-
face as seen in the Fig 2.3b. Commonly we refer to this transport regime as

diffusive regime.

Thermal regime On the opposite end, when the inelastic mean free path is
much smaller than the contact size, contact falls into the thermal regime. In
this regime, electrons lose all of the spectroscopic information through the
scattering events within the contact(see Fig 2.3c). Maxwell calculated the
resistance of a junction in such conditions and the corresponding formula

reads:

_r
Ru = 5 (2.3)

Also, because of the scattering events in the contact area, a finite voltage
bias will result in a Joule heating under the contact. One can estimate the
maximum temperature by using following formula [127]:

T2, = T2, + V?/AL (2.4)
where L is the Lorenz number. Roughly, when Tg,, << Tpc, one can esti-

mate the amount of heat generated during the measurement. Ref. [23] esti-
mate it at the level of 3.2K/mV.

Intermediate Regime Wexler noticed, that these extreme regimes can be
linked by a simple interpolation. He derived a formula for a contact resis-

tance with finite contribution coming from Sharvin and Maxwell resistances.
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FIGURE 2.3: Transport regimes through a point contact. (a)
Left panel In the ballistic regime electron is not subjected to
any scattering processes. Right panel: A schematic illustra-
tion of the Fermi surface, in the ballistic regimes the surface is
formed by two half-spheres which differ in radii by the factor
of eV. Panel b) depicts transport in a diffusive regime. In this
regime momentum information is lost. Panel c) corresponds to
the thermal regime, where both elastic and inelastic scattering
take place across the contact. Adapted from the Ref. [126].

For a contact between two metals of the same kind the resistance is given by:

~ 4Rg ay p
Ree = e t1 (7) 2

(2.5)
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Where I is slowly varying function of the order of unity. In general, point
contacts have non-zero contributions from both spectroscopic and thermal
regimes that are weighted by the size of the contact only. Realistically a non-
zero ballistic and thermal contribution are always present in the point contact

spectra.

2.2.3 The estimation of point contact size

Naturally, point contact spectroscopy should be performed in the ballistic
regime to obtain accurate energy and momentum information. It is straight-
forward to see from the above consideration that a critical parameter is the
effective contact size compared to the mean free path. It was already shown
by Baltz et al. [128] that a footprint of a tip used in hard point contact mea-
surements is of the order of several microns, a thousand times more than a
size of mean free path. This implies that several much smaller channels are
in fact responsible for carrying a current. The same reasoning applies to the
soft-point contact experiments. Figure 2.4 presents photographs of an actual
point contacts made with the silver paint. It can be clearly seen, that a foot-
print of the contacts has diameter of several micrometers. Although, Wexlers
formula can give an upper bound for the contact resistance, its actual size
will remain unknown. This is because, conduction occurs via multiple paral-
lel channels despite, the method we choose. This is because only information
about the contact is its resistance, which results from coupled system of par-
allel resistors.

To confirm that our point-contact is indeed spectroscopic, or at least carry
some spectroscopic information, one should carefully examine measured con-
ductance spectra. Detailed description will be given in the discussion section
of this thesis.
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FIGURE 2.4: (a) Soft point contacts made on the surface of
Pb,SnggTe. (b) Zoomed contact area.
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2.3 Cryogenic equipment

Transport measurements have been performed both in the pumped helium
and dilution refrigerator systems. As the critical for the measurements was
to achieve contact with sufficiently small size, it required aggressive fabrica-
tion of the samples with multiple point contacts. For that reason, I prepared a
dedicated insert for the transport measurements to the SQUID Magnetome-
ter. During my graduate course in the Laboratory of Cryogenic and Spin-
tronic Research at IP PAS, I have fabricated two transport holders fitting the
SQUID magnetometer.

Transport measurements in the QD MPMS have several advantages. First, it
is straightforward to compare Curie temperature obtained by resistance and
magnetization measurements. Second, QD MPMS offers unprecedented field
and temperature stability. The cryostat was able to stabilize virtually any
given temperature and achieve stability of £1 mK. A temperature sweep at
a given rate is possible which is particularly helpful for fragile samples. The
samples can be cooled down/warmed up in a steady way at the rate as low
as 0.1 K/min. Among all the perks of this system, the only drawback is the
lack of continuous magnetic field ramp. This has to be done exclusively in
a discrete way, where the magnet power supply would increase the field in
given steps. All in all, this is a minor disadvantage, when one take into ac-
count all the benefits. Another problem which had to be overcome before
the measurements is interfacing QD MPMS with the data acquisition soft-
ware. This is not straightforward as the manufacturer does not allow for
an external control, or at least a readout of an actual system parameters via
most common GPIB interface. In principle, QuantumDesign offers a way of
communicating with the magnetometer, providing the libraries for Delphi
language. However both the language and libraries are becoming obsolete,
so we decided to pursue a different route. We communicate with all the
necessary measurement electronics like Lock-in amplifiers or DC nanovolt-
meters by standard VISA protocol using LabView or Python. The data from
the SQUID (e.g. Temperature, Magnetic Field etc.) is being read on-line from
the magnetometers log-file. User can specify how often log-file will be up-
dated, typically we choose to update it every second. This results with a

robust platform for the electron transport measurements.
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The first holder was designed to fit the already existing system and was ini-
tially fabricated for gating of dilute magnetic semiconductors. In this con-
figuration application of an in-plane magnetic field was straightforward, the
current was applied parallel to the magnetic field direction. The setup was
a convenient tool to study resistivity temperature dependence as well as in-
plane magnetoresistance. However, Hall measurements and magnetoresis-
tance in a perpendicular field couldn’t be easily performed in this setup. The
limiting factor is the small diameter of a sample space in the magnetometer
which is about 9 mm. Although the insert and the sample holder had its lim-
itations, we were able to use this platform also for the gating experiments.
The results are described in the Ref. [129].

The convenience of using this platform was so appealing we decided to look
for a solution which would allow measurements with magnetic field in an
out-of-plane configuration. Such a solution was proposed by the researchers
from Francis Bitter Magnet Lab at the Massachusetts Institute of Technology
(MIT) and described in Review of Scientific Instruments [130]. QuantumDe-
sign supplies a probe with 10 leads which can be used for gating or transport
measurements. This probe however does not allow for convenient change
of samples, and again it is designed for the in-plane magnetic field measure-
ments. Another obstacle is that the probe wires are directly attached to the
sample. Multiple resolderings can then lead to a malfunction of the wires.
The MIT group attached a 10-pin circular transistor socket to the end of the
probe. This allows for quick and convenient change of samples and permits
measurements in the out-of plane configuration (see Figure 2.5). In addition
to the design proposed in Ref. [130], we decided to additionally screen the
cables coming out of the probe to reduce high-frequency noise.

FIGURE 2.5: (a) Electrical transport probe compatible with QD
MPMS XL magnetometer (b) Photo of a sample carrier with ac-
tual specimen in the Hall bar configuration.
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2.3.1 Dilution refrigerator

Point contact spectroscopy is usually applied to study properties of super-
conductors. Some elemental superconductors, like Ti have a transition tem-
perature below 1K. This is beyond capabilities of pumped helium cryostats,
which usually provide temperature about 1.5K. Only the most optimized
systems with very efficient pumps can achieve 1K which is a limit of this
technique. Achieving temperatures below 1K is usually being done by uti-
lizing dilution refrigerator. Since dilution refrigerators are being used in con-
densed matter physics for over 50 years, I will only briefly outline the operat-
ing principle. The standard reference text on refrigeration techniques below
1K was written by Lounasmaa [131]. All the milikelvin measurements done
in this thesis were performed in the Oxford Insturments Triton Dilution re-
frigerator which allows measurements down to 10 mK. It was also equipped
with a vector magnet with 6 T out of plane magnetic field, and 1T for x and

y components of the in-plane field. The enormous advantage of this system

FIGURE 2.6: Sample puck used in Oxford Triton Dilution Re-

frigerator. Panel (a) depicts side view of the puck with the

sample holder prepared for microwave measurements. (b) Top

view of sample carrier with 12 DC lines and 4 SMA connectors
for radio frequency measurements.

is its modern cryogenic design. Historically, the first stage of reaching tem-
peratures close to the absolute zero was achieved using cryogenic liquids.

First, the vacuum jacket and the magnet had to be pre-cooled with the liquid
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nitrogen and then with liquid helium. Then the insert with the refrigerator
is immersed in pumped helium bath with the temperature below 2K. In the
case of cryogen-free dilution refrigerator, instead of using low-temperature
liquids a continuous cycle of compressions and expansions of helium is used
to cool down the system to approximately 4K. Below 800 mK mixture of He®
and He? separate into two phases. One phase contains both He* and He?
with approximately 6 % of the latter, the second phase is composed of pure
He®. Obviously, the pure, lighter isotope comes on top of the mixture. He*
is a superfluid below 2.16 K and consequently forms a Bose-Einstein con-
densate. The He? on the other hand, obeys Fermi-Dirac statistics. For that
reason, there is no interaction between the helium isotopes in the mixture.
As enthalpy of He? differs in two phases, diffusion from the dense to dilute
phase cools the environment. This is analogous to the evaporative cooling of
He* technique commonly used for achieving temperature below 4.2 K, where
Helium particles in a gaseous phase are pumped away from the Helium bath.
In the case of standard "wet" dilution refrigerator, gaseous He? is again com-
pressed and returned to the mixing chamber. For the "dry" systems, how-
ever, the He® expands in the Joule-Thomson process and thus re-liquefies.
Although we don’t need liquid helium anymore, pulse tubes require a large
amount of electrical energy to operate. Also, cooling down from the room
temperature can take a considerable amount of time, 50 hours in the case of
system, I worked with. However, the fridge was equipped with so-called bot-
tom loader, which allows for a rather fast sample exchange. Before the trans-
fer, He3-He* mixture is collected to the tank, and the system is warmed up to
approximately 15 K. Then the sample puck could be unscrewed from mixing
chamber dock and thermalize in the load-lock. Once it reaches a temperature
above 0° C, it could be taken to the ambient conditions and exchange with the
other sample puck. After re-loading cooldown to the base temperature takes
approximately 8 hours. Oxford Instruments designed a sample puck fitting
docking port which is thermally anchored at the mixing chamber. The sam-
ple mounting is left to the user. Our Dilution refrigerator was set-up by Dr.
Maciej Zgirski shortly before, I started my graduate studies. He designed
suitable PCB sample carriers which, I later fabricated and accustomed to suit
my measurements. Example of the sample puck and sample carrier with the
PCB is shown in the Fig 2.6. Thanks to relatively big sample space, multiple
samples or devices can be measured in a single cooling cycle.
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2.3.2 Contacting the samples

IV-VI semiconductors although known and studied for many years are not
being contacted straightforwardly. Indium is most commonly used to make
electrical contacts to many semiconducting materials. First, indium doesn’t
alloy with widely used golden wire contrary to tin which is known to alloy
with gold. Second, indium is very mobile and easily diffuses into almost any
material. Despite this advantages, using indium as a contacting material can
source many experimental troubles. Grabecki et al. [132], shown that indium
contacted PbTe exhibits unexpected superconductivity, which critical field

and temperature do not match that of pure indium. Indium immediately
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FIGURE 2.7: Four-probe measurements of low temperature re-
sistance if In contacted Pbg255ng 7,Mng g3Te showing low-field
resistance anomalies.

alloys with PbTe and forms vairous type of indium-lead-tellurides which
can be superconducting. Also, indium contacts will lead to unusual low-
magnetic field magnetoresistance anomalies, which are not observed in the
case of non-superconducting contacts. For that reason we decided to aban-
don indium completely in our studies to avoid any experimental artifacts. A
various types of silver paint/paste are common alternative to Indium. Un-
fortunately, for the case of IV-VI semiconductors silver paint forms a contact
which may exceed resistance of indium contact more than order of magni-
tude. We solved this problem by using a technique known as spot-welding.
The resulting contact consists of a molten material and golden wire alloyed
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to form low-resistance contact. The resistance of the contact is comparable to
the contacts made of indium. However, these contacts tend to break when
used in high magnetic fields and carrying high current. Typically, 10 mA and
3T is sufficient to pull out the contact. For measurements in this conditions

contacts should be strengthen by covering the contact area with silver epoxy.

FIGURE 2.8: (a) SEM photograph (b) zoom of contacts welded
to Pbg»Sng gTe.
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2.3.3 Differential resistance measurements protocol

Transport measurement performed throughout the thesis were performed
through 4-probe technique. To avoid parasitic thermal voltages, we used ei-
ther standard lock-in technique or alternating DC modulation depending on
the needs. Very often, the first experimental problem is how to feed a suf-
ficiently high current to low resistance sample? Modern lock-in amplifiers
have high-quality digital voltage source, synchronized with the nanovolt-
meter. It can be conveniently transformed to a current source by placing the
in-series resistor. Most commonly, such built-in sources can generate volt-
ages of the order of several volts (5 V on average), with output impedances of
the order of several ohms. This means, that generating currents higher than
1 mA becomes less convenient. For that reason, we used an AC/DC current
source (Keithley 6221) able to generate an arbitrary waveform, pulses and
DC current with amplitude up to 105mA (peak to peak). It can also provide
a frequency and phase reference for the lock-in amplifier, being a handy tool

for studying very-low resistance samples.
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Time AV= [(V1-V2)+(V3-V2)]/4

FIGURE 2.9: (a) Current waveform applied to the device using
Keithley 6221 current source (b) Measurement details.

Studying differential resistance is usually more complex, as it requires cou-
pling of DC bias and small modulating AC component. However, current
source described above can be coupled to a nanovoltmeter (Keithley 2182A)
which allows this type of measurements when the two are working in a com-
mon mode. The difference between using lock-in amplifier and the current
source, is that instead of sine-wave imposed on the DC bias, it imposes a

square-wave with amplitude defined by the user. The illustration of this is
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presented in the Fig. 2.9. This way setup simultaneously measures I-V and
dV /dl. Direct measurement of differential resistance, significantly reduces
time necessary for the measurements. Naturally, the I-V curves can be further
differentiated numerically, however, for the case of small signals, usually a
series of measurements is necessary to reduce the noise (which scales as /N
where N is a number of measurements). The differential voltage obtained in

this method is calculated by

Vi — (V1-V2) I (V3-Vv2) (—1)° 26)
AV, — (V2 —-V3) Z (V4-V3) (1! 27)
dVs = (V4—V3) Z (Vo—V4) (—1)2... (2.8)

As the modulation current amplitude dI is set constant during entire mea-
surement, it is quite straightforward to calculate differential resistance (dR =
dV /dI) and conductance (dG = dI/dV). Thus measurements of the deriva-
tive help to save time and increase signal to noise ratio. Additionally the
setup is also capable of generating current pulses as short as 50 us. As it will
be discussed in Chapter 4, the current pulses can be used to modify point
contact resistance [126].
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3.1 Synthesis of Pb;_,Sn,Te crystals
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FIGURE 3.1: Temperature vs composition phase diagram of
SnTe. Reproduced from the data published in Ref.[133]

Synthesizing high-quality monocrystals of ternary semiconductors can be
extremely difficult. Several methods have been developed over the years to
achieve this goal. Szczerbakow and Durose [134] proposed a method called
self-selecting vapour growth (SSVG), which distinct feature is utilizing a poly-
crystalline source the seed. It can be applied to materials with substantial
vapor pressure, making it an ideal choice for IV-VI alloys, though it was also
used to obtain group II chalcogenides as well. Transport inside the ampoule
is driven by the small temperature gradient (usually smaller than 10K, how-
ever it can be as small as 2 K). Once the polycrystalline source is put inside
the gradient, material from its hotter part recrystallizes at the cooler end of
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the seed. During the growth, material favors the fastest growing orienta-
tions, leading to selective development of many highly oriented grains. Their
size increases with time and finally lead to the formation of a single crystal.
As pointed out by the authors of this method, the growth is "free from the
walls", so crystal is free from mechanical stress to a large extent. Because the
growth takes place in very small temperature gradient, crystals obtained via
this method show remarkable compositional uniformity, as high temperature
gradient usually drives distillation-like separation. The principle of growth
and furnace temperature profile is shown in the Fig 3.3. Interestingly for
Pb;_,SnySe alloys, this method also allows controlling deviations from sto-
ichiometry and consequently leads to n-type conductivity. This method of
crystal growth allowed for deep exploration of topological phase diagram of
TCI states in Pb;_,,SnySe.

FIGURE 3.2: An illustration of the self selective vapor growth

method. (a) Schematic depiction of the growth process and

temperature profile. (b) Realistic depiction of the growth con-
ditions. Reprinted with permission from the Ref. [134]

FIGURE 3.3: (a) Photograph of polycrystalline seed before
SSVG inside the quartz ampule. (b) As-grown SnTe crystal with
(100) and (111) facets.
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3.2 Synthesis of Pb;_,Sn,Mn,Te crystals

Neither the exact phase diagram for Pb;_,SnyMn,Te nor for Sn; _,Mn,Te
was reported so far. Thus, the growing conditions for these crystals have to
be estimated from the phase diagram for SnTe, shown in the Fig 3.1. Despite
some reports of very high Mn doping level such as single crystals containing
up to 19% Mn [135], or polycrystalline samples with 40% Mn [136], the results
have not been reproduced. Instead the solubility limit was found to be ~15
% [97]. Due to low vapor pressure of Mn the growth of magnetic crystals
requires the application of the Bridgman method. Polycrystals of PbTe, SnTe
and MnTe were pre-weighted in the desired ratio, and loaded into a quartz
ampoule. The pumped ampoule was then placed in a hot area of the fur-
nace. Growth temperature was necessarily higher than melting temperature
of substrate compounds and obviously lower than quartz melting tempera-
ture Ty= 1180°C. All the crystals investigated in this thesis were grown by
dr hab. Andrzej Szczerbakow and MSc. Eng. Jedrzej Korczak of IP PAS.
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FIGURE 3.4: Schematic illustration of

Bridgeman growing technique. Source:

https:/ /commons.wikimedia.org/wiki/File:Bridgman-
Stockbarger-Verfahren.svg
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3.3 Structural characterization

Crystallographic quality of the samples has been assessed by high-resolution
X-ray diffraction (HR-XRD) and powder diffraction. The w, 260/w scans and
reciprocal space maps (RSM) have been collected for reflection 444 (SnTe
and Pby 145n9 74Mny 19 Te) and 006 (Pbg 20Sng goTe). The high-resolution X-ray
diffraction measurements were performed by Dr J. Domagala. The powder

diffraction and Rietveld analysis is a courtesy of Dr. R. Minikayev.
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FIGURE 3.5: SnTe, reflection 444; 1x1 mm? - sample reflected

X-ray beam size. (a) High Resolution X-ray diffraction w -scan

measurements. Upper curve - RC, lower - wra -scan. (b) High

Resolution 26/w scan. (c) Reciprocal Space Map (RSM). The

logarithmic scale was used, intensity is shown in counts per

second [cps]. (d) Powder diffraction patterns of SnTe. The ver-
tical bars indicate positions of Bragg peaks.
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Sample ‘ a(A)
Pbo'zosno.goTe 63426(3)
SnTe 6.3129(3)

Pb0_16Sn0,74Mn0_10Te 63098(5)

TABLE 3.1: Lattice parameters of investigated samples.

The results of the state-of-the art HR-XRD examination of the crystal struc-
ture of SnTe, Pb 2Sng g Te and Pby 14Sng 74Mng 19 Te are summarized in Figs. 3.5, 3.6
and 3.7, respectively. For the crystals of SnTe and PbjSng gsTe grown by the
SSVG method one finds very sharp diffraction peaks fully accounted for by
a single-rock salt crystal phase. The application of various XRD geometries
(as indicated in Figs. 3.5,3.6) permitted the determination of the RC width
parameters of 92 and 74 arcsec for SnTe and Pby >5Sng gTe, respectively. After
correcting for diffraction peaks asymmetry and background contribution due
to diffusive scattering by native defects (vacancies) present in the crystals we
could also evaluate the crystal perfection of (111) and (001) planes as given
by the RC width parameter 17-19.5 arcsec. One may notice that these are the
XRD parameters comparable to standard GaAs (001) crystals. In the case of
Pby 16Sng 74Mng 19Te - the planes (111) were inclined at the angle of 25° to the
surface, so that 444 was asymmetrical (the X-ray beam geometry at a high
angle to the sample was used). The Pbg 165n974Mng 19Te sample consists of
misoriented 0.5 x 0.1 mm? single crystalline grains. The mean grain devia-
tion angle is estimated to be 0.06° £ 0.02°. For an X-ray beam limited by a
mask and slit of such dimensions, a diffraction pattern was obtained as for a
single crystal (Fig. 3.7).

Phase identification was carried out on the basis of patterns shown at the
Figs. 3.5(d), 3.6(d), 3.7(d). Excellent statistics, peak-to-background ratio is 74,
and broad angular range of measurement (20° to 159°) and all visible peaks
identified as structural for rock salt crystals (Fm3-m). There is no indication
of secondary phase present in investigated crystals. The measured lattice

parameters are given in the Table 2.

3.4 Electrical Characterization

Before performing an actual conductance spectroscopy, the electrical proper-
ties of the samples were carefully examined. The main samples investigated
in the point contact spectroscopy are listed in the table below. It consists of
single crystals of rock salt Pb; _,Sn,Te and Pb;_, ,Sn,Mn,Te obtained via
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the self-selecting vapour growth method and the Bridgman technique, re-
spectively, as described in the beginning of this chapter. Since the TCI phase
occurs for a sufficiently high Sn content, y 2 0.30 (ref. [66]), the studied sam-
ples of Pby_,Sn, Te cover both the topologically trivial and non-trivial cases
(see Table 3.2). Room temperature charge densities and Hall mobilities are
given in the table below.

Sample p(ecm=3) 1 (cm?/Vs)
PbTe 5 x 108 970
Pbg 80Sng 20 Te 49 x 10Y 280
Pbg 20Sng o Te 7.5 x 1020 80
SnTe 3 x 102 350
Pbg 30Sng 7Mng g3 Te | 2.6 x 102 110
Pb0_16Sn0.74Mn0,10Te 1.4 x 1021 180

TABLE 3.2: Chemical composition, hole concentration and mo-
bility from room temperature Hall measurements of the inves-
tigated samples.

As expected for tellurium based IV-IV compounds all the specimens are strongly
p-doped, with relatively low mobility. Hall measurements were performed
using the standard 4-probe AC technique in the Hall-bar configuration (see
Fig 1.1). In the case of diamagnetic crystals grown by the SSVG method, sam-
ples with approximate dimensions of 0.5 x 1 x 4mm?® were cleaved from
the single crystals. The Mn-doped samples are oriented by using an X-ray
diffractometer equipped with a goniometer and cut by a wire saw to the
form of rectangular parallelepiped with dimensions similar to the diamag-
netic specimens. As expected for IV-VI semiconductors resistance of all in-
vestigated samples exhibits metallic behaviour as a function of temperature.
An example of such behavior is shown in the Fig 3.8(a,b) for Pbg0Sng gpTe
and Pbg30SngezMng g3Te. For Mn-doped samples a increase of resistivity
close to the Curie temperature is seen, which is a common feature for every
conducting magnet [104]. Interesitngly Pbg16Sng74Mng 19Te exhibits sharp
peak of the resistance precisely at the Curie temperature. This feature was
observed before by Escorne and Mauger [137] for Sn;_,Mn,Te and was in-
terpreted in terms of a resonant scattering on a virtual bound level. A bet-
ter developed peak was observed by the authors for moderate Mn doping
i.e. x=0.054 and hole density 5.4x 10%° cm ™ at temperatures slightly below
Tcurie- Thanks to the experimental setup described in the previous chap-

ter, I was able to perform magnetic and transport measurement using the
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FIGURE 3.8: Metallic behavior of resistivity measured for
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Pby.16Sn9.74Mng 19Te in the vicinity of the Curie point. (d) Low

temperature resistance of ferromagnetic samples as a function
of reduced temperature T = 1 — T/ Tcyrie-

same cryostat, which guarantees nearly-perfect accuracy in terms of estimat-
ing transition both from magnetic and resistance measurements. Interest-
ingly, these combined measurements shown that the peak occurs exactly at
the Curie temperature, its intensity scales with current applied to the sample
and vanishes for magnetic field smaller than 1 mT. Indeed, peak got consid-
erably broader and moved below Tcye for currents higher than 5mA. Al-
though resistance of the sample counts only few miliohms, contact resistance
is typically twenty times higher, which leads to considerable Joule heating
at high current excitations. Surprisingly this peak reveals itself only in AC
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measurements with the use of a lock-in amplifier, and its completely absent
for the DC counterpart. This suggests that the peak may originate due to
non-linear phenomena, like strong scattering on magnetic domains. Simi-
larly to the first report on this regard [137] we do not observe such a peak for
x=0.03 sample. To shed more light on this interesting result the collaboration
with Prof. Joachim Kusz from University of Silesia was established. Thanks
to this collaboration temperature dependence of a lattice parameter down to
10K was measured.
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FIGURE 3.9: (a) Dependence of a lattice parameter measured

for Pbg16Sng72Mng 12Te in the broad temperature range. (b)

Zoom on the low-temperature region, a clear reduction of lat-
tice constant is seen in the vicinity of Tcyrie-

This measurements revealed that in the vicinity of ferromagnetic phase
transition lattice parameter changes by approximately 0.5 %. Hypothetically
such a big change of lattice parameter could be a result of first order phase
transition [138]. First order phase transitions are accompanied by latent heat
which consequently leads to a hysteretic behavior in the transitions vicinity.
A series of measurements with different experimental technique (AC and DC
magnetization, resistivity) didn’t reveal any measurable hysteretic behavior.
A better understanding could be achieved by further examination of samples
with different material parameters. However, for specimens with smaller
hole density and manganese concentration, transition to the ferromagnetic
phase occurs below 10K which is the base temperature of the XRD setup
used in this measurements. Alternatively one could measure thermal expan-
sion coefficient by using capacitive dilatometers. These devices are becoming
increasingly popular and may operate even at temperatures below 1K [139].
A systematic analysis of lattice parameter change as a function of hole con-
centration and Mn doping is necessary to understand what drives this pe-
culiar feature. We may speculate that the non-linearity at Ty detected in
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the transport measurements may originate from a rapid change of the lat-
tice parameter. Perhaps, direct imaging of magnetic domains in the presence
of current together with the thermal expansion measurements could reveal
physical mechanism behind observed behaviour. These findings point to a
new and interesting direction in further investigations of Mn-doped IV-VI

semiconductors.
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FIGURE 3.10: Dependence of the non-linearity at the Curie tem-
perature measured as a function of the applied current.

3.5 Magnetic Characterization

Impact of stress on the investigated samples As IV-VI semiconductors are
known to be structurally soft [140], first we address the problem of mount-
ing the sample inside the magnetometer. Usually investigated specimens
are glued with GE Varnish to 2 mm thick silicon strip as described in the
Ref. [141]. Alternatively the sample may be placed between two plastic straws
with no glue involved. As it can be seen in the Fig 3.11, the difference in
measured magnetic moment is biggest in small magnetic fields, when sam-
ple is not fully magnetized (3.11(a)). However as the magnetic field increases
Fig 3.11(b),(c), the difference between the two is smaller than 1% and does
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not seem critical for further investigations. Importantly, origin of this differ-
ence does not necessarily need to come from stress, as the intrinsic responses
of sample holder can differ.
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Curie-Weiss characterization The Curie-Weiss law can be used, to estimate

the effective concentration of magnetic ions, once temperature dependence of

susceptibility is known. It is given by the well known formula:
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for two ferromagnetic samples used in the further spectroscopic
studies. Circles correspond to experimental data, pale lines are
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perature from magnetic measurements exemplified on the sam-
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ential susceptibility measurement used to confirm Tcyyie evalu-
ated from magnetization data.
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where C=NyS(S+1)g3,., 143 is a Curie constant, § is a Curie-Weiss temper-
ature, Ny is the cation concentration, S equals to the spin of Mn ions (5/2)
and g is Lande g factor, yp is Bohr magneton. x; equals to the magnetic sus-
ceptibility of Pb;_,5n, Te which weakly depends on temperature. Following
previous report on this regard [122], the value of x; = —2.7 x 1077 g/emu
was used. The values of x. = 0.024 and 0.095 are determined from the
Curie constant obtained from our magnetic susceptibility measurements be-
tween 100K and Tcyyrie. Nevertheless, throughout this thesis, I will be refer-
ring to the ferromagnetic samples using their technological Mn concentra-
tion, namely x = 0.03 and x = 0.10. According to the results of magneti-
zation measurements collected in Fig. 3.13, non-magnetic compounds show
tield-independent diamagnetic susceptibility, enhanced by strong interband

polarization in the inverted band structure case.

Determination of Curie Temperature The Mn-doped samples contain Sn
concentration corresponding to the TCI phase and the hole density high enough
to populate twelve X valleys (see Table 3.2). A large density of states (DOS)
associated with these valleys makes hole-mediated exchange coupling be-
tween Mn ions sufficiently strong to drive the ferromagnetic ordering [118,
119]. The Curie temperature Tcyre Which separates the paramagnetic and
ferromagnetic phase, can be determined using variety of different methods.
For example, it can be obtained from resistance measurements. For the case
of Gaj_,Mn,As, singularity in the temperature derivative of resistivity was
used to accurately estimate the transition point as shown by Novak et. al [142].
Naturally, methods of magnetometry can be used for accurately determine
Tcurie as well. One can use an AC magnetometer to look for the maximum
of differential susceptibility in the vicinity of the transition, as seen in the
Fig. 3.12(d). Alternatively Curie point can be estimated from spontaneous
magnetization formation in a ferromagnet. Most frequently, a thermorem-
nant magnetization temperature dependence is utilized for this estimations.
It is a remnant magnetic moment appearing after quenching magnetic field
to zero after saturating the sample well below Tc[141]. This is best seen in
the Fig 3.12. Initially the sample is cooled in the constant magnetic field of
10mT. Below 2K the field is quenched to zero, and thermoremanent mo-
ment is measured. In the case of IV-VI bases DMSs’, the remanent magnetic
moment is almost two order of magnitude smaller than saturation magneti-
zation (Fig 3.12(b)), probably due to the formation of magnetic domains and
weak cubic anisotropy. Indeed, Pb;_,_,Sn,Mn,Te belongs to the family of so
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called magnetically soft materials. These ferromagnets have very small co-
ercivity(Fig 3.12(c)) and consequently material can be easily demagnetized.
Similarly, once the sample is cooled again below Tcie, @ Spontaneous ma-
gentic moment is formed, however its magnitude is even smaller as com-
pared to its theromoremnant counterpart. Finally, an excellent agreement is
observed between the T¢ e estimated from thermoremnant moment, differ-
rential susceptibility and resistivity for both ferromagnetic specimens. As
shown in Fig. 3.13, the Curie temperature, is 2.7 K and 14K for the Mn con-
centration x = 0.03 and 0.10, and the Sn content y = 0.67 and 0.74, respec-
tively. According to the mean-field p — d Zener model [104, 113]

Tcurie = XeitNoS(S + 1) B24pr/12kg — TaF, (3.2)

where xo¢ < x and Tap > 0 take into account the presence of short-range
antiferromagnetic interactions, and Ny is the cation concentration. Impor-
tant effects of spin-orbit interactions, carrier-carrier correlation, and mixing
between anion and cation wave functions are incorporated into an effective
p — d exchange integral Bog. In order to evaluate its magnitude Mn spin
S = 5/2 and DOS of holes at the Fermi level pr from specific heat mea-
surements for Sn;_,In,Te with comparable hole densities [17] are assumed.
Tar = 8xS(S+1)J, where J ~ 1K (ref. [143]). For the experimental mag-
nitudes of Tcurie No|Betf] = 0.25 £ 0.02 eV is obtained, a value at the upper
bound of those determined for Mn-doped lead chalcogenides [144].



R
N

Chapter 3. Characterization of the samples

—_—
Q
—

Magnetization (emu/q)

Magnetization (emu/q)

6 L L B T T
x =0.10
4r Pb,,.,SnMn,Te ]
5L 1
FC (10 mT)-
0 -t
Ly=020 y=080 g. 10°
o 5 10 15 20 25 30
10 IIT(K)II
T=18K
x=0.10
sl ]
X =0.03
of 3 y = 0.20
x104V N
SF PPy Tey =080 ey,
0 20 40 60 80 100
,UoH (mT)
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Chapter 4

Point contact spectroscopy on the
TCI surface

This chapter is based on the preprint: G.P. Mazur, K Dybko, A Szczerbakow, M
Zgirski, E Lusakowska, S Kret, | Korczak, T Story, M Sawicki, T Dietl. Experimental
search for the origin of zero-energy modes in topological materials arXiv:1709.04000v2

As it was outlined in the introductory paragraph of this dissertation, a se-
ries of point-contact experiments has revealed the existence of superconduct-
ing point contacts at junctions of metal tips with topological semiconductors
and semimetals [19-23, 25, 26, 29, 145]. Surprisingly, despite the absence of
global superconductivity in these systems, the features in dI/dV decay crit-
ically with temperature and the magnetic field as expected for a supercon-
ductor. It has, therefore, been concluded that the superconductivity results
from tip-induced strain or from a dimensional confinement in the junction
area. In the case of Cd3As; this interpretation appears to be supported by
the featureless spectrum in the case of a soft point-contact obtained using
the silver paint [21, 23]. Surprisingly, however, the Andreev reflection-type
spectra were recently reported for Au/CdzAs; junctions without observa-
tion of the Meissner effect or 4 probe zero-resistance state [145]. Simultane-
ously soft-point contacts shown superconducting-like features for topologi-
cal semimetals WC, MoTe; and WTe,[25, 26, 29]. Now, as topological phase
diagram for IV-VI based topological crystalline insulators (TCI) [61, 63-66] is
one of the better explored and understood among all the topological materi-
als, point-contact experiments can be performed for the same material class,
however without topological surface states. Of course, as Fermi level posi-
tion depends on the amount of tin concentration, the carrier density is much
lower for Pb-rich specimens as compared to pure SnTe. The first observation
of superconducting point contacts in IV-VI semiconductors have been per-

formed for Pbg¢9Sng 49Te by Das. et al. [19].In this study, hard point-contact
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characteristics reveals zero-bias conductance peaks (ZBCP) [19]. Apparently,
the authors could not explore spectroscopic regimes of transport through the

contact due to intrinsic disorder in the sample.

4.1 Experimental results

4.1.1 Point contact spectroscopy on diamagnetic TCIs

Using high-quality single crystals, which characterization details were de-
scribed in the previous chapter, I employ the soft point-contact method[12,
16, 124, 126], in which a 15 ym Au wire is fixed by a silver paint to a freshly
etched (011) or cleaved surfaces (001) (see Fig 2.4). To reduce level of surface
oxidation to minimum, prior to point-contact preparation the samples are
etched in 3 % Bromide solution in HBr for 15 sec. As shown in Fig.4.1, in the
case of the diamagnetic TCI Pbg »0Sng goTe at low temperatures and magnetic
fields symmetric differential conductance characteristics consists of a broad
maximum centered at V' = 0 and two minima at higher biases. The mag-
nitude of ZBCP varies from sample to sample but is typically about 50>/ h.
This form and magnitude of dI/dV (V) is virtually identical to that discov-
ered in other unconventional superconductors like Srp,RuQO4[8] and hyper-
doped, superconducting topological insulators Cu,BiySe3[12] and Sn; _,In, Te[16]
and assigned to MBS, as discussed in the introductory paragraphs. However,
in the present case neither magnetic nor ultra-low current resistance mea-
surements (see Figs.3.13 and 4.1d, respectively) point to the presence of a
macroscopic bulk or surface superconductivity. As presented in the Fig. 4.1a,
dI/dV (V) is featureless in the case of the topologically trivial materials PbTe
and PbggoSngoTe (in the notation adapted here y = 0 and y=0.20). These
findings are far reaching, as PbTe and Pbg gySng 2o Te are topologically trivial
systems[63, 64, 66], whereas SnTe and related compounds are archetypical
topological crystalline insulators (TCI), in which mirror symmetry protects
gapless Dirac cones at (100), (110), and (111) crystal surfaces[63-66]. Impor-
tantly, according to both angle-resolved photoemission[65, 146] and magne-
totransport studies[84], these cones coexist with bulk states even for high
bulk carrier densities specific to these systems. The energetic position of the
surface-cone neutrality-points in respect to the Fermi level depends on the
character of surface states and the degree of surface oxidation, the question

under investigations now[147].

At the same time, there is a striking similarity of differential conductance
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spectra for samples in the TCI phase presented here to those found in topo-
logical materials collected in the Table 1.1, in which also no global supercon-
ductivity has been found. It is, therefore, tempting to conclude that point
contact spectra signalize the existence a new universal phenomenon, specific
to topological matter. As for the shape of the spectrum it is important to dis-

cuss, in which transport regime point contact actually falls.

For the case of IV-VI crystals investigated here, most commonly observed
spectrum has a shape of the zero-bias peak as shown in the Fig. 4.1(c). In the
superconducting point contact phenomenology such spectra classify to the
so called as a thermal regime[126]. In that case features from the Andreev re-
flection are thermally blurred and the dips symmetric about V=0 come from
the critical current as first systematically shown by Sheet et al. [148]. As dis-
cussed in the chapter 2, all spectroscopic information is lost in this regime.
At the opposite end, where the mean-free path is smaller than the area of
the contact, the contact is in ballistic regime and momentum and energy in-
formation can be obtained from the measurement. As by definition energy
dissipation is not expected in this regime, dips associated with heating ef-
fects should vanish for ballistic transport. Such spectra are depicted in the
Figs.4.1(a) (y=0.8, orange trace) and 4.1(b). In this spectra, side maxima in
dI/dV correspond the DOS enlargement at the gap edges, and the zero-bias
conductance peak may indicate presence of zero-energy states residing inside
the conductance gap. The zero-bias conductance peak smoothly vanishes
with temperature and magnetic field leaving a clear gap structure to vanish
at higher fields/temperatures. It is important to mention that exploring dif-
ferent regimes of point contact transport is absolutely crucial for identifying
absolute value of the gap and its anisotropy, however in the present case it
is somewhat a second order effect. In the case of all spectra gathered here, it
is not clear, why the junction between normal metal and topological material
resembles features routinely observed for metal/superconductor junction.
Furthermore, as detailed in the next section, by employing high-resolution
SQUID measurements I have undertaken search for superconductivity, ei-
ther intrinsic or caused by, for instance, Pb or Sn precipitates. No evidence
for the Meissner effect is found in the case of samples of interest here, i.e.,
Pbl_ySnyTe with y = 0.20, 0.80, and 1. This means, taking our experimental
resolution into account, that the relative content of precipitations that could

produce a response specific to superconducting Pb or Sn is below 0.1 ppm.
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FIGURE 4.1: Differential conductance spectra of soft point-
contacts to diamagnetic samples. (a) Differential conductance
dI/dV at 50 mK normalized to its value at the normal state for
(001)Pb1,y8nyTe with y = 0,0.20,0.80, and 1. The spectrum is
featureless for y = 0 (PbTe) and y = 0.20 but shows zero-energy
mode characteristics for Sn content (y = 0.80 and 1, i.e., SnTe)
corresponding to topological crystalline insulator phase. Evo-
lution of the spectrum with temperature (b) and the magnetic
field (c) for y = 0.80 and two locations of the point contact on
the sample surface, respectively. Magnetic field is applied per-
pendicularly to the (001) plane. (d) Resistance of this sample
measured by a four contact method with current density as low
as 2.5:1072 A/cm?. No global superconductivity is detected.
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4.1.2 Magnetically doped Pb;_,Sn,Te

Itis increasingly clear that doping with magnetic impurities is the key method
for altering topological properties and functionalities. For instance, scatter-
ing by Mn ions closes the electron-hole gap in BiySe; deposited on supercon-
ducting NbSe; (ref.[11]). Interestingly, Hall resistance of edge channels in
ferromagnetic (Crg 12Bip265bo.62)2Tes shows an additional quantized plateau
if coupled with superconducting Nb, the effect attributed to the presence of
chiral Majorana excitations[149], even though competing explanations have
been put forward, too[150]. Usually magnetism is detrimental to the super-
conducting order, and proximitizing a superconductor with a ferromagnet
makes the superconducting state weaker. As shown in Fig. 4.3, Mn doping of
Pb;_,Sn, Te does not destroy zero-bias anomaly but rather enhances the tem-
perature and magnetic field ranges in which they appear. As presented in
the Fig.4.3, dI/dV clear spectroscopic features in the magnetic crystals. The
spectrum for Pbg 35ng 6;Mng o3 Te [Fig. 4.3(a)] exhibits a gap with a small zero-
bias peak vanishing smoothly with increasing temperature. For a cleaved
(100) surface of Pby 165ng 74Mny 10 Te, a splitting of ZBCP, resembling Andreev
reflection characteristics in the spectroscopic regime and for a non-zero bar-
rier transparency [126] has been detected [Fig.4.2(c)]. Detection of the gap
feature together with zero-bias conductance peak suggests that, if observed
features are indeed coming from the superconductivity its order parameter

should be unconventional.

To further investigate ZBCP properties at the lower temperatures, I have per-
formed set of measurements in the dilution refrigerator. Judging from the
shape of the spectra, contacts were located closer to the thermal regime of
transport. Nevertheless zero-bias field dependence, and conductance spec-
tra evolution as a function of temperature and field are depicted in all the
panels of Fig 4.3. Indeed to obtain contacts which shown spectroscopic fea-
tures (as seen in the Fig 4.3), | have fabricated several tens of specimens. It
was only possible using home made transport probe (Described in chapter
2) which fits QD MPMS magnetometer. Using its cryogenic properties, I was
able to test up to 3 separate samples (each with 3 point contacts) per day, at
the lowest temperature of 1.8 K. Such fast characterization would not be pos-
sible using dilution refrigerator. On the other hand, it is not surprising that
a semiconducting crystal containing almost 10 % of Mn has greatly reduced
mean free path and achieving fully ballistic contacts to this sample seems

elusive.
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ductance spectra for the etched (011) Pbg30Sngs7Mng 3Te. (b,c)
Evolution of the spectrum with the temperature and magnetic
field for the cleaved (001) Pbg 16519 74Mng19Te. Magnetic field
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FIGURE 4.3: Differential conductance spectra of soft point-
contacts to paramagnetic and ferromagnetic samples
showing zero-energy modes without global superconduc-
tivity.  (a) Normalized peak height field dependence for
(011)Pbg30Sng yMng g3Te and (011)Pbg 14Sng74Mng19Te. Inset:
conductance spectrum for (011)Pbg30SngezMngo3Te at 50
mK. Evolution of the spectrum with temperature (b) and
the magnetic field at 50mK (c) for (011)Pbg16Sng74Mng 19Te.
Magnetic field is applied perpendicularly to the (011) plane.
(d) Collection of spectra for a less resistive junction at higher
temperature, the zero-bias feature is quenched by much
smaller magnetic field as compared to the data presented in
the panel (c)
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The enhancement of superconductive features in ferromagnetic samples
is best seen in Fig. 4.4 that depicts the temperature dependence of the con-
tact resistance and a half of the energy distance between conductance max-
ima(b) and minima(d), A, as a function of temperature and the magnetic
field for all studied samples with high Sn content. As seen, A(T,H) > 0
up to T, of 4.5K and poH, of 1.9T. Furthermore, according to Fig.4.4, A(T)
is quite well described by an interpolation formula of the BCS expression,
A(T) = CkgT.[1 — (T/T.)33]%5, where C in our case is more than twofold
greater than the weak coupling value C = 1.76. Similarly, a reasonable ac-
count of A(H) data is obtained by using another interpolation formula suit-
able for type II superconductors, A(T,H) = A(T,H = 0)(1 — H/H.)"/2.
This description of A(T, H) holds for the diamagnetic Pbg,SnggoTe, ferro-
magnetic Pbg 165ng74Mng 19Te, and across the paramagnetic—ferromagnetic
phase boundary, the case of Pbg30Sng ¢yMng o3Te, in which T, > Tcyrie- The
existence of a transition to a new phase is also documented by a kink in the
temperature dependence of the differential resistance for V. — 0 at T, as
shown in Fig. 4.4a. Fig. 4.4d presents data collected for the spectra in thermal
regime, as commonly accepted for the case of superconducting point contact
phenomenology. As expected for the spectra in this regime, position of the
conductance dips (identified as A in this regime), may vary upon every cool-
ing cycle. This behavior is observed and documented for the sample with
x = 0.10 (blue curves). Nevertheless this can as well be expected by net-
work of 1D channels residing at the samples” surface. The collected results
demonstrate, therefore, the appearance in diamagnetic, paramagnetic, and
terromagnetic IV-VI TCIs of a new phase below T, and H., which is char-
acterized by an energy gap and excitations residing in its center. This new
phase is not accompanied by a global superconductivity and its parameters
Tc and H, vary from junction to junction. The magnitude of ZBCP, about 50 to
500¢? /1, is consistent with fact that several Ag crystallites participate in the
charge transport process. One should bear in mind however, that for the case
of point-contact spectroscopy, spin-polarization and finite transmission coef-
ticients across the junction will determine the magnitude of observed spectral

characteristics.
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FIGURE 4.4: (a) Temperature dependence of the point-contact
resistance at the limit of zero bias pointing to a phase tran-
sition. (b,c) Conductance gap A evaluated from the differen-
tial conductance spectra for samples presented in Figs.4.1,4.3
and 4.2 for Pb;_, ,SnyMn,Te corresponding to the topologi-
cal crystalline insulator phase vs. magnetic field perpendicular
to the surface plane and temperature, respectively. (d) Field
dependence of a gap estimated as a minimum in a conduc-
tance spectra which only show ZBCP. Solid lines in (c) are fits
to A(T,H) = A(T,H = 0)(1 — H/H,)'/2. Solid lines in (b,d)
are fits of the BCS formula for A(T) to the experimental points
treating T, and C as adjustable parameters (C = 4.35, 4.53, and
3.49 from top to bottom respectively; C = 1.76 in the BCS the-

ory).
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How to estimate the energy gap? Some of the features observed in our
spectra, are resembling characteristics which are usually associated with An-
dreev reflection in normal metal /superconductor junctions. Especially dI/dV
measurements presented in the Fig 4.2(b),(c) show double-peak structure,
which is predicted by BTK (Blonder, Tinkham, Klapwijk) theory for a finite
transmission coefficients. I will briefly discuss origin of this spectral shape
for the N/S junctions. The existence of a superconducting gap has a con-
sequence, for electronic transport across interface between a metal and semi-
conductor. A single electron cannot tunnel to a superconducting gap, as there
are no quasiparticle states available in the superconductor. There is one pro-
cess, however, which electrons can use to "sneak" inside a superconductor,
this process is called Andreev reflection. In this process two electrons with
the opposite spins and quasi-momenta can tunnel inside the superconductor
and form a Cooper pair. In other words, instead of extra electron injected
from a normal metal, the incident electron is retroreflected as a hole with op-
posite quasi-momentum. As two electrons are injected below the energy of a
superconducting gap, the value of the conductance increases. For the perfect
interface, the conductance below the gap can be doubled as compared to the
normal state.

Realistically, the physical picture is of course, much more complicated. The
interface, almost in all point-contact spectroscopy experiments is not perfect.
Usually this happens due to formation of native oxides both on the normal
and superconducting electrodes. Blonder, Tinkham and Klapwijk[151] tack-
led this problem theoretically and provided elegant theoretical model which
is broadly recognized and appreciated by the community. All the consider-
ations have been done for 1D system. The interface degradation is incorpo-
rated within the model as an additional J-function potential located at the
interface. Additionally introducing a step potential across the N/S bound-
ary (similar to the Heavyside 6 function) the authors taken into account the
Fermi velocity mismatch. Thus, quality of the interface is modelled by a phe-
nomenological parameter Z. The quasiparticle transmission probability 7 in

this model is given by:
1

1+ 22
The probability of Andreev reflection at the Fermi energy reads:

1 2
“1::(1-+222) 42

T = A — 0. (4.1)
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As expected for the two-particle process, the Andreev reflection probabil-
ity of the order of 72. The calculations of [ — V and dI/dV characteristics
were performed withing Bogolubov-De Gennes framework, which is analo-
gous to the Schroedinger equation for electron and hole quasi-particles in a
superconductor. Of course, the BTK model was extended to account many
different physical processes happening at the interface, such as finite quasi-
particle lifetime [152] or spin polarization [153]. By fitting the BTK model,
one can obtain a superconducting energy gap or spin polarization if a junc-
tion between a superconductor and a ferromagnet is made, which bring us
to the measurements presented here. In fact, nowadays, using BTK model is
somewhat standard way of obtaining before mentioned parameters. In our
case, however, most of the spectra, additionally to the gap feature which may
originate from Andreev reflection, show enhanced conduction at zero bias,
which suggests that if any superconductivity is present, it is probably un-
conventional. Moreover, despite the great experimental effort, we are not
able to find any signature of superconductivity besides spectra presented
above. That's why we decided to take another route and identify the en-
ergy associated with the gap differently. For the spectra presented in the
Figs. 4.1(c),4.3(b,c) we take the energy gap A as half of the energy distance
between conductance minima. Having in mind, these dips are often inter-
preted as a result of non-ideal conduction through the contact, they often
appear at the energies close to the energy of the gap [8, 126]. The dips shift
to lower bias value as a field and temperature and indicate the qualitative
behavior of the gap. Quite often the dips are ignored when a BTK model is
titted to the conductance spectra [20, 22]. This introduces only a small error
into estimation of the gap, provided that magnitude of the dips is small. On
the contrary, if magnitude of conductance dips is high, the gap overestima-
tion can be very significant [148]. It is important to stress, that in the case of
the presented measurements it is not critical to precisely estimate the value
of the gap, as the microscopic mechanism driving observed spectra is not yet

understood.

A class of the spectra where the gap feature can be undoubtedly identified
are depicted in the Figs 4.1(b) and 4.3(a-c). In this case the maximum in the
dl/dV is attributed to A. It should be noted that spectrum presented in the
Fig 4.1(b) is completely free from any heating effects despite its low resis-
tance. Fig 4.5(b) illustrates how magnetic field quenches the zero-bias peak
and leaves a gaped spectrum. From the experimental point of view, one

needs to address one more issue. As the sample temperature or magnetic
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FIGURE 4.5: Panel (a) illustrates slices of Fig 4.1(b). It shows
how ZBCP vanish as a function of temperature leaving clear
gap structure. For clarity an offset has been put between the
traces. At 2.4 K spectrum is featureless. Panel (b) illustrates
how the zero-bias feature is suppressed by the magnetic field.

tield approaches Tc or Hc, it is more challenging to estimate the energy of
the gap. Fig 4.5 shows dI/dV traces selected from the Fig 4.1(b). Gap struc-
ture is clearly visible for temperatures up to 1.5K. It is still visible at higher

temperatures, however it's magnitude is greatly reduced.

Contact Fritting Despite the ease of fabrication and stability against vibra-
tions soft-point contacts, once made, cannot be modified as easily as the
contacts made using metallic tips. It was already mentioned in the section
devoted to point-contact spectroscopy, Gonelli et al.[124] found that short
current/voltage pulses can be used to modify contact area of soft point-
contacts. The method is known otherwise as "contact fritting" and is com-
monly used in electronics as a convenient tool to modify resistance of metallic
junctions[126]. In the case of our samples, freshly prepared silver paint con-
tacts reveal behavior characteristic for superconducting point contact in topo-
logically non-trivial samples. However, some of the contacts stopped work-
ing after temperature sweeps or showed no structure during initial measure-
ments. By application of the contact fritting method characteristics of differ-
ential conductance spectra in topological samples can be modified. This is
best seen in Fig. 4.6(a). A typical pulse sequence consists of 1 ms pulses with
amplitude 100 mA, with the repetition rate of 10 Hz. Such a sequence does
not awake any structure in conductance of non-topological PbggySngoTe
[Fig.4.6(b)]. Application of the current pulses can also be used to effectively
change area of the contact. Usually, for bulk superconductors resistance of

the N/S junction scales with the contact area. In a recent paper, Zhigadlo et
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al. [154] perform soft-point contact studies on the non-centrosymmetric su-
perconductor Mo3zAl,C. Mean-free path in this material is as short as 3nm
so achieving contacts in ballistic regime is extremely difficult. However, the
authors were able to show, that application of short current pulses progres-
sively reduces resistance of the junction and two peaks from Andreev reflec-
tion merge to a single,zero bias peak for highly conductive contact. More-
over, the authors convincingly shown that the conductance dips originating
from heating effects move towards lower biases as the junction resistance de-
creases. This behavior denies that such dips have any relation with the super-
conducting energy gap or with any intrinsic energy scale of studied material.
On the contrary, for the Ag/TCI junctions, we do not find any systematic re-
lation between the junction resistance and the position of the dips or other
spectral features. The Figure 4.7 presents conductance spectra obtained for
the same junction whose resistance is changed by the current pulses. All
of the spectra show clear conductance minima, which appear around aver-
age bias voltage of 1.8 mV. Importantly position of the dips does not show
any systematic dependence on the contact resistance,as in the case of previ-
ous studies on point contacts made to topological materials [20]. It is even
more interesting as 1.8 meV is almost exactly the value identified as a gap for
both thermal and intermediate regime as shown in the Fig 4.4(b,d) for the
x = 0.10. Similarly a comparison between the mean-field fitting prefactors is
given in the Table 4.1. It seems that the error introduced by heating beneath
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FIGURE 4.6: Effect of current pulses on differential conductance

characteristics in topological and non-topological samples. (a)

In topological samples pulses can restore a peak structure in the

case of contacts that have been initially featureless. (b) Differ-

ential conductance remains featureless in non-topological sam-
ples.
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the contact is not bigger than 10 % for all investigated samples. This obser-
vation may be a hint that the conductance dips are indeed associated with

some intrinsic energy scale of the system under study. A more surprising
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FIGURE 4.7: A collection of point contact spectra obtained

by applying small 1 ms current pulses across the contacts for

Pby 16509 74Mng 19Te. The pulse height varied from 10 mA to 50
mA depending on the contact resistance.

is the fact that spectral features observed in the collected measurements do
not seem to depend on the contact resistance as well. This is at odds with
the superconducting point contact phenomenology, which predicts spectral
gap feature (i.e. closer to ballistic regime) to appear as the junction area is re-
duced. For example, the spectrum with conductance about 0.065S (Fig 4.7(i))
resembles two peaks characteristic for Andreev reflection, whereas for the
twice more resistive junction (0.037 S)(Fig 4.7(f)), a single, zero-bias feature is
seen instead. One can explain this, by invoking the fact, that multiple paral-
lel channels are formed across the junction and their total resistance does not
accurately reflect size of each separate channel. Alternatively, such a behav-
ior could also be seen if the observed phenomenology were connected with
the presence of 1D objects on the sample surface. This kind of object could
be a low-dimensional superconductor. In this case only a part of the junction
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Sample ‘ CThermal CBallistic /Intermediate
Pb20Sng goTe 3.3 36
Pbg 30Sng.67Mng 03 Te 4.1 45
Pbg.165n0.74Mng 19Te 4.4 4.4

TABLE 4.1: Collection of fitted BCS C prefactor in different
transport regimes. The data for each sample was obtained in
a separate cooling cycle.

touches actual the superconductor and the other part probes topological ma-
terial in its normal state. It is instructive to discuss whether we can apply for-
mulae given by Sharvin and Maxwell (introduced in Chapter 2), to describe
results of the point contact studies of the topological materials. Usually, the
parameters (e.g. kp) are estimated basing on the data available/measured for
the bulk. Topological Crystalline Insulators, on the other hand, are known to
possess not only the non-trivial surface states, but topological states bound
to the edges of atomic terraces. Thus the actual physical properties under
the contact must be different from that of the bulk. The mean-free path for
topological surface states can be obtained from the parameters extracted, for
example, from quantum oscillations of the resistance. For SnTe [84] the mean
surface free path is of the order of 40nm, whereas the bulk one is below
10nm. For such a complex system it is not clear, what value of kr should be

taken into the actual calculations.

Looking at all the data gathered above, we can conclude that either point-
contacts form low dimensional TCI/Ag interface, or some low dimensional
object on the crystal surface resembles superconducting point contact phe-

nomenology when probed with silver electrode.

4.1.3 Magnetic anisotropy of differential conductance

Some information on the dimensionality of the system under investigation
can be achieved by magnetic field rotation. It is especially challenging in
point-contact spectroscopy as point contacts are prone to mechanical pertur-
bations. Rotation of the sample stage can even destroy the contact and it is
not a proffered method for studying the anisotropy of differential conduc-
tance. However, many modern cryostats are be equipped with vector mag-
nets, able to produce H vector pointing at any direction. Our dilution refrig-
erator system is equipped with such a vector magnet, capable of generating
magnetic field of the order of 6 T along Z-axis, and 1T along X and Y axes.
In order to probe magnetic anisotropy of the point-contact spectra, differen-
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FIGURE 4.8: (a-c) Differential conductance spectra at vari-

ous perpendicular and in-plane magnetic fields at 50 mK for

Pby.165n9.74Mng 19Te sample. (d) Conductance gap evaluated

from the differential conductance spectra presented in the pan-

els (a-c) vs.magnetic field perpendicular and parallel to the sur-
face (full and empty symbols, respectively).

tial conductance of the Pby 14Sng 74Mng 19Te sample has been measured as a

function of H applied perpendicular and parallel to the sample surface. As

seen in Fig. 4.8 there is some anisotropy in the peak heights but no noticeable

differences in the width of the spectra can be found. Actually, this indicates

that the observed transition has no 2D character. As for the literature data,

so far, only one report investigated the issue of anisotropy of differential con-

ductance[22], shown in the Fig 4.9. The authors attributed obtained results to

the dimensionality of the contact. In this picture current is flowing through

a 1D constriction with effective diameter comparable to the superconducting

coherence length.
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FIGURE 4.9: Aniostropic differential resistance of a Ag/TaAs

junction. Panel (a) corresponds to the high bias (V=13mV),

panel (b) corresponds to the low bias (V=0.3mV). Solid lines
are cos? 0 fits. As appeared in the Ref. [22].

4.1.4 The interface effect
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FIGURE 4.10: Differential conductance of Au welded contacts
to TCIL. Spectrum does not show any signatures of zero-bias
anomaly or a gap.

From the measurements of magnetoconductance and exploration of trans-
port regimes through the contact, the experimental results suggest that ob-
served features might come from one dimensional object. This section is de-
voted to investigations of the interface between Ag and the TCI. Our point-

contact spectroscopy experiments have been performed by using silver paint,the
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remaining contacts are spot-welded into the sample to ensure a good electri-
cal connection. A sanity check spectroscopy experiment is performed using
spot-welded contacts, which also does not show any superconductive fea-
tures (Fig. 4.10).

We have carried out resistance measurements employing a Corbino geome-
try with silver paint contacts, as shown in Fig. 4.11(a). No change of resistiv-
ity starting at T; is detected on cooling, which confirms the absence of global
superconductivity of TCI samples.

To check properties of the Ag/TCI interface further on, we have deposited
a 50nm layer of Ag using UHV e-beam evaporator onto a ferromagnetic
Pbg.165n9 74Mng 19 Te sample. Prior Ag deposition, the sample is prepared in
the same way as the samples used for point contact spectroscopy. Results of
four probe measurements and point-contact spectroscopy on Ag/TCI inter-
face do not exhibit any noticeable superconductivity, as shown in Fig. 4.11(b,c).
However, if a standard spectroscopic measurement is performed on across
the interface, a features characteristic for Andreev reflection appear Fig. 4.11(d).
This is not surprising, as the experiment is very similar to point contact spec-
troscopy on the TCI surface alone, where Ag/TCI interface is formed by the
paint instead of a film. However the lack of a phase transition signatures in
resistance measurements across the interface both in 4 probe and Corbino ge-
ometry is puzzling. Yet again it suggests that the investigated phenomenon
takes place at the spatially confined region under the contact or the silver

film.
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FIGURE 4.11: Search for superconductivity at Ag/TCI in-
terface. (a) Temperature dependence of two terminal resis-
tance in Corbino geometry. Data collected for diamagnetic
Pbg20SnpgTe and ferromagnetic Pbg165ng74Mng19Te do not
show a resistance decrease at T,. Inset illustrates measurement
configuration. (b) Resistance against temperature for an Ag
film deposited onto Pbg165n974Mng 19Te measured by a four
probe method. Inset presents the low-temperature range of
the R(T) dependence. No superconductivity is detected down
1.4K. (c) Featureless 4 probe differential conductance measured
across deposited Ag film. (d) Soft-point contact measurement
across the Ag/TClI interface showing Andreev reflection char-
acteristics.
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4.2 Discussion

I will now discuss mechanisms that might account for the observations con-
sidering first phenomena that do not involve superconductivity and subse-
quently phenomena for which the superconductivity is essential but have
to exist only locally, as neither magnetization nor resistance measurements
point to the presence of a global superconductivity in our samples, as shown
in Fig.3.13 and Figs4.1d and 4.3d, respectively.

4.2.1 Search for superconducting precipitates by SQUID mag-

netometry

The starting point here is a previous detection by SQUID magnetometry, in
a certain class of PbTe samples, of a diamagnetic response specific to a su-
perconductor with critical temperature of Pb, T, = 7.2K (ref.[155]). The
description of magnetization M(T, H) pointed to superconductivity brought
about by Pb nanoprecipitates with a typical diameter evaluated to be of the
order of 100nm (ref.[155]). We assess the presence of superconducting Pb,
Sn, and related precipitates in samples of topological Pbg 20Sng goTe and non-
topological Pbg gySng0Te by SQUID magnetometry. We start by discussing
results of magnetization measurements for a reference sample Pb 435ng 375e.
As shown in Fig.4.12, two clear diamagnetic steps in the temperature and
magnetic field dependencies of magnetization are recorded, quite accurately
corresponding to Pb and Sn superconducting transition temperatures 7.2 and
3.7 K as well as critical magnetic fields at 2K, 70 and 25 mT, respectively. The
presence of magnetic hystereses points to some pinning. Assuming a spher-
ical shape of precipitates, the field derivative of the magnetic moment m as-

sumes the form,

dm;/dH = —3M,/8mp;, (4.3)

where M;, p;, and dm;/dH are mass, density, and the experimentally es-
tablished slopes corresponding to i = Pb or B-Sn. From the experimental
slopes dm;/dH, depicted in Fig.4.12(b), we obtain precipitation masses of
Mpp = 1.7 ug and Mg, = 14 ug, which lead to the weight fraction of precip-
itates f = 0.04%, as the sample weight is 38 mg.
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FIGURE 4.12: (a) Magnetic moment of a reference sample
Pby 63Snp 37Se measured on cooling in 1 mT. Lead and tin su-
perconducting transitions are marked by arrows. (b) Magne-
tization loops for the same sample after subtracting the dia-
magnetic component linear in the magnetic field. Dashed lines
show slopes taken for evaluation of Pb and Sn masses. The
evaluated weight fraction of superconducting precipitates is
0.04%.
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FIGURE 4.13: Search for superconducting precipitates at 2K. (a)
SQUID sample holder. (b-d) Magnetic moment of Pb;_,Sn, Te
samples after compensating the diamagnetic signal linear in the
magnetic field, y = 0.20,0.80, and 1, respectively. Brighter and
darker experimental points correspond to measurements for
two sweeping directions of the magnetic field. The evaluated
upper limit of the weight fraction of superconducting precipi-
tates is 0.1 ppm [dashed line in (c)].

Neither Pbg 20Sng gpTe nor Pbg goSng 20 Te shows such a signal. We assign a
large concentration of Sn and Pb precipitates in Pbg 635n( 37Se to the fact that
Sn content y = 0.37 is close the solubility limit y ~ 0.40. In order to test our
telluride samples Pb; _,Sn, Te with even higher sensitivity and, in particular,
to compensate a relatively large bulk diamagnetic signal, a dedicated sam-
ple holder has been prepared. As illustrated in Fig.4.13(a), 2040 mm long
and 5 mm wide strips of sapphire are glued to the silicon sample holder[156]
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forming in the holder center a gap of the length of about 5 mm, to which stud-
ied samples are inserted [Fig.4.13(a)]. I inherited this method from the advi-
sor of this thesis Prof. Maciej Sawicki and Dr. Katarzyna Gas, who describe it
thoroughly in a recent article [156]. As these sapphire strips extend from the
gap for about 8 cm each way, by adjusting the mass of measured samples to
be inserted into the gap, the total signal can be made field independent (typ-
ically down to 2% of the initial slope), provided that both the sample and the
sapphire stripe do not contain any magnetic or superconducting inclusions.
We use a pure GaAs sample to determine a background signal of the sample
holder. By adjusting masses of Pb;_,Sn, Te samples of interest here, and after
correcting for sapphire response[156], we obtain SQUID signals presented in
Fig.4.13(b—d). The magnitude of noise indicates that for a mean mass of our
samples, i.e., 60 mg, the upper limit of the weight fraction of precipitates that
could give a response of the type presented in Fig.4.13 is 0.1 ppm.

Superconducting contaminants in a silver paint

It can be hypothesized that silver paint employed for point contact spec-
troscopy contains superconducting contaminants which might account for
the observed features. This scenario is excluded by magnetization measure-
ments of silver paint deposited on a Si sample presented in Fig. 4.14. A signal
from residual paramagnetic impurities superimposed on a temperature inde-
pendent diamagnetic response is found. Furthermore, considering a possible
diffusion of Sn or Pb towards the Ag electrode or the dislocation formation
by the temperature stress, the magnetic response of the SnTe sample with the
topological surface covered entirely by the same silver paint has been mea-
sured. As shown in Fig.4.15, no superconductive features are detected down
to the lowest accessible temperature of 2 K.
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4.2.2 Dislocations-induced superconductivity.

It was recently proposed theoretically that arrays of misfit dislocations lead
to a flat band of the topological surface states in TCI, which — due to a large
magnitude of the resulting DOS and its spin structure — may show uncon-
ventional interfacial superconductivity[157]. Within this 2D model, ZBCPs
would result from the Andreev reflection with conductance dips being mod-
ified by critical current heating[148]. The theory[157] was discussed in the
context of superconductivity of IV-VI superlattices and heterostructures, whose
interfaces host misfit dislocations that could then account for a global 2D su-
perconductivity. Experimentally, however, the superconductivity appears in
layered structures either comprising topological materials, e.g., PbTe/SnTe
(ref. [158]) or not, e.g., PbSe /PbS (ref. [159]).

An array of dislocations can be mechanically generated during fixation of
hard point-contacts. Also, owing to a difference in thermal expansion co-
efficients of silver paint and IV-VI crystals, a dislocation array could form
underneath of the junction on cooling. However, the transport study pre-
sented in the Fig 4.11 do not show that, hypothetically, this takes place.

As already mentioned and detailed in the previous section, no indication
of the Meissner effect is found in the case of samples of interest here, i.e.,
Pb;_Sn, Te with y = 0.20, 0.80, and 1. This means, taking our experimental
resolution into account, that the relative weight of precipitations that could
produce a response specific to superconducting Pb or Sn is below 0.1 ppm,
apparently too low to show up in differential conductance spectra. This is
consistent with the fact that the magnitudes of T, and H. we find for our
samples (Fig. 4.4) do not match the values specific to Pb or Sn.

However, by SQUID magnetometry we cannot disprove entirely the pres-
ence of Pb- or Sn-related aggregates of a median diameter below 10nm, in
which dimensional quantization of electronic states diminishes T, but en-
hances H; and A (ref. [160, 161]). This would elucidate the origin of the ob-
served larger values of the prefactor C than expected within the BCS theory
in the weak coupling limit (Fig. 4.4b). Because of T, dispersion and large H,
values, metallic quantum dots, even if numerous, might not show up in mag-
netic measurements. In contrast, they can affect point-contact conductance,
as a large magnitude of DOS in metals and the virtual absence of Schottky
barriers in paraelectric IV-VI compounds can result in an Andreev-type of
spectra observed previously for In/PbTe junctions and assigned to (Pb,In)
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alloy formation[132]. The nano-precipitation model would explain also in-
stabilities of the differential conductance, as current paths may switch be-
tween metal grains differing in superconducting characteristics. Within this
scenario, the conductance maximum around V = 0 is caused by Andreev re-
flection modified by confinement and local heating by the critical current and
consequently form a pair of dips symmetric about V = 0, which may lead to
an additional apparent enlargement of the prefactor C (ref. [148]). This model
is also consistent with the disappearance of ZBCP in the case of the ferromag-
netic Co or Ni tips employed as hard point contacts to Pbg ¢Sng 4Te (ref. [19]).
On the other hand, this work presents entirely new experimental evidence,
that superconducting point contacts can be observed between the junctions
of normal metal and a topological ferromagnet, which weakens the precipi-
tates hypothesis considerably.

The scenario involving nanometer-size metal precipitates has further worth-
while implications. It may indicate that precipitates which often decorate dis-
locations account for conspicuous 2D global superconductivity with T, up to
6.5 K in epitaxial superlattices and heterostructures of IV-VI compounds[158,
159]. A question also arises about the role of metallic precipitations in the
case of superconductivity of Pb;_,Tl,Te and Sn;_,In,Te, particularly con-
sidering that T; of Pb is 7.2 K and of (In,Sn) may reach 6.6 K[162].

However, in our samples, neither high-resolution SQUID magnetometry (car-
ried out for non-magnetic samples) nor high-resolution transmission electron
microscopy (carried out for magnetic Pb 14Sng74Mny 19Te, also in the vicin-
ity of dislocations, as it will be shown in the next section) reveal supercon-
ducting metal precipitates. Similarly, no superconducting precipitates are
detected by SQUID magnetometry of silver paint. Remarkably, the differen-
tial conductivity spectra reported here for TCI are virtually identical to those
found for topological semimetals Cd3As; and TaAs (ref. [20-23]), in which
local T, as in our case, varies from junction to junction but reaches 13K and,
therefore, cannot be assigned to precipitates, as T, = 0.52 and 4.48 K, for Cd
and Ta, respectively.
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FIGURE 4.15: Search for superconducting precipitates in SnTe
sample covered entirely by silver paint in an in-plane magnetic

field. (a,b) Magnetic moment vs.

temperature measured on

cooling in a magnetic field of 1 mT. (c) Magnetization vs. mag-
netic field at 2 K showing diamagnetism of SnTe.
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4.2.3 Search for precipitates by electron microscopy

Transmission electron microscope (TEM) investigations, whose results are
presented in this section, are performed in a FEI Titan cube 80-300 aberra-
tion corrected microscope operating at 300kV in TEM and scanning TEM
modes at different camera lengths and with high-angle annular dark-field
(HAADF) detector. The microscope operates at IP PAS in the Laboratory of
x-ray and electron microscopy, the TEM characterization was carried out by
Prof. Sawomir Kret. The lamellas for TEM investigations are prepared using
dual beam FEI Helios Nanolab 600 system equipped with Omiprobe manip-
ulator and platinum gas injection system. Selected area of the nanocrystal
is capped first with 0.2 ym and later with 1 ym thick platinum layers de-
posited under 5kV acceleration voltage and 2.7 pA current, and under 30 kV
and 280 pA, using electron and Ga ion guns, respectively. The final thin-
ning of the lamella is carried out with Ga ions at 2kV and 28 pA resulting in
the thickness of the specimen ranging between 50 to 150 nm. Figure 4.16(a)
shows scanning electron microscopy (SEM) image of a lamella prepared of
Pby.16Sn9.74Mny.19Te for transmission electron microscopy (TEM) studies. A
5 x 2.5 ym defect-free area is presented in Fig.4.16(b). The dark wavy fea-
tures are due to lamella bending. The sharp feature seen at the bottom right
corner is caused by mechanical deformation that occurred during the thin-
ning process or by processing of the crystal during previous investigations.
Structural defects (mainly small dislocation loops) can be found in some re-
gions near the surface of the crystal - no deeper than 2 ym from the surface.
No fluctuations of elemental composition or precipitations of other phases
are detected. It appears that Pb and Mn atoms substitute the Sn atoms with-
out ordering or segregation that could be detected within our sensitivity. The
high-resolution TEM (HRTEM) image (Fig. 4.17) indicates a perfect cubic lat-
tice visible in [110] zone axis. A quantitative profile of the crystal region
containing structural defects (dislocations) near the surface zone obtained by
energy dispersive x-ray spectroscopy (EDS) is presented in Fig.4.18. No ag-
gregation of particular constituents is detected, as composition fluctuations
are within the error bar of the method. The determined atomic concentra-
tions of the constituting elements are in good agreement with results of our
SQUID measurements and specifications found in the previous characteri-
zation study[97]. In the next section I consider therefore two models of the
local, collective low-temperature phase that could account for features ob-
served in conductance spectroscopy in TCI, and possibly in other classes of

topological materials.
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FIGURE 4.16: (a) Scanning electron microscope image of the

edge of the lamella attached to the transmission electron micro-

scope (TEM) copper support; (b) TEM bright field image of a
defect-free 5 x 2.5 yum area of the specimen.
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FIGURE 4.17: High-resolution transmission electron micro-
scope image of zone axis (110) of Pbg 14Sng 74Mny 19 Te crystal.
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FIGURE 4.18: (a) STEM-HAADF (out of zone axis). (b) EDS ele-

mental concentration profile of Sn, Pb, Te, Mn, Pt of the area

with near-surface dislocations. Note that atomic, not cation,
concentrations are shown.
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4.24 Superconductivity at atomic surface steps

Recent scanning tunneling spectroscopy study revealed the presence of 1D
topological states adjacent to odd atomic steps at (001) topological surfaces of
(Pb,Sn)Se cleaved under high vacuum conditions[163]. Within one-electron
picture, these 1D states form a rather flat helical band, connecting two sur-
face Dirac cones in TCIs [163, 164]. Figure 4.20 presents surface morphol-

(a) (b)

FIGURE 4.19: Enhanced density of states at the surface atomic

step edges. Panel (a) illustrates morphology and density of

states for crystals being in topologically trivial (A,B) and TCI

phase (C,D). Panel (b) depicts dispersion relation of the states
at the step edges. As appeared in the Ref [163].

ogy of our single crystals under ambient conditions, determined by atomic
force microscopy (AFM). As seen in Figs. 4.20(a,b), (001) facets of as grown
Pbg.20Sng go Te contain atomically flat 0.5 ym wide terraces, terminated by monoatomic
steps. Similarly, Figs. 4.20(c,d) visualize a (001) surface of cleaved Pb 14Sng 74Mny 19Te
showing larger roughness and multilayer steps. Results in Figs.4.1(b,c) and
4.3(c) were actually taken for these two surfaces, respectively. The experi-
mental evidence presented in this thesis suggests, that all the observed phe-
nomenology comes from the 1D system. In such a system many types of
long-range order may appear, provided that the states at the step edges are
indeed occupied. Now possible scenarios related to this physical picture will

be discussed.

The above interpretation requires the Fermi level of investigated p-type sam-
ples to reside within the 1D band, whereas tight-binding computations place
the 1D band in the gap[163, 164]. There are, however, three effects that can
affect considerably the position of 1D bands in respect to the Fermi energy.

First, a considerable role is played by hybridization of states adjacent to
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neighbouring steps[164]. Second, space charge effects associated with sur-
face defect states and surface oxidation shift the position of topological sur-
face states in respect to the Fermi level in TCI in question[65, 147, 165]. More-
over, in the case of 1D systems particularly relevant are correlation effects
that might be crucial in accounting for the degree of the occupation of the 1D
band and for the ground state of carriers residing in it.

Additionally, the experimental method employed here, implies the forma-
tion of Schottky’s metal-semiconductor junction, which leads usually to the
Fermi level pinning in the band gap region at the semiconductor surface
[166]. The depletion in the bulk carrier density implies also that Mn spins
adjacent to the surface will be rather coupled by antiferromagnetic superex-
change [143] than by the hole-mediated ferromagnetic interactions dominat-
ing in the bulk [118]. This is also supported by the experimental evidence, as
crossing the Curie point does not affect features observed in the point contact
at all 4.4(b,c).

A competition between various ground states of carriers occupying 2D topo-
logical bands at surfaces of TCI has recently been examined theoretically. It
has been concluded that a chiral p-wave superconducting order (S, = 0)
is favoured among other competing electronic instabilities[167]. This p-wave
state is robust against moderately strong magnetization and in fact should be
observed in magnetically doped IV-VI TCI compounds[168]. Such effects are
expected to show up at even higher temperatures in the 1D case, for which
Majorana quasiparticles are expected. Actually, chiral Majorana states that
respect the particle-hole symmetry while break both the spin-rotational and
time-reversal symmetries were predicted[169] and then observed at 1D edge
states of ferromagnetic topological insulators proximitized by an s-type su-
perconductor[149].

Since any bulk superconductivity is not observed, a pairing energy should
originate from electron-phonon coupling and/or interactions within the 1D
band[170]. In order to interpret the experimentally observed insensitivity
of the local superconductivity to global ferromagnetism we note that car-
rier correlation may lead to a spontaneous breaking of spin-rotation sym-
metry by forming a ferromagnetic ground state, as already discussed theo-
retically in the context of one-mode IV-VI quantum wires[171], though the
presence of spin-locking may affect the magnitude of the corresponding car-
rier Curie temperature. Moreover, in the 1D case, the exchange coupling to
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Mn spins may stabilize the ferromagnetic order of carriers or spin-density
waves formed by Peierls’s instability at temperatures much higher than bulk
Tcurie (ref. [172]),

Teonie/ Tcurie = PF°/PFA, (4.4)
where T(ljlgrie is much enhanced over Tcyyie by both the Van Hove singulari-

ties in 1D DOS plP and spatial confinement, described by an effective cross-
section area of the 1D channels, A, i.e., the inverse participation number.
Hence, the ferromagnetism, along with the spin-orbit interaction, may result
in triplet pairing and MBSs with lifted Kramers degeneracy, the interpreta-
tion explaining the increase of the local T, with Tcyyie, as seen in Fig. 4.4. Fur-
thermore, within this model, differential conductance characteristics depend
on the step heights and lengths as well as on the surface contamination, as
observed. Actually, a distribution in T, values, along with enlargement of C
coming from the expected strong coupling effects, may enhance the prefactor
C in the BCS formula (Fig. 4.4). At the same time, the lack of global supercon-
ductivity is understood, as a network of 1D channels is not expected to per-
colate. While having no control over interfacial transmission coefficients we
cannot quantify a relative contribution of zero-energy states to ZBCPs from
Andreev reflection or excitations like Majorana bound states. Also, insensi-
tivity to the bulk ferromagnetism makes the superconducting step edges one
of the possible explanations.

However, for a class of electronic instabilities, such as superconductivity and
charge/spin density waves, the BCS relation between the gap 2A and the
critical temperature T, remains valid within the mean-field approximation.
Still, because of the dominating role played by thermal and quantum fluctu-
ations of the order parameter, the apparent magnitude of T. becomes much
reduced in the 1D case [170, 173]. This explains the enhanced magnitude of
C over the BCS value (Fig. 4.4) but indicates also that 1D step edge states may
not support superconductivity with T; as high as 5K.

4.2.5 Zero-bias anomalies without superconductivity.

Anomalies in differential conductance dI/dV have been persistently observed
near zero bias in tunneling junctions of two normal metals. These anoma-
lies were initially interpreted in terms of the Appelbaum-Anderson theory,
within which the presence of localized spins in the barrier or interfaces is

postulated, and the anomalies explained by generalizing the Kondo theory
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FIGURE 4.20: AFM images of the studied single crystal sur-
faces. (a) Naturally grown (001) facet of Pbg 20Sng soTe showing
surface steps. (c) Cleaved (001) surface of Pbg 165ng74Mng 19Te
showing multilayer steps and higher roughness. Panels (b) and
(d) depict step height profiles. The obtained values of about
0.3nm in (b) correspond to a single atomic step (315 pm).

to the tunneling conductance[174, 175]. Later, Altshuler and Aaronov found
that carrier correlations in disordered metals affect the density of states (DOS)
around the Fermi level, which leads to a zero-bias anomaly without invok-
ing any localized spins[176]. The modification of DOS found by Altshuler
and Aronov evolves into the Efros-Shklovskii gap on the insulator side of
the metal-to-insulator transition[177]. It has been found more recently that
the Kondo effect results in a ZBCP superimposed onto the Coulomb gap in
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FIGURE 4.21: A sketch of BWH theory. (A) Topological step

modes appearing at the boundary of two topologically non-

trivial regions with different Chern number. (B) Appearance

of gaped symmetry broken state driven by temperature lower-

ing. (C) 0D topological states at the domain walls. Picture by a
courtesy of T.Hyart.

spectra of electron tunneling across a quantum dot containing an even num-
ber of electrons[178, 179]. There is yet another alternative which may lead to

observed spectroscopic features without invoking any superconductivity.

A possible origin of a local collective phase at topological surfaces has re-
cently been proposed by Brzezicki, Wysokinski, and Hyart (BWH) [180], who
noted that the electronic structure of one-dimensional (1D) states at atomic
steps in TClISs, revealed by scanning tunneling microscopy [163, 181], is signif-
icantly richer than anticipated previously [163, 164, 181, 182]. According to
BWH], these 1D states are prompt to a low-temperature Peierls-like instabil-
ity leading to the appearance of low-energy excitations associated with topo-
logical states at domains walls of the collective phase. Within this new in-
sight, effects of magnetic instabilities have been considered and the nature of
low-energy excitations proposed [180]. In an analogy with the Su-Schreffer—
Heeger model [183], the low-energy modes are associated with domain walls
between the regions characterized by the opposite directions of the order
parameter for which, as proven, topological invariants differ (see Fig 4.21).
These walls, and thus, low energy excitations vanish in the magnetic field
with a rate determined by a competition of the carrier-carrier exchange cou-
pling with the Zeeman, spin-orbit, and sp—d exchange interactions. Depend-
ing on the assumed broadening, the evaluated conductance spectra show a
single ZBCD, or a more complex peak structure that reflects the multi-mode
excitation spectrum and may resemble the Andreev reflection [180].
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Below, I outline all the theoretical explanations proposed to explain observed
superconducting point contact phenomenology, as well as the appearance of
zero-energy states.

Unconventional, low-dimensional superconductivity

This explanation had been put forward by all the works, done in the field of
normal metal/topological material interface [19-23, 25, 26, 29, 145] . It can be
summarized in the following points:

e Would naturally explain all the superconducting point contact phe-
nomenology and robustness of the peak at zero bias (impossible to
split the peak with magnetic field). The features observed in the point-
contact experiments were always observed for junctions between nor-
mal metal and superconductors, and it is natural to assign this finding

to the superconducting order.

e Requires existence of superconducting order, at interface, sample sur-
face, or topologically non-trivial 1D objects. To date no direct signa-
tures of superconductivity, like Meissner effect or 4-probe zero resis-

tance states were observed.

e There is no microscopic model which would explain the pairing mecha-
nism in such a broad family of materials. However, for the case of TCIs

a 2D p-wave superconductivity has been analyzed theoretically[184].

Topological domain wall states

The plausible explanation of observed conductance spectra was just recently
proposed by BWH as described in the previous section. This model is partic-
ularly appealing, as it does not involve any superconductivity which indeed
was not observed experimentally. The main strengths and weaknesses of this

model are:

e The explanation does not require superconductivity.

e Can be qualitatively explain all the parametric dependencies observed
experimentally.

e For IV-VI based TClIs, the microscopic model is proposed.

o All the collected experimental evidence comes from the point-contact
spectroscopy which lacks spatial resolution which is necessary for un-

ambiguous proof of this model.
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Trivial superconductivity from superconducting nanoinclusions

As mentioned many times throughout the thesis, the issue of superconduct-
ing precipitates should be very carefully addressed before any claim of new,
collective low temperature phase is made. The main assumptions of the
model are listed below:

e The main features of superconducting point-contact phenomenology
could be explained.

e BCS like behavior of the gap would have very direct justification.

e It would naturally explain robustness of superconducting point con-
tacts for topological materials with carrier density ranging from 107 ¢m =3

to 102! cm 3.
This explanation however also has some drawbacks:

e The work presented in this thesis, has denied the existence of super-

conducting nano-inclusions.

e Existence of such superconducting order is incompatible with the fact
that magnetic impurities enhance the effect, or that the effect is ob-

served equally well with a ferromagnetic electrode [19, 26].

e Not all the phenomenology observed in the conductance spectroscopy
can be explained. For example zero-bias conductance peak should not
coexist with gap features.
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4.3 Conclusions

In this thesis, I studied magnetic and electrical transport properties of single
crystals of diamagnetic, paramagnetic, and ferromagnetic Pb; _, ,Sn,Mn,Te.
I'have mainly focused on the junctions between normal metal (silver) and IV-
VI semiconductor, which resembled characteristic of superconducting point
contact, if a SnTe-based TCl is in the band inverted regime. For the first time,
I have shown that this peculiar features are also seen for ferromagnetic ma-
terials. Below I listed all the important observations, which might help to
understand physical nature of the peculiarities observed in the conductance
spectroscopy of topological matter. These findings are pointing in the new

research directions, which go beyond point-contact spectroscopy.

e From all the obtained spectra, I was able to extract the dependence of
an energy gap as a function of field and temperature. Although the
actual value of the gap might be affected by thermal effects, the energy
gap shows a mean-field behavior.

o Despite the fact that several works on Normal Metal / Topological Insu-
lator interface had been reported, results presented in this thesis show,
for the first time, that magnetically doped topological material, resem-
ble features characteristic for superconducting point contacts. Passing
through the Curie temperature does not affect features obtained by the
conductance spectroscopy, what may indicate that the Fermi level is
pinned inside the gap.

e Thanks to the very well explored topological phase diagram of IV-VI
based topological crystalline insulators, I was able to verify that triv-
ial band structure is detrimental to the "superconducting-like" features

obtained in the point contact spectroscopy.

e Transport and magnetization measurements rule out possibility of su-
perconducting order originating from 3D bulk superconductivity or 2D

superconducting interface.

e Recently STM measurements proved existence of 1D topological states
propagating along odd atomic step edges having a flat dispersion. Al-
though point contact spectroscopy lacks spatial resolution, one of the
possible scenarios is that the step itself or interface between the edge
and the metal drives new, exotic superconducting order, similarly to a

flat band system realized recently in a twisted bilayer graphene[185].
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e To date all the experiments were interpreted in terms of superconduct-

ing order, due to the striking similarity to superconducting point con-
tacts. However, all the investigated systems and all the control ex-
periments didn’t reveal any other signatures characteristic for super-
conductors. It may be that order parameter emerging under the con-
tact area is not superconducting and may originate from low-energy
excitations residing at the domain walls between different topological

phases.

Finally the issue of superconducting precipitates and dislocations is
addressed experimentally, for the first time in the context of the ob-
served phenomenology. As all the topological materials reported so far
have superconducting element as a constituent, it is necessary to ad-
dress trivial reason which may explain observed features present in the

spectra between normal metal and topological materials.
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4.4 Future prospects

The zero-energy states observed in the point-contact spectroscopy studies of
topological materials lacks microscopic mechanism which is experimentally
supported, despite works like this thesis greatly explored its phenomenol-
ogy. I propose several further studies which can be realized to better under-

stand this fascinating phenomenon:

e Interface engineering: So far attention of the community was mostly
focused on bulk single crystals, with point contacts made either by a
silver paint or a tip. However if high quality epitaxial layers would be
grown in the future, one could engineer an atomically sharp interface
between topological materials and a metal, as it was done for Al/InAs
nanowires. This experiments could help to understand what is the role
of interface and its quality in the features observed by point contact
spectroscopy

e Existence of enhanced density of states at atomic steps in IV-VI semi-
conductors has been unambigously proven by STM. However, there
are still many questions regarding the actual physical properties of this
topological states, like their surprising robustness against high mag-
netic field. A conductance measurements across the step edge is inter-
esting experimental route, which should be taken to better understand
their nature. This requires four-nano or microprobe measurements, and
a material with Fermi level placed inside the bulk band gap, within the
step-edge states.
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